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Fermented vegetables are traditionally produced using the endogenous microorganisms present in raw in-
gredients. While the diversity of bacteria and fungi in fermented vegetables has been relatively well studied,
phage communities remain largely unexplored. In this study, we collected twelve samples of fermented cabbage,
carrot, and turnip after fermentation and analyzed the microbial and viral communities using shotgun and viral
metagenomic approaches. Assessment of the viral diversity also benefited from epifluorescence microscopy to
estimate viral load. The viral metagenomics approach targeted dsDNA, ssDNA, and RNA viruses. The microbiome
of fermented vegetables was dominated by lactic acid bacteria and varied according to the type of vegetable used
as raw material. The analysis of metagenome-assembled-genomes allowed the detection of 22 prophages of
which 8 were present as free particles and therefore detected in the metaviromes. The viral community, esti-
mated to range from 5.28 to 7.57 log virus-like particles per gram of fermented vegetables depending on the
sample, was mainly composed of dsDNA viruses, although ssDNA and non-bacterial RNA viruses, possibly
originating from the phyllosphere, were also detected. The dsDNA viral community, primarily comprising bac-
teriophages, varied depending on the type of vegetable used for fermentation. The bacterial hosts predicted for
these phages mainly belonged to Lactobacillaceae and Enterobacteriaceae families. These results highlighted the
complex microbial and viral composition of fermented vegetables, which varied depending on the three types of
vegetables used as raw material. Further research is needed to deepen our understanding of the impact of these
viruses on the microbial ecology of fermented vegetables and on the quality of the final products.

1. Introduction 2022). Furthermore, many potential health benefits have been attrib-

uted to fermented foods, although establishing a direct correlation with

Fermented foods — i.e. foods made through desired microbial growth
and enzymatic conversions of food components (Marco et al., 2017) —
are largely consumed worldwide and represent 20% of the human diet
(Tamang and Kailasapathy, 2010; Varzakas et al., 2017). It is estimated
that more than 5000 varieties of fermented foods and beverages are
currently produced and consumed worldwide (Tamang et al., 2016;
Tamang and Kailasapathy, 2010). Fermentation allows a longer shelf life
of raw food material, reducing the presence of anti-nutrients or even
toxic compounds. It is also considered an efficient way to enhance food
products’ flavor, texture, and aroma (Marco et al., 2017; Molfetta et al.,
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their consumption still requires rigorous clinical studies in many cases
(Marco et al., 2017; Rul et al., 2022; Sanlier et al., 2019).

Vegetables are rich sources of beneficial compounds and are used to
produce various fermented products. Fermentation of cabbage, turnip,
radish, carrot, and others, dates back more than 2000 years. The
renewed interest for fermented vegetables observed in the last decades is
due to the demand for food products with healthy properties found in
plant-based products (Gunawardena et al., 2024; Siddiqui et al., 2023).
Their production mostly relies on spontaneous fermentation, wherein
biochemical transformations are carried out by endogenous microbial
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populations originating from the autochthonous microbiota of raw
vegetables (Di Cagno et al., 2008). The bacterial community of raw
vegetables is usually dominated by taxa belonging to the Pseudomona-
dota phylum (formerly Proteobacteria), including members of the
Enterobacteriaceae family (Leff and Fierer, 2013; Mudoor Sooresh et al.,
2023). However, while lactic acid bacteria (LAB) represent less than 1%
of the initial microbial community in raw materials (Buckenhueskes,
2015), they are the main microorganisms involved in the fermentation
of vegetables, a process commonly referred to as lactic acid fermentation
(Thierry et al., 2023a). From an ecological perspective, the fermentation
of vegetables is usually characterized by the successive development of
hetero- and homo-fermentative LAB populations (Buckenhueskes,
2015). Microbiological and biochemical monitoring of sauerkraut, one
of the most popular fermented vegetables in Europe and North America,
have been reported earlier (Plengvidhya et al., 2007). This is also the
case in Asia with kimchi, a spicy analog of sauerkraut made from Chi-
nese cabbage or radish (Cheigh et al., 1994). In sauerkraut, rapid growth
of heterolactic LAB species such as Leuconoctoc mesenteroides is respon-
sible for the rapid acidification of the medium through the production of
lactic and acetic acids. They also create anaerobic conditions through
the production of CO». This first step provides favorable conditions for
the growth of more acid-tolerant homolactic LAB species, primarily
Lactiplantibacillus plantarum, which are responsible for the complete
degradation of sugars. Similar microbial dynamics were reported during
the fermentation of carrot juice with Leuconostoc spp. and Lactobacillus
spp. being detected as dominant populations along fermentation (Wuyts
et al., 2018). In a recent study, the microbiota associated to 75 home-
made plant-based fermented foods from 23 different types (carrot,
cabbage, onion, beet, celeriac and mix of different vegetables), were
analyzed through a combination of cultural methods and targeted
metagenomics (16S metabarcoding) (Thierry et al., 2023b). The authors
observed no relationship between the structure of the bacterial com-
munity and the nature of the vegetable used as raw material, nor the
common manufacturing practices, such as salt content or the number of
ingredients, confirming previous work on Kimchi reaching similar
conclusions (Lee et al., 2017).

Bacteriophages — i.e. viruses that infect bacteria - are ubiquitous in
nature where they play a role in modulating the composition of micro-
bial communities (Breitbart and Rohwer, 2005; White et al., 2022).
These entities are therefore naturally present in fermented foods where
their ecology and overall impact remain understudied (Ledormand
et al., 2021; Paillet and Dugat-Bony, 2021). Bacteriophages are
commonly perceived as potential risks to industrial fermentation,
capable of inducing fermentation delays or failures. They also represent
promising perspectives for the food industry as biocontrol agents to
prevent the proliferation of spoilage and pathogenic bacteria (de Melo
et al., 2023; Ranveer et al., 2024; Wu et al., 2023). In complex com-
munities, such as undefined starter cultures, it was demonstrated that
phages can affect the population dynamics at the strain level and help
maintain a high degree of genetic diversity (Erkus et al., 2013; Spus
et al., 2023). Previous studies reported the isolation of hundreds of
virulent LAB phages from fermented vegetables, such as sauerkraut (Lu
et al., 2003) and fermented cucumbers (Lu et al., 2012; Yoon et al.,
2007), thereby offering first evidence of the existence of a diverse phage
community within this type of ecosystem. The principal bacterial hosts
of these isolated phages primarily encompassed genera such as Leuco-
nostoc, Levilactobacillus, Lactiplantibacillus, Weissella and Pediococcus.
Notably, recent work on fermented cucumber has extended this spec-
trum, with phages infecting various Gram-negative bacteria (Pseudo-
monadota phylum) (Lu et al., 2020). While perfectly adapted for
isolating and precisely characterizing representative phages, the
culture-based approach employed may have offered only a partial
description of the true phage diversity within the studied fermented
vegetables. Such an approach indeed heavily depends on the diversity of
the collection of bacterial isolates utilized as potential hosts. Further-
more, it is widely acknowledged that certain phages are challenging, if
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not impossible, to cultivate (Breitbart et al., 2002).

With the advance of high throughput sequencing methods, viral
metagenomics has proven to be particularly effective in reliably
describing the composition of viral communities from various environ-
mental samples, especially in the discovery of novel and previously
unknown viruses (Breitbart et al., 2002; Rosario and Breitbart, 2011).
Consequently, it offers a complementary approach to cultivation
methods for detecting and characterizing a broader range of phages in
fermented foods (Ledormand et al., 2022; Paillet et al., 2024; Park et al.,
2011). To date, such an approach was successfully applied on a few
fermented vegetables including sauerkraut and kimchi (Jung et al.,
2018; Park et al., 2011). Park et al. study focused on the dsDNA viral
composition in sauerkraut and kimchi, while Jung et al. studied both ds
and ssDNA viruses in kimchi revealing the presence of Circoviridae
(infecting birds and pigs), Genomoviridae (infecting plants and fungi),
and Microviridae (infecting bacteria) along with dsDNA phages in this
type of products. These studies led to the discovery of large numbers of
previously unknown viral sequences (Jung et al., 2018; Park et al.,
2011). Furthermore, a recent study compared the microbial community
larger than 0.22 pm and the ultra-small microbiome smaller than 0.22
pm in kimchi using a combination of metataxonomic and metatran-
scriptomic approaches, revealing the presence and abundance of RNA
viruses in the smallest fraction (H.-W. Lee et al., 2022). However, to our
knowledge, no study has provided a comprehensive description of viral
communities in fermented foods that includes both DNA and RNA vi-
ruses, as well as viruses present as free particles and those integrated
into the genome of their hosts.

This study aimed to investigate the potential impact of the type of
vegetables used as raw material on the composition of the viral com-
munity in the resulting fermented product. We conducted a comparative
analysis of twelve commercially available fermented vegetables,
comprising four fermented cabbages (sauerkraut), four fermented car-
rots, and four fermented turnips (sauerruben) sourced from six different
producers. For each sample, we quantified the viral load by epifluor-
escence microscopy and conducted a comprehensive analysis of the viral
and microbial composition. This analysis included viral metagenomics
targeting dsDNA, ssDNA, and RNA viruses to capture encapsidated vi-
ruses, as well as shotgun metagenomics to explore the diversity of
phages existing as prophages within bacterial genomes.

2. Material and methods
2.1. Sampling procedure and microbiological analyses

All the fermented vegetables studied were collected at the end of
fermentation and obtained either directly from the producers or pur-
chased in local grocery stores (Table 1; Samples metadata: https://doi.
org/10.57745/DODROX). In total, the samples were sourced from six
different producers. Each type of vegetable (cabbage, carrot, turnip)
included in the study was obtained from at least two different producers,
thus ensuring variability in fermentation conditions and the microbio-
logical characteristics of the analyzed samples. Samples were immedi-
ately stored at 4 °C until processing. For each sample, 10 g of fermented
vegetable was homogenized with 90 ml of sterile saline solution (9 g/1
NaCl) in a stomacher for 2 min at the maximal speed (BagMixer® 400W,
Interscience). Serial dilutions were performed in sterile saline solution
and microorganisms were enumerated by surface plating in duplicate on
specific agar base media as follows. Plate Count Agar (PCA, Biokar Di-
agnostics) was used for the determination of the total number of live,
aerobic bacteria in samples. LAB were enumerated on Man-Rogosa-
Sharpe agar (MRS, pH 6.5, Biokar Diagnostics). Both media were sup-
plemented with 22.5 mg/l amphotericin B to inhibit fungi. Fungal
populations were enumerated on yeast extract-glucose-chloramphenicol
(YEGC, Biokar Diagnostics). All incubations were carried out for 3-5
days at 28 °C. Anaerobic jars with 1 bag of GENbox anaer (Biomerieux)
were used to incubate LAB under anaerobic conditions. A 10 ml sample
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Table 1

Microbial, viral load estimation and pH results for each sample. Total
bacteria were enumerated on PCA medium under aerobic conditions. LAB were
enumerated on MRS medium under anaerobic conditions. Yeasts were
enumerated on YEGC medium under aerobic conditions. The concentration of
virus-like particles was estimated by epifluorescence microscopy.

Sample Producer  Total LAB Yeast Viruses pH

bacteria (log (log (log VLP/

(log CFU/ CFU/g) CFU/g) g)

g)
Cabbage .1 A 6.83 7.10 <2.00 7.33 3.39
Cabbage 2 A 5.94 6.12 3.97 7.01 3.36
Cabbage_3 A 6.67 6.75 4.04 6.65 3.53
Cabbage 4 E <2.00 6.72 5.20 7.57 3.46
Carrot_1 B 5.51 5.66 3.87 6.79 3.34
Carrot_2 B 6.77 6.81 5.28 7.15 3.84
Carrot_3 D <2.00 <2.00 <2.00 6.43 3.47
Carrot_4 D <2.00 <2.00 <2.00 5.28 3.75
Turnip_1 C 7.45 7.57 4.03 7.10 3.67
Turnip_2 B 7.24 7.30 <2.00 6.84 3.55
Turnip_3 C <2.00 <2.00 5.55 - 3.30
Turnip_4 F 6.50 7.51 6.52 7.19 3.55

of the ten-fold dilution (equivalent to 1 g of the original sample) was
centrifuged at 10,000xg for 30 min. The microbial pellet was washed
using sterile saline solution. It was collected upon centrifugation, and
stored a —20 °C for metagenomic DNA extraction.

2.2. Shotgun metagenomic analysis

The microbial pellet was resuspended in 180 pl of pre-lysis buffer
(20 mM Tris-HCI [pH 8], 2 mM sodium EDTA, 1.2% Triton X-100, 20
mg/ml lysozyme) and 10 U mutanolysin was add and incubated for 30
min at 37 °C. DNA extraction was performed using the DNeasy® Pow-
erFood® kit (Qiagen) following the manufacturer’s instructions except
for the vortexing step which was replaced by homogenisation in a Pre-
cellys® Evolution homogenizer (Bertin Instruments) for two 45 s mixing
steps at a speed of 6500 rpm. DNA was quantified using the Qubit dsSDNA
HS Assay Kit (ThermoFisher Scientific) sent to Eurofins Genomics
(Konstanz, Germany) for shotgun sequencing using a NovaSeq platform
(Ilumina, San Diego, CA, USA). A minimum of 5 million of 150 bp
paired-end reads was produced per sample.

Taxonomic affiliation of the raw reads was carried out using Kaiju
v.1.9.2 (Menzel et al., 2016). Raw reads were processed using the
SnakeMAGs v.1.1.1 workflow with default parameters (Tadrent et al.,
2022) which enabled the reconstruction of metagenome-assembled ge-
nomes (MAGs). Quality control of the bins was performed using CheckM
v.1.1.3, and bins exhibiting >50% completion and <10% contamination
were considered medium-quality MAGs (Bowers et al., 2017) and
further studied. They were taxonomically classified using the Genome
Taxonomy Database Toolkit v2.1.0 (GTDB-Tk; (Chaumeil et al., 2022).
The presence of prophage sequences in the MAGs was predicted using
geNomad v.1.7.4 4 (Camargo et al., 2024) using both the end-to-end and
standard options. We retained sequences annotated as proviruses by
geNomad, which corresponds to regions containing virus-specific
markers flanked by host-specific genes. The predicted prophages were
classified with PhaGCN tool from PhaBOX v.2.0 using standard options
(Shang et al., 2021, 2023) and compared to the viral Core Nucleotide
database of NCBI using BLASTn v.2.13.0 (Camacho et al., 2009).

2.3. Purification of the viral fraction

Purification of the viral fraction from fermented vegetables was
achieved using a protocol previously developed and optimized for
cheese samples (Dugat-Bony et al., 2020), after minor changes. Briefly,
10 g of sample were diluted in 90 ml of Tris-HCl 10 mM, NaCl 200 mM
buffer into a sterile bag and mixed for 2 min using a stomacher
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(BagMixer® 400 W by Interscience). The mixture was transferred in a
glass bottle and mixed with 900 ml of Tris-HCl 10 mM, NaCl 200 mM
buffer. The sample was kept at 4 °C overnight under agitation in order to
recover the maximum number of viruses from the solid matrix. The
suspension was next centrifuged at 7000xg for 15 min at 4 °C to pellet
big aggregates and microbial cells. The supernatant containing free viral
particles was filtered using 0.45 pm polyethersulfone membranes
(Metricel®, Pall Life Sciences) and glass vacuum filter holders (Milli-
pore). Viral particles were precipitated overnight at 4 °C after the
addition of 10% (w/v) PEG 8000 (Sigma-Aldrich). After centrifugation
at 5000xg for 30 min at 4 °C, pellets were resuspended in 1 ml of SM
buffer (Tris-HCl 50 mM, NaCl 200 mM, MgSO4 10 mM) and the viral
fraction was stored at 4 °C. A buffer control (Tris-HCl 10 mM, NaCl 200
mM) which received no sample was run in parallel to evaluate the
background noise of our procedure in the viral metagenomes.

In order to validate the extraction method, three phage isolates with
different morphologies were added to three sauerkraut samples at the
beginning of the protocol: Psychrobacter phage d’Alembert (Myophage
morphology) infecting Psychrobacter aquimaris, Glutamicibacter phage
Voltaire (Podophage morphology) and Glutamicibacter phage Mon-
tesquieu (Siphophage morphology) both infecting Glutamicibacter ari-
laitensis (Paillet et al., 2022). One hundred pl of a lysate of each phage
with a titer of 10° PFU/ml was added to the sample directly in the
stomacher bag and the extraction of viral particles was processed ac-
cording to the procedure described previously. Samples were collected
at different steps of the protocol and a dedicated plaque assay was used
to enumerate each phage. Briefly, serial dilutions of the viral extract
were performed into SM buffer (Tris-HCl 50 mM, NaCl 200 mM, MgSO4
10 mM). Then eight microliters of each dilution were spotted on Brain
Heart Infusion (Biokar Diagnostics) soft agarose 0.3% (Basic agarose
Premier, MP Biomedicals) previously inoculated with the sensitive
bacterial strain and supplemented with MgSO4 (10 mM) and CaCl, (1
mM). After incubation for 24 h at 23 °C, the phage titer was determined
by counting lysis plaques at the lowest possible dilution. At each step of
the extraction protocol, phage titers were compared using a
Kruskal-Wallis test, which revealed a significant effect of the protocol
step on phage recovery (Supplementary Fig. S2). To identify the step
with the highest impact on phage recovery, pairwise comparisons were
conducted using Dunn’s test, which showed a significant reduction in
phage titers following PEG precipitation. However, no differences were
observed at any step based on phage morphology (Kruskal-Wallis test),
suggesting that, according to this criterion, the procedure did not
selectively bias the representativeness of the viral extract from fer-
mented vegetables.

2.4. Estimation of virus-like particles’ concentration by epifluorescence
microscopy

A volume of 100 pl of the viral fraction was tenfold diluted in SM
buffer (Tris-HCl 50 mM, NaCl 200 mM, MgSO4 10 mM) before filtration
on 0.02 pm Anodisc filters (Anodisc 25 mm diameter, Whatman). Each
filter was then incubated on a 75 pl drop of 1X SYBR Gold (Invitrogen) in
the dark for 15 min. After removal, filters were dried in the dark before
being mounted on a glass slide with Fluoromount-G (Invitrogen) and a
coverslip. Slides were stored at —20 °C until observation. Microscopic
observations were carried out using an Axiostar Plus microscope (Zeiss)
with a 100 x oil objective CP-ACHROMAT (Zeiss). Ten images were
captured per slide in the bright field and GFP fluorescence channels
(with an excitation filter wavelength of 472/30 nm and emission filter
wavelength of 520/35 nm). Emission was collected using interference
filters and the images were captured using Dino-Eye AM4023CT C-
mount Camera (Dino-Lite) and the associated software. The number of
virus-like particles was counted using ImageJ v1.54d (Schroeder et al.,
2021) and then related to the initial weight of the fermented vegetable
sample, taking into account the ratio between the image area and the
filter area, as well as the sample dilution factor.



J. Cantuti Gendre et al.
2.5. Viral metagenomic analysis

Eight hundred pl of viral fraction or molecular-biology grade water
(water control) was transferred to a 2 ml Phase Lock Gel tube (5PRIME)
and mixed thoroughly with 800 pl of fresh, non-oxidized chloroform in
order to eliminate membrane vesicles. After centrifugation at 13,000xg
for 10 min at 4 °C, the aqueous phase containing viral particles was
recovered and treated for 30 min at 37 °C with 1 U of TURBO DNase
(Invitrogen) to digest free DNA. DNase was inactivated by the addition
of 5.5 pl of 100 mM EDTA and the sample was placed on ice for 5 min.
Nucleic acids were released from the capsids by adding 7 pl of SDS 20%
(05030, Sigma) and 21 pl of proteinase K (20 pg/pl) and incubating the
sample for 1 h at 56 °C. The entire content of the tube was transferred to
a 2 ml Phase Lock Gel tube and further processed using the procedure
described in our previous work (Dugat-Bony et al., 2020), which in-
cludes phenol-chloroform extraction and ethanol precipitation. Purified
nucleic acids were finally resuspended in 20 pl of nuclease-free water
and quantified using both the Qubit dsDNA HS Assay and Qubit RNA BR
Assay kits (ThermoFisher Scientific).

Viral DNA and RNA were amplified separately using the REPLI-g®
Cell WGA & WTA Kit (Qiagen) following the manufacturer’s in-
structions. We used this kit to analyze both DNA and RNA viruses and
due to the low quantity of nucleic acids obtained from the samples,
which was insufficient for direct sequencing. After amplification, all
samples were purified using AMPure® XP beads (Beckman Coulter).
DNA and RNA-amplified samples were finally sent to Eurofins Genomics
(Konstanz, Germany) for shotgun sequencing using a NovaSeq platform
(Ilumina, San Diego, CA, USA). A minimum of 5 million of 150 bp
paired-end reads was produced per sample. Raw reads were decon-
taminated to eliminate reads matching with cabbage, carrot and turnip
genomes (accession numbers: GCA_000695525.1, GCA_001625215.1,
GCA_018901965.1) according to the procedure detailed in Yeoh et al.
(Yeoh, 2021). Quality filtering, assembly, clustering of contigs into
species-level vOTUs and selection of viral contigs were performed as
described in our previous work (Paillet et al., 2024). Briefly, raw reads
were quality-filtered using Trimmomatic v0.39 (Bolger et al., 2014).
Decontaminated and trimmed reads were subsampled to 100k, 400k,
and 700k using seqtk version 1.3 (https://github.com/lh3/seqtk).
Decontaminated and trimmed reads and all subsampled read sets were
independently assembled into contigs using SPAdes 3.15.3 (Bankevich
et al., 2012). Contigs with length below 2000 bp were discarded. This
threshold corresponds to almost half the size of the smallest phage
genome already described, and a little bit lower than the minimal size
observed for a metagenome-derived complete phage genome (Olo Ndela
et al., 2023). Selected contigs were clustered following the approach
previously described (Shah et al., 2023). Succinctly, a pairwise align-
ment was first performed for all contigs using BLAT (Kent, 2002). Then,
contigs with a self-alignment >110% of contig length, corresponding to
chimeras, were removed. The remaining contigs were clustered at the
species level (90% identity x coverage) and the longest contig within
each cluster was selected as the representative sequence. To predict viral
contigs, contigs were submitted to VIBRANT version 1.2.1 (Kieft et al.,
2020), VirSorter2 version 2.2.4 (Guo et al., 2021) and CheckV version
0.8.1 (Nayfach et al., 2021). Contigs were selected and declared vOTUs
if they meet at least one of the following criteria: declared “complete”,
“high” or “medium” quality by either VIBRANT or CheckV, declared
“full” by VirSorter2.To evaluate the relative abundance of each vOTU in
each sample, trimmed reads were mapped against the vOTUs using
bwa-mem?2 v2.2.1 (Vasimuddin et al., 2019). Alignments were filtered
using msamtools v1.1.3 (https://github.com/arumugamlab/msamt
ools) in order to ultimately retain counts only for contigs which were
detected with high confidence. First, msamtools filter was used with the
option -1 80, -p 95, -q 80, —besthit. Then, msamtools coverage was used
with the —sumary option to estimate sequence coverage and only
alignments with more than 50% of coverage were kept to construct the
final abundance table. Then, msamtools coverage estimates the
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coverage of each sequence, and the —summary option reports the frac-
tion of sequence covered in percentage. Finally, only alignments with
more than 50% of coverage were kept to construct the final abundance
tables.

To better characterize the vOTUs, we predicted their bacterial hosts
using iPHoP-1.2.0 (Roux et al., 2023), classified them with PhaGCN tool
from PhaBOX v.12.0 using standard options (Shang et al., 2021, 2023),
and searched for sequence similarity with known bacteriophages using
BLASTn (Camacho et al., 2009) against the Core Nucleotide BLAST and
International Committee on Taxonomy of Viruses (ICTV) databases. For
unknown phages, we performed a rapid annotation using Pharokka
(Bouras et al., 2023). Principal coordinate analysis (PCoA) based on
Bray-Curtis dissimilarity, permutational analysis of variance (PERMA-
NOVA), composition analysis, and heatmap visualization were pro-
cessed within R using the following packages: Phyloseq v1.44.0
(McMurdie and Holmes, 2013), vegan_2.6-8 (Oksanen et al., 2024),
pheatmap_1.0.12 (Raivo Kolde, 2010), ggplot2_3.5.1 (Wickham, 2016),
tidyverse_2.0.0 (Wickham et al., 2019).

3. Results
3.1. Fermented vegetables characterization

To evaluate the microbial composition of our fermented vegetables
in terms of bacteria, yeasts, and viruses, we used a combination of plate
counts and epifluorescence microscopy (Table 1). First, total aerobic
bacteria were enumerated on PCA medium, a non-selective rich medium
supplemented with amphotericin B to inhibit fungi. Counts were above
the detection limit of 100 CFU/g for eight of the twelve samples, ranging
from 5.83 to 7.45 log CFU/g. LAB, enumerated on MRS medium sup-
plemented with amphotericin B after incubation in anaerobic jars, were
detected in nine samples and ranged from 5.66 to 7.57 log CFU/g. Yeasts
were detected using YEGC medium in eight samples, at concentrations
ranging from 3.87 to 6.52 log CFU/g. Virus-like particles (VLP), counted
using epifluorescence microscopy, were present in all but one sample
(Turnip 3) and reached concentrations similar to those of LAB in the
analyzed samples, ranging from 5.28 to 7.57 log VLP/g of vegetable. The
pH value, a classical indicator used for assessing the lactic acid
fermentation process, ranged from 3.30 to 3.84. Whatever the variable
(microbial count, VLP count, and pH), values did not significantly vary
depending on the three types of vegetables used for fermentation
(Kruskal-Wallis test, p > 0.05) (Supplementary Fig. S3).

3.2. Composition of the fermented vegetable microbiome

Shotgun metagenomic was applied to the same samples to examine
the microbial composition of our fermented vegetables. Two samples of
carrots (3 and 4) were amplified prior sequencing due to the very low
concentration of DNA after extraction. The average sequencing depth
was 10,019,400 reads per sample (interquartile range:
9,134,234-11,001,433). Taxonomic affiliation of the reads using Kaiju
revealed that between 29.10% and 54.84% of the reads corresponded to
Bacteria, and 0.56%-32.48% corresponded to Eukaryota. Only a small
proportion of the reads, between 0.15% and 4.84%, were affiliated with
viruses (Fig. 1A). Reads affiliated with Archaea were detected in seven
samples but in low abundance, with a maximum of 0.009% in carrot 3. A
large number of reads were unclassified, possibly corresponding to
vegetable reads not identified by Kaiju or reads that could not be clas-
sified due to lack of matching reference sequences. The bacterial com-
munity was predominantly composed of lactic acid bacteria (Bacillota
phylum), including Leuconostoc, Secundilactobacillus, Lactiplantibacillus,
Latilactobacillus, Levilactobacillus, Lactobacillus, Lactococcus, Lentilacto-
bacillus and Pediococcus genera. In addition, some Pseudomonadota
including Rahnella, Bradyrhizobium, Sphingomonas, Variovorax and
Enterobacter were detected in all samples (Fig. 1B). The bacterial com-
munity structure, after aggregation of the data at the genus level, varied
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Fig. 1. Bar plot composition of the microbial community of fermented vegetables. A) Relative abundance of reads per sample (%) at the domain level. B) Relative
abundance of bacterial reads per sample (%) at the genus level. C) Relative abundance of eukaryotic reads per sample (%) at the genus level.

according to the type of vegetable used as raw material for the
fermentation (p = 0.018%, p < 0.05, PERMANOVA based on Bray-Curtis
dissimilarity matrix) (Supplementary Fig. S1). Regarding yeasts,
Kazachstania was the main genus detected in our samples (Fig. 1C),
except for carrot 3 and turnip 3. The profile of the fungal community of
carrot 3 is different from that of the other samples, with most reads
affiliated with Rhizophagus, Aduncisulcus, Aspergillus, Candida, Malasse-
zia, Penicillium, Trametes and Trichosporon. However, as mentioned
earlier, DNA quantity was very low for this sample and DNA amplifi-
cation was necessary prior to sequencing, which may explain this dif-
ference. Regarding turnip 3, Pichia, Ogataea, and Brettanomyces were the
main detected fungal genera.

Sequencing reads were individually assembled and binned by sam-
ple, resulting in the reconstruction of 54 metagenome-assembled ge-
nomes (MAGs), with those meeting quality thresholds of >50%
completeness and <10% contamination being classified as medium-
quality MAGs according to international standards (Bowers et al.,
2017) (Supplementary Table S1, MAG metadata: https://doi.org/10.
57745/LHXYD9). Medium-quality MAGs were recovered from all sam-
ples except carrot 3, one of the two samples subjected to amplification
prior to sequencing. The MAGs exhibited an average length of 1.6 Mbp
(from 0.5 to 3.6 Mbp) and corresponded to multiple species, including
Latilactobacillus curvatus (8 MAGs), Pediococcus parvulus (8 MAGS),
Secundilactobacillus malefermentans (7 MAGs), Latilactobacillus sakei (5
MAGs), Secundilactobacillus silagei (5 MAGs), Leuconostoc mesenteroides
(8 MAGsS), Leuconostoc pseudomesenteroides (2 MAGs), Levilactobacillus
parabrevis (2 MAGs), Leuconostoc fallax (1 MAGs). Those species covered
the main bacterial taxa detected through direct taxonomic affiliation of
raw reads (Fig. 1).

To characterize the prophage composition in our samples, we pre-
dicted prophage sequences in the previously described medium-quality
MAGs (Table 2). In total, twenty-two prophages were predicted in
thirteen MAGs (24% of the medium-quality MAGs), which belonged to
the genera Lactococcus (1 MAG with 3 prophages), Secundilactobacillus (5
MAGs with 1-3 prophages), Leuconostoc (4 MAGs with 1 prophages),
Levilactobacillus (1 MAG with 1 prophages), and Pediococcus (2 MAGs
with 1 and 2 prophages). The sizes of these prophages ranged from 7336
to 36,981 bp. Notably, five of these prophages from Secundilactobacillus

silagei were completely identical with each other (100% identity, 100%
coverage), while assembled from different samples (Cabbage_1_22 2,
Cabbage_2_17_2, Cabbage_3_23_2, Cabbage 4 2 2, Carrot_1_22_1), and
showed only weak sequence homology with known phages. While
encoding an integrase and a transcriptional regulator of phage origin,
their short sizes, ranging from 7.8 kb to 10.5 kb and the absence of
predicted genes encoding phage structural proteins, leave us uncertain
whether they constitute complete prophages or other mobile genetic
elements. The smallest predicted prophage from our dataset,
Turnip_3.7.1 (7.3 kb), located at the extremity of a contig from
MAG_N3_M_7, showed no sequence homology with known phages at the
nucleotidic level. However, at the proteic level, seven predicted proteins
encoded on this sequence shared homology with phage tail module
proteins but the sequence lacked predicted proteins for capsid structure,
indicating that this sequence may represent an incomplete prophage.
The largest predicted prophage, Cabbage_2_17_3 (40 kb), showed weak
homology with known phages. geNomad predicted 43 genes on this
sequence, among which only two were annotated as encoding phage
proteins. One belonged to the cluster of orthologous genes (COG) 5283
encoding a phage-related tail protein, and one encoded a protein pos-
sessing a prophage endopeptidase tail domain (pfam: PF06605). In
addition, a BLASTp comparison of other predicted protein sequences
against nr database also revealed distant homology with other known
phage proteins (phage tail, distal tail protein, fiber tail, spike protein).
This prophage sequence might therefore represent an uncharacterized
prophage of Secundilactobacillus silagei. The second-largest predicted
prophage, Turnip_1_5_1 (36 kb), showed no sequence homology with
known phages at the nucleotidic level. However, geNomad predicted 54
genes including genes encoding structural phage proteins such as major
capsid proteins, portal proteins and terminase. This prophage might also
represent an uncharacterized prophage of Leuconostoc. All cabbage
samples contained MAGs with prophages, while two turnip samples
(turnip 1 and 3) and one carrot sample (carrot 1) had prophages in their
MAGs. Comparing prophage sequences with known viral sequences
revealed that prophage Cabbage_1_15_1 from Lactococcus lactis matched
the complete genome of Lactococcus phage rlt (e-value: 0, 94.58%
identity, 79% coverage), the first Lactococcus phage of the P335-species
(Van Sinderen et al., 1996) (Table 2). On the contrary, three predicted
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List of prophages detected on MAGs from fermented vegetables. Bacterial host corresponds to the taxonomic identification of the MAGs containing the prophage
sequence. Each prophage was compared with the viral Core Nucleotide database to find any match with existing sequences. The best hit is indicated with the per-

centage of identity and coverage.

1d_prophage Length Bacterial host (MAG_id) Best hit (BLASTn) % % Taxonomy Score taxonomy
(bp) identity coverage (PhaBOX) (PhaBOX)
Cabbage_1.15_1 20,947 Lactococcus lactis (C1_M_15) NC_004302.1 Lactococcus phage r1t, complete 94.58 79 Caudoviricetes 1.00
genome
Cabbage_1_15_2 18,340 Lactococcus lactis (C1_M_15) KX160218.1 Lactococcus phage 98204, 97.06 20 Caudoviricetes 1.00
complete genome
Cabbage 1 153 8489 Lactococcus lactis (C1_M_15) LT993227.1 unidentified phage genome 93.95 40 Caudoviricetes 0.87
assembly, complete genome: monopartite
Cabbage_ 1 221 11,991 Secundilactobacillus silagei BK020715.1 TPA: Caudoviricetes sp. isolate 85.68 16 Caudoviricetes 1.00
(C1.M_22) ctkN83, partial genome
Cabbage 1222 10,517 Secundilactobacillus silagei NC_070781.1 Streptomyces phage Tomas, 100.00 0 Caudoviricetes 1.00
(C1.M_22) complete genome
Cabbage 2 17_1 11,322 Secundilactobacillus silagei BK045548.1 TPA: Caudoviricetes sp. isolate 86.85 19 Caudoviricetes 1.00
(C2.M_17) ctQoP2, partial genome
Cabbage 2172 10,517 Secundilactobacillus silagei NC_070781.1 Streptomyces phage Tomas, 100.00 0 Caudoviricetes 1.00
(C2.M_17) complete genome
Cabbage 2.17.3 40,158 Secundilactobacillus silagei MK504445.1 Lactobacillus phage ATCCB, 85.52 5 Caudoviricetes 0.96
(C2.M_17) complete genome
Cabbage 3 17_1 30,882 Leuconostoc mesenteroides BK021696.1 TPA: Caudoviricetes sp. isolate 80.92 15 Caudoviricetes 0.63
(C3.M_17) ct8S34, partial genome
Cabbage_3.23_1 12,598 Secundilactobacillus silagei PP453647.1 Listeria phage 71.26 3 Caudoviricetes 1.00
(C3.M_23) vB_Lmo_2389_typell, complete genome
Cabbage_3_23_2 7773 Secundilactobacillus silagei No hit - - Caudoviricetes 1.00
(C3.M_23)
Cabbage_3 233 11,535 Secundilactobacillus silagei BK020715.1 TPA: Caudoviricetes sp. isolate 85.68 17 Caudoviricetes 1.00
(C3.M_23) ctkN83, partial genome
Carrot 1 22 1 10,517 Secundilactobacillus silagei NC_070781.1 Streptomyces phage Tomas, 100.00 0 Caudoviricetes 1.00
(Catl_M_22) complete genome
Carrot_1_6_1 14,460 Leuconostoc No hit - - Sandinevirus 0.58
pseudomesenteroides
(Catl_M_6)
Cabbage 4 2.1 10,749 Secundilactobacillus silagei BK020715.1 TPA: Caudoviricetes sp. isolate 85.68 18 Caudoviricetes 1.00
(Cat4_M_2) ctkN83, partial genome
Cabbage_ 4.2 2 10,517 Secundilactobacillus silagei NC_070781.1 Streptomyces phage Tomas, 100.00 0 Caudoviricetes 1.00
(Cat4_M_2) complete genome
Cabbage 4. 61 23,307 Leuconostoc mesenteroides MN855893.1 Inoviridae sp. isolate 382, 90.42 25 Fadolivirus 0.57
(Cat4_M_6) complete genome
Turnip_1 2 1 21,995 Levilactobacillus parabrevis BK045548.1 TPA: Caudoviricetes sp. isolate 74.70 5 Caudoviricetes 0.88
(N1.M_2) ctQoP2, partial genome
Turnip_1.5_1 36,981 Leuconostoc (N1_M_5) BK046201.1 TPA: Caudoviricetes sp. isolate 76.62 0 Caudoviricetes 0.64
ctbhY2, partial genome
Turnip_3.7_1 7336 Pediococcus parvulus No hit - - Caudoviricetes 1.00
(N3_.M_7)
Turnip_3 91 31,508 Pediococcus parvulus BK045548.1 TPA: Caudoviricetes sp. isolate 74.70 3 Caudoviricetes 0.77
(N3_M_9) ctQoP2, partial genome
Turnip_3.9. 2 21,044 Pediococcus parvulus TPA: Caudoviricetes sp. isolate ctyPQ2, partial 87.09 23 Caudoviricetes 1.00
(N3 M_9) genome

prophages identified in Secondilactibacillus silagei (Cabbage_3_23_2),
Leuconostoc pseudomesenteroides (Carrot_1_6_1) and Pediococcus parvulus
(Turnip_3_7_1) MAGs did not match any known viruses and are therefore
totally new. The remaining prophages partially matched with known
viral sequences but always with a low sequence coverage (<40%). Only
two prophage sequences could be assigned to a viral genus with a low
confidence score using PhaBOX, indicating the lack of reference ge-
nomes with a known taxonomy for temperate phages infecting LAB from
fermented vegetables.

These results showed that these fermented vegetables are mainly
composed of lactic acid bacteria and yeasts. Among MAGs correspond-
ing to lactic acid bacteria, several complete prophage sequences were
detected, which is an indication that lysogeny is a common phenomenon
in fermented cabbage, carrot, and turnip.

3.3. Overview of the fermented vegetables’ virome

Having observed that many bacterial genomes present in fermented
vegetables host prophage sequences, we decided to explore the diversity
of viruses present in the same samples as free viral particles using a
comprehensive viral metagenomic approach. Nucleic acids were

purified from the viral fraction extracted from the products, DNA
(ssDNA and dsDNA), and RNA were amplified separately, and shotgun
sequenced. The average sequencing depth was 3,256,769 reads per
sample (interquartile range: 1,551,885-4,258,484). After assembly,
contigs larger than 2 kb were selected and clustered based on sequence
homology (remove chimeras self-alignment >110% of contig length,
clustering 90% identity x coverage, and keep the longest contig within
each cluster). Among the resulting 4458 clusters, 1214 were identified
as viral. Finally, 1143 species-level viral operational taxonomic units
(vOTUs) remained in the dataset after filtering contaminants (i.e. clus-
ters highly abundant in negative controls) (vOTUs metadata: htt
ps://doi.org/10.57745/DODROX).

The vOTU sizes ranged from 2 to 145 kb (Fig. 2A), with 185 contigs
(16%) exceeding 10 kb. Five vOTUs were qualified as complete genomes
according to CheckV (Nayfach et al., 2021), 5 as high-quality and 27 as
medium-quality genomes. In total, 29 vOTUs (1.6%) were identified as
temperate phages by VIBRANT (Kieft et al., 2020). According to Vir-
Sorter2 predictions (Guo et al., 2021), the majority of vOTUs (72%)
belonged to dsDNA phages (72%) (Fig. 2B). Yet, we were also able to
detect ssDNA viruses (179 vOTUs, 16% of the total) and RNA viruses (15
vOTUs, 1.3% of the total). We also detected double-stranded dsDNA
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Fig. 2. Overview of the fermented vegetables virome. A) Size distribution of the vOTUs. B) Distribution of the vOTUs per type of virus (VirSorter2 predictions) in the
complete dataset (All), DNA or RNA samples. C) Proportion of reads from the different types of viruses in the complete dataset (All), DNA or RNA samples.

viruses belonging to the family Lavidaviridae (57 vOTUs, 5% of the
total), commonly known as virophages, as well as nucleocytoplasmic
large DNA viruses (Nucleocytoviricota) (47 vOTUs, 4% of the total), a
diverse group often referred to as giant viruses. To identify the pro-
portion of known vOTUs we compared these 1143 vOTUs against the
genomes of viruses present in the ICTV database. Only 20% had
sequence homology with known viruses (>50% identity and >50%
coverage), while 43% had no hit at all and could therefore correspond to
new viruses. Mapping back the sequencing reads to the vOTUs

sequences revealed that the relative abundance of the different types of
viruses varied according to the nucleic acid used as target for amplifi-
cation (DNA or RNA) (Fig. 2C). Indeed, as expected, dsDNA viruses were
highly abundant in DNA-amplified samples whereas RNA viruses were
enriched in RNA-amplified samples.

These results provided a comprehensive overview of the viral di-
versity present in these fermented vegetables and confirmed that using a
combination of DNA and RNA amplification enabled accessing different
types of viruses (RNA, ssDNA and dsDNA).
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3.3.1. DNA viruses

To analyze with more detail the composition of DNA viruses in these
three fermented vegetables, we first focused on DNA samples. A high
variation of the percentage of mapped reads was observed between

samples, ranging from 0.19% to 51.51%. We decided to keep only
samples having more than 5000 mapped reads for further comparisons
and therefore excluded two samples (carrot 1 and turnip 3). The po-
tential impact of the type of vegetable used as raw material for
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Fig. 3. Structural variations of the viral communities of fermented vegetables. A) Principal coordinate analysis (PCoA) was applied on the Bray-Curtis dissimilarity
matrix derived from DNA viral community profiles. Samples are colored according to the vegetable matrix, and shaped according to their producer. B and C)
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not classified at the family level (ICTV classification).
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fermentation on the composition of the DNA-viral community was
evaluated by computing Bray-Curtis dissimilarity and principal coordi-
nate analysis (Fig. 3A). A clear separation of the samples was observed
according to the three types of vegetables, regardless of the producer.
This effect was confirmed by a PERMANOVA test (p = 0.002, r2 =
0.4925). Interestingly, the principal axis helped discriminate the leaf
(cabbage samples) from the root vegetables (carrot and turnip samples).
The taxonomic affiliation of vOTUs based on ICTV classification also
revealed differences between samples depending on the type of vege-
table. A significant proportion of viral communities remained unclassi-
fied at both the family and genus levels in all samples (Fig. 3B and C). At
the family level, most samples, except for carrot 2D and 3D were
dominated by the Herelleviridae family or vOTUs affiliated with
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subfamily or genera lacking a defined family classification (Fig. 3B). In
carrot 3D, vOTUs affiliated with the Chaseviridae family were present
but lacked genus-level classification. Differences between samples were
more pronounced at the genus level. Heilonggjiangvirus dominated viral
communities of cabbage samples, while turnip samples were primarily
dominated by Tybeckvirus, Watanabevirus or Harbinvirus genera
(Fig. 3C). Most vOTUs in carrots 2D and 3D lacked taxonomic affiliation
at this level, whereas Heilonggjiangvirus and Tybeckvirus were dominant
in carrot 4D (Fig. 3C). To further explore the DNA virome composition
we represented the distribution of the most abundant vOTUs across our
samples through a heatmap (Fig. 4). This visualization method revealed
that samples clustered according to the three types of vegetables, con-
firming the previous result observed using Bray-Curtis dissimilarity
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Fig. 4. Distribution of the most abundant vOTUs across fermented vegetables. The colors on the heatmap represent the log-transformed relative abundance and
range from blue (low relative abundance) to red (high relative abundance). Host family, viral group, and lifestyle of the different vOTUs are indicated when available.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 3). Additionally, distinct patterns among abundant vOTUs were
observed, with 10 clusters determined using the gap statistics method
(Tibshirani et al., 2001). There were no clear relationships between the
vOTU clustering and the viral group, the type of phage (temperate
versus virulent) or the bacterial host taxonomy except for cluster 1, 3
and 10. Cluster 1, which was exclusively detected in carrots 2 and 3,
predominantly consisted of dsDNA phages with a predicted bacterial
host belonging to the Enterobacteriaceae family. The most abundant
vOTU in carrot 2 (68% relative abundance), which is 41 kb in size, was
predicted as a temperate dsDNA phage infecting Rahnella. This vOTU
was also abundant in carrot 3 (14% relative abundance). The most
abundant vOTU detected in carrot 3 (25% relative abundance) was 2 kb
in size and did not have a predicted host, nor a viral group or lifestyle
prediction. Sequence comparison with known viral genomes revealed a
high similarity with viruses affiliated to the Genomoviridae (best hit:
Sewage-associated Gemycircularvirus, 99% identity, 100% coverage), a
viral family composed of eukaryote-infecting ssDNA viruses possessing a
small genome (usually 2.2-2.4 kb) (Krupovic et al., 2016). Cluster 3
predominantly consisted of dsDNA phages with predicted bacterial hosts
from the Lactobacillaceae family. The vOTUs belonging to this cluster
were mainly detected in cabbage samples. The five most abundant
vOTUs in cabbage samples 1 and 2 (5%-12% relative abundance) were
dsDNA phages, ranging from 7 to 32 kb in size, all predicted to infect
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members of the Lactobacillaceae family, such as Lentilactobacillus, Lacti-
caseibacillus, and Secundilactobacillus. This result is consistent with the
composition of the bacterial community in our cabbage samples, where
the most abundant bacterial genera also belonged to the Lactobacillaceae
family (Fig. 1). Cluster 10 contained vOTUs primarily detected in turnip
samples, consisting mainly of dsDNA phages. Those having host pre-
diction were mainly associated with phages infecting the Lactobacilla-
ceae family.

Altogether, these results indicate that the diversity and the relative
abundance of DNA viruses vary according to the three types of vegeta-
bles used for fermentation. Furthermore, as summarized in Fig. 5, phage
sequences, whether originating from free particles (vOTUs) or pro-
phages, were predicted to infect almost all bacterial genera present in
the tested fermented vegetables.

3.3.2. DNA viruses corresponding to temperate phages

To identify whether temperate phages are induced from lysogenic
bacteria and packaged through fermentation, we compared vOTU se-
quences from the virome to prophage sequences from the MAGs
(Table 3). We considered a given vOTU to correspond to a prophage
when both identity and coverage were greater than 90%. Using these
criteria, 8 out of the 22 prophages identified from MAGs were also
detected through the viral metagenomic approach. The group of five
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Fig. 5. Summary of phage diversity associated to their bacterial host genera found in fermented vegetables according to shotgun and viral metagenomics data. Each
grey bubble represents a bacterial genus detected in the metagenome and contains the number of reconstructed MAGs (full color), the number of prophage sequences
detected on MAGs (light color), and the number of associated vOTUs detected in the metavirome (light color and solid line). Bubble size represents the importance of
the corresponding bacterial genus in terms of phage signal in the dataset. vOTUs without host prediction are represented in a separate dedicated bubble. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 3
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Comparison of vOTUs (metavirome) and prophage sequences (metagenome) from fermented vegetables. Sequence comparison between vOTUs and prophage

sequences was performed using BLASTn.

vOTU vOTU host prediction vOTU life style vOTU’s original sample (% Prophage ID MAGs species % %
D (iPhoP) prediction (Vibrant) relative abundance) identity coverage
C4D_NODE_138 - Temperate Cabbage_3 (0.04%), Cabbage_1_22 2, Secundilactobacillus 100 98
Cabbage_4 (2.96%), Cabbage 2.17_2,  silagei
Carrot_1 (3.77%), Cabbage_3_23 2,
Turnip_3 (4.18%) Cabbage 4.2 2,
Carrot_1 221
N4_VD_NODE _338 - - Turnip_1 (0.01%), Turnip 3.7_1 Pediococcus parvulus 91.71 96
Turnip_4 (0.03%)
C1_1D_NODE_255 Levilactobacillus - Cabbage_1 (0.05%), Cabbage 2 17_3 Secundilactobacillus 95.612 100
Turnip_1 (0.05%) silagei
C1_1D_NODE 459 Secundilactobacillus Temperate Cabbage_1 (0.01%) Cabbage_3 231 Secundilactobacillus 99.733 94
silagei

identical prophages detected in MAGs of Secundilactobacillus silagei
perfectly matched with C4D_NODE_138. This vOTU, was correctly pre-
dicted as temperate by Vibrant, but lacked a predicted bacterial host.
However, based on its detection in several MAGs identified as Secundi-
lactobacillus silagei, we can infer this species as the bacterial host.
Interestingly, this phage was detected in high abundance (>1%) in the
viromes from three different fermented vegetables (cabbage 4, carrot 1
and turnip 3), and in low abundance in cabbage 3 (0.04%), demon-
strating its wide distribution in fermented vegetables. Surprisingly, we
did not detect this vOTU in the virome from cabbages 1 and 2, despite
the fact that it had been assembled in MAGs from these samples. This
suggests that there is probably no induction of the corresponding pro-
phage in these samples but that it is well encapsidated in some others.

Prophage Turnip_3_7_1, identified in a MAG of Pedioccocus parvulus
assembled from turnip 3, showed high sequence homology with vOTU
N4_VD_NODE _338 (91.71% identity, 96% coverage) for which no pre-
diction was available regarding both its lifestyle and bacterial host.
Interestingly, it was found in low abundance in turnip samples 1 and 4,
but was not detected in turnip 3, where the MAG containing the corre-
sponding prophage was assembled. Finally, two vOTUs,
C1_1D_NODE 255 and C1_1D_NODE 459, matched with two different
prophages detected in Secundilactobacillus silagei MAGs assembled from
cabbages 2 and 3. C1_1D_NODE_255 was detected in low abundance in
cabbage 1 and turnip 1, but not in cabbage 2 from which the MAG
containing the corresponding prophage was assembled. Similar obser-
vation was made for C1_1D_NODE 459 which was only detected in
cabbage 1.

Together, these results suggest that some temperate phages were
present as virions in the samples, potentially reflecting basal prophage
induction or active induction triggered by specific environmental con-
ditions in fermented vegetables.

3.3.3. RNA viruses

We next focused our attention on RNA samples. In total, 538 vOTUs
were detected in those samples, and the total number of mapped reads
was low, ranging from 0 (carrot 3) to 353,914 (turnip 4), with an
average of 87,897. A high number of vOTUs were detected in turnip
samples 1, 2 and 4 (266, 283 and 352 vOTUs, respectively). On the
contrary, the number of vOTUs in other samples ranged from 0 (carrot 3)
to 19 (cabbage 4). The composition of the RNA viral communities varied
between samples (Fig. 3D and E). All vOTUs from cabbage 1R, 2R, and
carrot 1R samples remained unclassified by PhaBOX. The viral com-
munities of turnip were diverse, except turnip 3R which was composed
of either Totiviradae or unclassified vOTUs. In contrast, the viral com-
munities in other turnip samples were dominated by the Herelleviridae
family, with Solemoviridae also contributing in turnip 2R and 4R
(Fig. 3D). Finally, carrot 4R was dominated by Unaquatrovirus (Fig. 3E).
Although we selectively amplified RNA, some vOTUs were detected in
both RNA and DNA samples. For example, the most abundant vOTU
detected in the RNA sample from cabbage 1 (99% relative abundance),
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was also present in the corresponding DNA sample at a low relative
abundance (0.06%). This vOTU of 53 kb was predicted to infect Exi-
guobacterium, but had no life cycle prediction, no taxonomic affiliation,
and did not match with any known viral genome available. For turnip 1,
the most abundant contig (10% relative abundance) was 63 kb in length
and was also present in several DNA samples (cabbages 1, 3, 4 and in
turnips 1, 2 and 4). This vOTU corresponded to a dsDNA phage closely
related to Lactobacillus phage 3-521 (92% identity, 87% coverage) and
belongs to Watanabevirus genus. For carrots, most abundant vOTUs in
RNA samples were also detected in DNA samples. In total, only 29 out of
the 538 vOTUs from the RNA virome were not detected in the DNA
samples and were therefore likely to originate from RNA viruses. Among
them were the most abundant vOTUs in RNA samples from cabbages 2,
3, and 4, and turnips 2, 3, and 4. Their sequences were next compared to
the NCBI nt database and annotated with Pharokka.

Among these vOTUs, thirteen showed high sequence homology with
known non-bacterial viruses (Table 4). Eight vOTUs corresponded to
plant RNA viruses, such as turnip yellows virus and beet western virus.
These vOTUs were present at different levels of abundance in cabbages
1, 3 and 4 and turnips 1, 2 and 4 and were not detected in carrot samples.
Two vOTUs were homologous to insect and invertebrate viruses.
N4_VR_700k_NODE_19, which was detected in both turnips 3 and 4, was
closely related to Drosophila A virus (Webster et al., 2015).
Ct2R_700k_NODE _2, present in carrot 2, was similar to a MAG assembled
from lake sediment and was identified as Cripavirus, a genus of RNA
viruses infecting invertebrates. Interestingly, a vOTU
(N3R_100k_NODE _1) of 3 kb in size, detected in high relative abundance
in turnip 3 (24.5%) and in lower abundance in cabbage 4 (0.54%),
shared some degree of homology with a yeast virus (Pichia mem-
branifaciens virus L-A, 73.83% sequence identity and 28% coverage).
This virus belongs to the Totiviridae family and represents the first
double-stranded RNA (dsRNA) virus infecting Pichia membranifaciens
(M. D. Lee et al., 2022). It is noteworthy to mention that Pichia was the
most dominant fungal genus detected in turnip 3 (Fig. 1C) and was also
slightly detected in cabbage 4. Finally, two vOTUs (N4_VR_NODE_116
and N1R_NODE_20) matched only with uncultivated viral genomes
(UViGs): one annotated as Riboviria, a realm of viruses that includes all
viruses that use a homologous RNA-dependent polymerase for replica-
tion (Roux et al., 2019; Walker et al., 2019), and the second as
Genomoviridae, a family of single-stranded DNA viruses that primarily
infect fungi (Krupovic et al., 2016).

In addition to non-bacterial viruses, four vOTUs specific to cabbage
RNA samples had positive hits with sequences originating from bacteria
but were not identified as RNA phages (Table 5). The two first
(C2_1R_ NODE 9 and C2_1R NODE _21), detected in cabbage 2 and
identified as dsDNA phages by VirSorter2 and belong to Caudoviricetes
class by PhaBOX, partially matched with putative prophage regions
from Moraxellaceae bacterium detected in marine samples using single-
cell genomics. The two other vOTUs (C4R_700k NODE 40 and
C4R_700k_NODE_49), both detected in cabbage 4 in low relative
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Table 4

Description of vOTUs detected only in RNA samples and similar to known viruses.
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vOTU ID vOTU’s original sample (% relative Virus type Best hit (NCBI nt) % % ICTV classification at
abundance) identity coverage the genus level
(PhaBOX)
Cabbage Carrot Turnip
N4_VR_400k_NODE_2 Cabbage_3 - Turnip_1 Plant RNA virus OP797722.1 Turnip yellows 98.81 99 Polerovirus
(29%), (0.36%), virus
Cabbage_4 Turnip_2
(34%), (21%),
Turnip_4
(29%),
N4_VR_700k_NODE_7 Cabbage_1 - Turnip_1 Plant RNA virus MN497804.1 Turnip yellows 99.63 99 Polerovirus
(0.46%) (0.07%), virus
Cabbage_3 Turnip_2
(31%), (33%),
Cabbage_4 Turnip_4
(46%), (11%)
N4_VR_700k_NODE_3 - - Turnip_1 Plant RNA virus NC_078907.1 Turnip ringspot 92.50 99 Comovirus
(1.39%), virus
Turnip_2
(1.31%),
Turnip_4
(18%)
N4_VR_700k_NODE_13 Cabbage_1 - Turnip_2 Plant RNA virus ON603912.1 Beet western 98.87 98 -
(0.13%), (33%), yellows virus
Cabbage_3 Turnip_4
(5.52%), (3.46%)
Cabbage_4
(3.46%),
N4_VR_400k_NODE_8 Cabbage_1 - Turnip_2 Plant RNA virus MN497828.1 Turnip yellows 99.10 98 -
(0.01%), (1.50%), virus
Cabbage_3 Turnip_4
(8.12%), (1.74%)
Cabbage_4
(2.39%),
N4_VR_NODE_16 Cabbage_4 - Turnip_4 Plant RNA virus NC_078907.1 Turnip ringspot 80.83 98 Comovirus
(0.18%), (2.38%) virus
C3_1R_400k_NODE_4 Cabbage_1 - Turnip_2 Plant RNA virus NC_078907.1 Turnip ringspot 99.61 99 -
(0.001%), (2.4%), virus
Cabbage_3 Turnip_4
(0.44%), (0.31%)
Cabbage 4
(2.05%),
C4R_NODE_124 Cabbage_3 - Turnip_2 Plant RNA virus MN497827.1 Turnip yellows 99.61 99 -
(0.76%), (0.63%), virus
Cabbage_4 Turnip_4
(0.77%), (0.28%)
N4_VR_700k NODE_19 - - Turnip_3 Insect RNA virus KP969923.1 Drosophila A 98.46 99 -
(0.55%) virus
Turnip_4
(0.01%)
Ct2R_700k_NODE_2 - Carrot_2 - Invertebrate RNA MZ679063.1 MAG: Cripavirus 91.04 99 Cripavirus
(1.6%) virus sp. isolate 201-k141_128585
N3R_100k_NODE_1 Cabbage_4 - Turnip_3 Yeast RNA virus 0OL687555.1 Pichia 73.83 28 Totiviridae (family)
(3.76%) (24.5%) membranifaciens virus L-A
N4_VR_NODE_116 - - Turnip_4 Unknown 0Q423855.1 MAG: Riboviria 76.36 47 -
(0.54%) Riboviria virus sp. isolate
crane70_contig_1245
N1R_NODE_20 - - Turnip_1 Unknown MT309887.1 MAG: 92.37 100 -
(0.09%) Genomoviridae Genomoviridae sp. isolate

virus

6433227

abundance, were annotated as Nucleocytoviricota and ssDNA virus by
VirSorter2, respectively and were not classified by PhaBOX (ICTV clas-
sification). However, sequence comparison with the nt database from
NCBI revealed only partial homology with bacterial DNA and automatic
annotation with Pharokka did not identify viral genes, thus probably
reflecting background contamination.

Regarding the 12 other RNA-specific vOTUs, sequence comparison
with the nt database from NCBI at the nucleotidic level did not reveal
any positive hit. We therefore performed an automatic annotation of the
vOTU with Pharokka using the PHROGs viral protein database (Terzian
et al., 2021). Among all the results, one of the 17 predicted proteins in
vOTU C4R_NODE_16 (7 kb in length), was annotated as Zot-like toxin
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moron, while all others were hypothetical proteins. All PHROGs (protein
orthologous groups) associated with the proteins of this vOTU were
composed of Inoviridae proteins. Inoviruses are filamentous bacterio-
phages containing a circular, positive sense, single stranded DNA
genome. They are distributed across all biomes and display an extremely
broad host range spanning both prokaryotic domains of life, bacteria
and archaea (Knezevic and Adriaenssens, 2021; Roux et al., 2019). This
vOTU was found in cabbage 4 at 0.3% relative abundance.
C4R_700k_NODE_2, which was 10 kb in size, was present only in Cab-
bage 4 (3% relative abundance). It was predicted to belong to Lav-
idaviridae (virophages), a double-stranded (ds) DNA virus family.
Pharokka predicted 22 genes on this vOTU, four of which having known
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Table 5
Description of vOTUs found only in RNA samples and similar to bacterial sequences.
vOTU ID vOTU’s original sample (% Protein annotation (Pharokka) Virus type Best hit (NCBI nt) % %
relative abundance) (VirSorter2) identity coverage
Cabbage Carrot  Turnip
C2_1R_NODE 9 Cabbage_2 - - 29 (replication initiation O-like, NinB/ dsDNAphage LC662981.1 95.60 47
(18.8%) Orf homologous recombination Moraxellaceae
mediator, HNH endonuclease, terminase bacterium, putative
small subunit, terminase large subunit, prophage region
portal protein, unknown function)
C2_1R_NODE_21 Cabbage_2 - - 18 (exonuclease, Erf-like ssDNA dsDNAphage LC662967.1 91.40 50
(7.15%) annealing protein, transcriptional Moraxellaceae
repressor, unknown function) bacterium, putative
prophage region
C4R_700k_NODE_40 Cabbage_4 - - 5 (unknown function) Nucleocytoviricota CP085993.1 86.15 28
(0.32%) (giant viruses) Psychrobacter
sanguinis strain,
plasmid unnamed
C4R_700k_NODE_49 Cabbage_4 - - 6 (transposase, unknown function) ssDNA viruses CP069437.1 86.13 75
(0.25%) Moraxella osloensis

strain, complete
genome

functions but being non-essential for bacteriophages.

To summarize, most of the confirmed RNA viruses detected in our
fermented vegetables correspond to non-bacterial viruses and probably
originate from the phyllosphere.

4. Discussion

Both culture-based and metagenomic approaches were used in this
study to investigate the composition of microbial communities in 12
fermented vegetables, showing that Bacillota was the main phylum in
most samples. LAB from the Lactobacillaceae family dominated bacterial
populations, with concentration measured by plate counting around 6.8
log CFU/g of vegetables. LAB also represented 83% relative abundance
of the bacterial metagenomics reads on average. These findings align
with microbial composition data reported in previous studies conducted
on fermented vegetables (Bati and Boyko, 2017; Plengvidhya et al.,
2007; Thierry et al., 2023b; Wuyts et al., 2018; Zabat et al., 2018).
Among LAB, metagenomic results showed the presence of Secundi-
lactobacillus silagei in all cabbage samples, a species first isolated from
silage (Tohno et al., 2013; Zheng et al., 2020). The Secundilactobacillus
genus was previously detected in fermented vegetables at relative
abundance >1% using 16S metabarcoding and one isolate of
S. malefermentans was obtained through cultivation-based approach
(Thierry et al., 2023b). The second most abundant phylum was Pseu-
domonadota, among which Bradyrhizobium was abundant in two carrot
samples. Bradyrhizobium, a bacterial genus commonly found in soils
(Delgado-Baquerizo et al., 2018), was not previously associated with
fermented vegetables. We hypothesize an environmental origin for these
bacteria in our samples. Enterobacteriaceae were also present in our
samples (2% on average). These bacteria are commonly found in fer-
mented vegetables, especially in the early stages of the fermentation
process (Junker et al., 2024; Leff and Fierer, 2013). Overall, the bacterial
community structure in our samples varied depending on the three
vegetables used as raw material, which contradicts recent findings
(Thierry et al., 2023b). However, this discrepancy may be explained by
the smaller number of samples and vegetables tested in our study.
Finally, yeasts were also detected in all the studied samples through
metagenomics and in over half the samples using the cultural approach,
with a median count of 4.6 log CFU/g. This result was consistent with
previous studies (Lu et al., 2003; Thierry et al., 2023b). Kazachstania was
the most abundant fungal genus (67% of reads assigned to Eukaryota),
followed by Pichia (7.7%). Both genera were already detected in Chinese
sauerkraut (Liu et al., 2021). While some Pichia are sometimes consid-
ered as spoilage microorganisms, they were also detected in successful
fermentations, highlighting the need for further research on the role of
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yeasts in vegetable fermentation (Ballester et al., 2022).

Although the presence of viruses in fermented vegetables has been
demonstrated for more than two decades (Lu et al., 2003), there is
currently a lack of information on their concentration in this type of
food. For the first time, we estimated the abundance of VLPs in fer-
mented vegetables using a non-selective method based on epifluor-
escence microscopy. The counts ranged from 5.28 to 7.57 log VLPs/g of
vegetables, which was in the same range as the number of bacteria. By
comparison, these values are lower than those observed for cheese rind
(10 log VLPs/g) (Dugat-Bony et al., 2020), human feces (9-10 log
VLPs/g) (Shkoporov and Hill, 2019), agricultural soils (8-9 log VLPs/g)
(Roy et al., 2020; Williamson et al., 2017) and oceans (5-11 log
VLPs/ml) (Culley and Welschmeyer, 2002; Tsai et al., 2021), but higher
than those for Saudi Arabia desert sands (3-4 log VLPs/g)
(Gonzalez-Martin et al., 2013) and rainwaters (4-5 log VLPs/ml) (Rahlff
et al., 2023). Importantly, our data suggest that there is no significant
variation in the VLP counts in fermented vegetables based on the three
types of vegetables used as raw material. However, more samples from a
broader range of vegetables should be analyzed to confirm it.

Thanks to the methods applied in this study, we provided a
comprehensive overview of the viral composition in fermented vegeta-
bles, including prophages, ssDNA, and RNA viruses, in addition to the
dsDNA viruses that are commonly described in metavirome studies.
Regarding DNA viruses, it was not possible to predict a host for most of
the detected vOTUs. However, as summarized in Fig. 5, the others
mostly corresponded to bacteriophages infecting homofermentative and
heterofermentative LAB, and to a lesser extent bacteria from the Pseu-
domonadota phylum. Our results also indicated that lysogeny is common
in LAB from fermented vegetables, as many prophage sequences were
detected in MAGs reconstructed from the metagenome. Few of them
were also detected in the metavirome indicating they were also encap-
sidated and present as free particles in fermented vegetables. Future
investigation would now be necessary to confirm whether these pro-
phages are active or remnant sequences, through induction tests on
representative bacterial isolates. It would also be interesting to follow
the evolution of the prophages to confirm whether those present in
virion form are induced or whether the decrease in diversity favors the
lysogenic cycle due to the absence of predator/prey dynamics
(Ledormand et al., 2022). Previous studies already reported the isolation
of several dsDNA phages from fermented vegetables through cultural
approach (Barrangou et al., 2002; Lu et al., 2003, 2010, 2012; Lu and
Breidt, 2015; Yoon et al., 2001, 2007). For example, 171 virulent bac-
teriophages infecting LAB were isolated from sauerkraut sampled during
the fermentation process (Lu et al., 2003). It revealed the succession of
two phage populations infecting different LAB species, with a shift
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occurring 3-7 days after the start of fermentation. A previous viral
metagenomic study on kimchi also showed that the main viral sequences
were predicted to infect LAB (Jung et al., 2018). The authors also
demonstrated that the composition of the viral community varied ac-
cording to the geographical origin of the samples. Among ssDNA viruses,
we detected members of the Genomoviridae family as previously
described in Korean and Chinese kimchi (Jung et al., 2018). This family
of viruses mainly infect fungi (Krupovic et al., 2016). We also detected
plant ssRNA viruses in both cabbage and turnip samples, which is
consistent with previous metatranscriptomic analysis of kimchi (Kim
et al., 2014; H.-W. Lee et al., 2022). Surprisingly, we did not detect such
viruses in carrot samples. This might be due to some difficulties in
obtaining sufficient amounts of nucleic acids from this type of sample. In
addition, our methodological approach enabled the detection of insect
viruses in fermented vegetables. Although not directly comparable,
previous work on wine reported the isolation of virulent Oenococcus oeni
bacteriophages that are more closely related to insect gut phages than
any other LAB phages previously sequenced (Philippe et al., 2020). This
suggests insects as a possible source for a wide diversity of viruses
contaminating plant material used in fermentation processes including
fruits and vegetables. Finally, we also observed sequences closely related
to a dsRNA mycovirus, namely Pichia membranifaciens L-A virus. This
virus was recently identified and represents a new species within the
Totiviridae family related to yeast totiviruses (M. D. Lee et al., 2022).
This type of virus was discovered in toxin-secreting strains of Saccha-
romyces cerevisiae, known as "Killer yeasts’, which secrete protein toxins
that are lethal to sensitive strains (Ghabrial et al., 2015). In a killer yeast,
production of such toxin is associated with the presence of a satellite
virus, which requires a L-A helper virus to be stably maintained and
replicated within the infected cell (Schmitt and Breinig, 2002). Although
such types of mycoviruses appear to be symptomless for the infected
yeast cells, they might be responsible for competition among yeast
strains during food fermentation (Maqueda et al., 2012; Maske et al.,
2022). Currently, there is an increasing interest in Pichia for food
fermentation applications (Vicente et al., 2021; Zhang et al., 2021), so it
could be relevant to isolate such viruses and investigate their effect on
yeast growth and physiology, and ultimately on fermentation as well.

Viral metagenomics has gained increasing attention in recent years
for understanding the microbial ecology in fermented foods (Ledormand
et al., 2021; Paillet and Dugat-Bony, 2021; Zhang et al., 2024). How-
ever, one of the main caveats of such an approach is that it produces a
large number of unclassified viral sequences preventing the accurate
description of phage communities in fermented foods. In this study, 43%
of the assembled vOTUs did not share any sequence homology to well
classified viral sequences present in ICTV database, a similar proportion
to what was observed in viromes of fermented shrimp, kimchi, and
sauerkraut produced thirteen years ago (Park et al., 2011). Several
methods for classifying phage sequences (both full genomes and partial
sequences derived from metaviromes) already exist (Bin Jang et al.,
2019; Jiang et al., 2023; Pons et al., 2021), but all depend on the
sequence databases used for comparison. Although research on bacte-
riophages in dairy products and wine is currently very active (Chaib
et al., 2022; Paillet et al., 2022; Philippe et al., 2020), it would be
beneficial for future research to focus on expanding viral sequence da-
tabases with new genomes from phages isolated from other fermented
foods (Zhang et al., 2024). A previous study of our group on French
smear-ripened cheeses revealed the dynamics of the viral community
during cheese ripening (Paillet et al., 2024). For vegetable fermentation,
the dynamics of microbial communities have been well described in
previous studies using culture-based approaches and metabarcoding
(16S rRNA gene sequencing) (Lu et al., 2003, 2012; Wuyts et al., 2018),
while the dynamics of viral communities have been described by
culture-based approaches (Lu et al., 2003, 2012) but remain largely
unexplored. Gaining new insights into phage ecology is now essential for
a comprehensive understanding of microbial succession during vege-
table fermentation.
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External environmental factors, such as acidity, temperature, and
ions are known to play a role in phage-bacteria interactions (Ranveer
et al., 2024), and could therefore impact the composition of viral com-
munities in fermented products. Indeed, environmental changes can
modify the metabolism of the host, including DNA replication, synthesis,
and the activity of virion assembly machinery, ultimately affecting
infection kinetics (Zaburlin et al., 2017). For example, a study on dairy
phages infecting lactic acid bacteria revealed that phage infection was
impacted by the availability of nitrogen sources, temperature, and pH
(Zaburlin et al., 2017). However, the magnitude and direction of these
effects varied across different phage-host pairs. Interestingly, some
bacteriophages have the ability to switch from a lytic to a temperate
lifestyle according to temperature (Shan et al., 2014). Phage inactiva-
tion by osmotic stress has also been reported, for example in the marine
environment (Jonczyk et al., 2011). Fermented vegetables have distinct
environmental characteristics in terms of temperature (ranging from 15
to 20 °C), pH (which decreases from approx. 6 in fresh vegetables to
lower than 4 at the end of fermentation) and salinity (with typical salt
levels comprised between 2 and 5%). Phages are present in this type of
environment, as demonstrated in Sauerkraut (Lu et al., 2003) and as
revealed in our viral metagenomic survey. However, future work should
aim at studying the impact of such environmental factors on phages
isolated from this type of environment and on the structure of phage
communities during fermentation.

5. Conclusion

In conclusion, this study underscores that fermented vegetables
harbor complex viral communities that vary depending on the vegetable
used as raw material. These communities are predominantly composed
of bacteriophages, with a notable presence of temperate phages infect-
ing dominant lactic acid bacteria. In addition, the presence of other vi-
ruses such as plant, insect, invertebrate and yeast viruses was also
demonstrated, providing, for the first time, a comprehensive under-
standing of the viral diversity in fermented vegetables as a whole. Future
research should now investigate how these viruses, especially bacte-
riophages and yeast viruses, influence microbial succession during
vegetable fermentation and their potential impact on the quality of the
final product. Such knowledge would be of utmost importance for pro-
fessionals in the field to mitigate the risks associated with the prolifer-
ation of phages in industrial fermented vegetable production settings.
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