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Abstract: Cabbage (Brassica oleracea), a crop of major economic importance worldwide, is affected by
numerous diseases, which are caused by a wide range of microorganisms, including fungi, oomycetes,
bacteria, and viruses, which lead to important losses in yield and quality. The increasing availability
of reference genomes of plant-associated microbes together with recent advances in metagenomic
approaches provide new opportunities to identify microbes linked to distinct symptomatology in
Brassica leaves. In this study, shotgun metagenomics was used to investigate the microbial com-
munity in leaves of B. oleracea plants from agricultural farmlands. Compared with conventional
techniques based on culture-based methods, whole-genome shotgun sequencing allows the reliable
identification of the microbial population inhabiting a plant tissue at the species level. Asymptomatic
and symptomatic leaves showing different disease symptoms were examined. In the asymptomatic
leaves, Xanthomonas species were the most abundant taxa. The relative abundance of bacterial and
fungal communities varied depending on disease symptoms on the leaf. The microbiome of the
leaves showing mild to severe levels of disease was enriched in bacterial populations (Sphingomonas,
Methylobacterium, Paracoccus) and to a lesser degree in some fungal taxa, such as Alternaria and
Colletotrichum (e.g., in leaves with high levels of necrotic lesions). Sclerotinia species were highly
abundant in severely damaged leaves (S. sclerotium, S. trifolium, S. bolearis), followed by Botrytis
species. The common and specific bacterial and fungal species associated to disease symptoms were
identified. Finally, the analysis of the gene functions in the metagenomic data revealed enrichment
in carbohydrate-active enzymes potentially involved in pathogenicity, whose distribution also var-
ied among disease severity groups. Understanding the B. oleracea leaf microbiome in agricultural
ecosystems will pave the way for the efficient management of diseases in this crop.

Keywords: bacterial diversity; cabbage; leaf; fungal diversity; microbiome; shotgun metagenomics

1. Introduction

The genus Brassica, a member of the family Brassicaceae (previously named Cruciferae),
is an economically and scientifically relevant family of dicotyledonous plants (http://www.
theplantlist.org/, accessed on 1 January 2024). It contains an important number of crop
species that provide edible roots, leaves, stems, buds, flowers, and seeds worldwide.
Vegetable species belonging to the Brassica genus are B. oleracea (cabbage, cauliflower,
broccoli, Brussels sprouts, kale), B. rapa (turnip, Chinese cabbage), B. napus (rapeseed),
B. carinata, and B. juncea (mustards). Among them, B. oleracea, B. napus, and B. rapa are
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the most widely grown Brassica species. In addition to its agronomical relevance, the
Brassicaceae family includes the essential model plant Arabidopsis thaliana [1].

Brassica plants are susceptible to diseases caused by a wide range of microorganisms,
such as fungi, oomycetes, bacteria and viruses, which cause important yield losses in both
quality and quantity [2]. The most important fungal or oomycete pathogens affecting Brassica
species (and diseases they cause) are Sclerotinia sclerotiorum (white mold); Alternaria spp.
(Alternaria leaf spot), Hyaloperonospora parasitica (downy mildew), Erysiphe cruciferarum (pow-
dery mildew), Rhizoctonia solani (wirestem), Pythium spp. (damping-off), Fusarium oxysporum
(Fusarium wilt), Mycosphaerella brassicicola (ring spot), Plasmodiophora brassicae (clubroot) and
Leptosphaeria maculans (blackleg), Colletotrichum spp. (anthracnose), and Phytophthora spp.
(Phytophthora root rot). Of them, Alternaria leaf spot, predominantly caused by A. brassicicola,
A. brassicae, and occasionally A. alternata, is among the most impactful fungal disease in
cabbage (B. oleracea), resulting in important yield losses [3]. Regarding the bacterial pathogens,
Xanthomonas campestris (black rot), Erwinia spp. (soft rot), and Pseudomonas spp. (bacterial soft
rot) are considered the most impactful bacterial pathogens that can infect Brassica crops. In
particular, X. campestris pv. campestris (Xcc) causes black root, one of the most prevalent bacte-
rial diseases in Brassica crops. This disease has been identified in all Brassica-growing regions,
causing considerable economical losses [4]. Unfortunately, only a few resistance resources
have been identified, thus hindering resistance against this disease in breeding programs.

The bacterial soft rots are a group of diseases commonly found in brassicas that can
be caused by several bacteria, most commonly Erwinia spp. (E. carotova, also known as
Pectobacterium carotovorum) and certain species of Pseudomonas. Bacteria can enter the host
plant through wounds generated by natural causes, insect bites, diseases, and mechanical
injuries. The pathogenicity of these bacterial pathogens is determined by the production of
plant cell-wall-degrading enzymes. Along with this, soft rots are known for their strong,
disagreeable smell that accompanies the breakdown of the plant tissue. Once soft rot
bacteria have infected plant tissue, there is no effective treatment. Hence, bacterial soft rot
needs to be controlled through cultural practices.

The current practices for the protection of Brassica crops from diseases rely on the use
of agrochemicals, which not only has negative economic impacts but also has deleterious
side effects on the environment and human health. Climate change, pathogen variation,
and continuous and high-intensity farming practices contribute to disease outbreaks, which
pose threats to current Brassica production [5]. The considerable rise in Brassica cultivation
worldwide has also contributed to novel disease outbreaks, some of which were not
previously considered of interest. In recent years, efforts are being made to identify
Resistance (R) genes to be used in breeding programs to improve disease resistance in
Brassica spp. [6]. By 2000, there was an important increase in the production of vegetable
brassicas like cabbage, cauliflower, and broccoli (from 68.1 to 91.1 million tons), but, since
then, their production has remained constant at an average of 89.7 million tons per year
(from 2000 to 2020) [2]. In addition to breeding new high-yielding cultivars, there is a
need to decrease yield losses due to diseases with less input of agrochemicals. Pathogen
detection and identification are fundamental for the successful control of Brassica diseases.
Forecasting can help inform precise pesticide applications, which also maximizes their
effectiveness and reduces environmental impact.

Plants and their associated microbes form functional entities that rely on each other.
In this interaction, plant-associated microbiomes can be beneficial or harmful to the host
plant in a variety of ways [7–9]. They can be beneficial to the plant by improving nutrient
acquisition and protecting the plant from pathogen infection through the secretion of an-
timicrobial compounds, competition for resources and space, or induction of host immune
responses [10]. Evidence also supports that healthy and asymptomatic plants coexist with
diverse assemblages of microorganisms. The capability of several bacteria to protect the
plant from pathogens has been well demonstrated [11]. Most of these bacteria belong
to the genera Pseudomonas, Streptomyces, Bacillus, Paenibacillus, Enterobacter, Burkholderia,
and Paraburkholderia [12]. Plant-associated microorganism are, however, susceptible to
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changes in the environment, such as climatic changes and irrigation regimes [13,14]. Our
current knowledge of the interactions between plants, microbiomes, and driving forces that
affect the microbiome’s dynamics to shape plant performance in the ecosystem is, however,
limited. Yet, integrating insights into the microbiome composition and the effects of plant–
microbe associations in disease development might contribute to increased production
of vegetable Brassica crops. It is believed that, shortly, it will be possible to manipulate
microbial communities to improve plant performance and disease resistance as well as to
develop new bioinoculants [15].

Traditionally, the research on the microorganisms in plant tissues relied on the iden-
tification of cultured organisms under laboratory conditions. Such methods, however,
are labor-intensive and are limited by the fact that not all the microorganisms present in
a specific environmental niche can be cultured. Alternatively, disease diagnosis based
on the observation of symptoms in plant tissues requires expertise and can be challeng-
ing as different pathogens might cause similar symptoms. In recent years, metagenomic
strategies coupled with high-throughput sequencing technologies have been developed
and successfully applied for the characterization of the microbial community residing
in plant tissues [7,9,16,17]. Metagenomics has the power to analyze the totality of the
genomic material present in a plant tissue without needing to culture the microbes in a
laboratory [18,19]. Two main strategies have been developed for the metagenomic analysis
of plant microbiomes, namely, metabarcoding of amplified marker DNA sequences (or
targeted sequencing) and whole-genome sequencing (or shotgun metagenomics) [17,19].
Targeted sequencing involves PCR amplification of gene-specific DNA segments, typically
ribosomal DNAs, to identify the specific taxonomic groups present in the sample, which
are then taxonomically profiled using reference databases. However, amplicon-based ap-
proaches have some limitations, as universal primers might amplify genes from different
taxonomic lineages with different efficiencies. Unlike amplicon metagenomics, shotgun
metagenomics explores the total DNA material of plant tissue without the requirement
for PCR amplification, providing data into species biodiversity and for minority species,
usually providing better phylogenetic resolution than targeted sequencing.

As previously mentioned, the genus Brassica comprises important horticultural crops,
such as broccoli, Brussels sprouts, cabbage, cauliflower, kale, and turnips. Due to the eco-
nomic impact of diseases affecting Brassica species, different molecular approaches were ini-
tially developed for the detection and quantification of particular Brassica pathogens while
overcoming limitations associated with conventional microbiological, culture-dependent
procedures. As an example, PCR-based methods (conventional PCR or real-time PCR)
have been applied for detecting the Brassica pathogens A. brassicae and A. brassicicola [3,20].
Advances in metagenomic approaches and bioinformatic tools have provided the opportu-
nity to profile the overall microbial community structure present in a given plant tissue.
Yet, few studies have been conducted to characterize the microbiome of Brassica crops,
most of them focusing on bacterial communities (e.g., 16S rRNA amplicon sequencing).
The microbial communities associated with the roots and seeds in B. napus (canola) have
been described [21–29]. The endophytic fungi from B. oleracea var. acephala (kale) and
B. rapa (Chinese cabbage) have also been reported [30–32]. Conversely, few studies have
focused on the diversity of the microbial population in B. oleracea leaves, even though
Brassica leaves are susceptible to a wide range of pathogens that should be monitored to
achieve desirable production. Equally, the association between the microbial community
structure and disease symptomatology of B. oleracea leaves has not been explored yet. The
potential impact of the microbiome composition of the edible parts of Brassica vegetables on
health issues also deserves attention from researchers [33]. Considering the agronomic and
economic importance of B. oleracea, further research is still needed to clarify the microbial
pathogens associated with the disease symptoms in this crop, with the aim of drastically
reducing the use of pesticides in the field.

The primary goal of this study was to characterize the leaf microbiome of field-grown
cabbage (B. oleracea var. capitata) plants. Shotgun metagenomics was used to characterize the
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structure and diversity of the microbial community in nonsymptomatic and symptomatic
leaves under natural infection conditions. In addition to exploring microbial diversity,
metagenomic data were used to investigate the abundance of carbohydrate-active enzymes
(CAZymes) in the microbial communities of B. oleracea leaves. These results provide a
global view of the microbial community inhabiting B. oleracea leaves, thus advancing
our understanding of plant–pathogen interactions in Brassica crops. Furthermore, the
microbial species uniquely associated to particular disease symptoms are described. A
better knowledge of the assemblages on B. oleracea leaves will benefit cabbage cultivation via
the implementation of effective disease management strategies while fostering the success
of breeding strategies for improving disease resistance in this important horticultural crop.

2. Materials and Methods
2.1. Plant Material

Cabbage (B. oleracea var. capitata) leaves were collected from naturally infected plants
grown in a commercial field located along the eastern Mediterranean coast of Spain (GPS
coordinates, 41◦38′55.0′′ N; 2◦45′38.3′′ E) in November 2022. Brassica plants had been
planted every season in farmers’ fields. The plants were grown under the management
practices routinely used by farmers in commercial cabbage fields in the northeastern region
of Spain, essentially consisting of insecticide treatments. To obtain the deepest insight
into the microbial diversity, healthy (asymptomatic, named Group I) and diseased leaves
(named s Group II, Group III, Group IV, and Group V) were collected from plants distributed
across the field. For each group, 3 samples were examined (e.g., samples I.1, I.2, and I.3),
each sample consisting of a pool of at least 4 leaves. Leaves were not disinfected to preserve
both epiphytes and endophytes. Samples were stored at −80 ◦C until future analysis.

2.2. DNA Extraction, Library Preparation, and Metagenomic Sequencing

Leaf material was pulverized in liquid nitrogen. The same amount (0.3 g) of the
pulverized material were used for each DNA extraction. Genomic DNA was obtained using
MATAB (100 mM of TRIS-HCl pH 8.0, 1.4 M NaCl, 20 mM EDTA, 2% MATAB, containing 1%
PEG 6000 and 0.5% sodium sulfite) as the extraction buffer (6 mL MATAB/g fresh weight)
with modifications [34]. Three DNA preparations were made from each group of leaves
and further processed. Shotgun metagenomic sequencing was conducted at Novogene
(Cambridge, UK). This involved shearing the genomic DNA into short fragments, which
were then end-repaired, A-tailored, and ligated with Illumina adapters. The fragments
with adapters were PCR-amplified, size-selected, and purified. The library’s quality and
size distribution were assessed using Qubit for quantification and a bioanalyzer for size
determination. Finally, the quantified libraries were sequenced on Illumina platforms by
Novogene, based on the required library concentration and data output.

2.3. Sequencing Data Processing and Metagenome Assembly

Raw reads were filtered to remove low-quality bases (Q value ≤ 38; threshold 40 bp),
ambiguous bases at sequence ends (maximal number of ambiguous nucleotides allowed
in the sequence after trimming: 10 bp), and adapter sequences (minimum overlap: 15 bp).
The phred quality score Q is the standard measure of the quality of the identification
of the bases generated by a sequencer. A phred quality score of 30 indicates a base call
accuracy of 99.9%, while a Q value of 40 indicates an accuracy of 99.99% (or a probability
of incorrect base call of 1 in 10,000 nt). Q 38 means a probability of 1 in 6310 nt. Thus, our
trimmed/filtered sequences contained nt that were accurately called by the sequencer at
that level or higher. Trimmed and filtered reads were then mapped to the Brassica oleracea var.
capitata reference genome [https://www.ncbi.nlm.nih.gov/assembly/GCA_018177695.1]
(accessed on 1 January 2024) using Bowtie2 (v2.2.4; http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml) (accessed on 1 January 2024), and the positive hits were removed to
produce a final set of clean data.

https://www.ncbi.nlm.nih.gov/assembly/GCA_018177695.1
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
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Metagenomes were assembled independently for each sample using the clean datasets.
The clean data for each sample were assembled to produce scaffolds using MEGAHIT
software (v1.0.4; https://github.com/voutcn/megahit) (accessed on 1 January 2024) with
parameter --presets meta-large. The scaffolds were divided into scaftigs (continuous se-
quences with no Ns within scaffolds). Unassembled read from all samples were pooled to
produce a mixed assembly (using same parameters as with the individual assemblies) to
obtain information on low-abundance species. Scaftigs with a length shorter than 500 bp
were filtered out from the individual and mixed assemblies, and the resulting final set of
sequences was selected for further gene prediction and annotation.

Nonmetric dimensional scaling (NMDS) was performed using the ordinate and
plot_ordination functions from the phyloseq R package (v1.30.0) using Bray–Curtis dis-
tances [35]. The datasets supporting the conclusions of this study are available at the
European Nucleotide Archive (ENA) database under accession PRJEB71999.

2.4. Gene Prediction and Taxonomic Annotation

Scaftigs (≥500 bp) from all assemblies were used for open reading frame (ORF) pre-
diction using MetaGeneMark (v2.10; http://topaz.gatech.edu/GeneMark) (accessed on 1
January 2024), not considering predictions shorter than 100 bp. The resulting ORFs were
dereplicated using CD-HIT (v4.5.8; http://www.bioinformatics.org/cd-hit) (accessed on 1
January 2024) with parameters -c 0.95, -G 0, -aS 0.9, -g 1, -d 0. For each cluster of overlapping
ORFs, the longest one was chosen as the representative gene (unigene) to generate a final
set of unigenes (gene catalogue).

Clean data were mapped to the gene catalogue using Bowtie2 with parameters --end-
to-end --sensitive -I 200 -X 400 to calculate gene abundances using the formula

Gk =
rk
Lk

· 1
∑n

1=1
ri
Li

where r is the number of mapping reads, and L is the gene length.
For taxonomic annotation, DIAMOND v0.9.9.110 [32] was used to align the detected

unigene sequences to all bacterial, fungal, archaeal, and viral sequences from NCBI’s
NR database (as of 01-02-2018), with blastp set to e 1 × 10−5. Then, from the alignment
results of each sequence, the ones with an e value ≤ min. e value ×10 were selected.
When multiple alignment results were obtained, the LCA algorithm, applied to systematic
taxonomy assignment with MEGAN software v6.13.1, was adopted to determine the
species annotation information of the sequence [36]. The relative abundances at different
taxonomic levels were imported into R using phyloseq v1.30 [35] and examined using bar
plots (kingdom, phylum) and heat maps (species). To represent the data within each group,
values were added, and data were normalized to 100%. The relative abundance of taxa
across multiple levels of the hierarchy was visualized using Krona plots [37] using the R
package psadd v0.1.3 (https://github.com/cpauvert/psadd) (accessed on 1 January 2024).

To associate the enzymatic functions that degraded, modified, or created carbohy-
drates with specific groups of leaves, the protein coding sequences were mapped against
the carbohydrate-active enzymes (CAZymes) database (v2014.11.25) [38]. The database
contains six functional classes: glycoside hydrolases, glycosyl transferases, polysaccharide
lyases, carbohydrate esterases, auxiliary activities and carbohydrate-binding modules.

3. Results

Environmental factors, such as climatic conditions (e.g., relative humidity, temper-
ature, etc.), are known to affect the microbial community of plant tissues. To avoid the
confounding factors associated with the various environmental conditions influencing
the microbial population, B. oleracea plants were cultivated at a single location, namely,
in a field routinely used for the cultivation of cabbage plants located in the northeast
region in Spain. Leaf samples were harvested from plants randomly distributed in the field
and then classified into different groups according to disease symptomatology as follows:

https://github.com/voutcn/megahit
http://topaz.gatech.edu/GeneMark
http://www.bioinformatics.org/cd-hit
https://github.com/cpauvert/psadd
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Group I, leaves with no visual symptoms of infection (named as asymptomatic leaves)
(Figure 1A, upper panel); Group II, leaves with scattered yellow spots covering 3–4% of
the area (symptomatic-mild leaves); and Group III, leaves with abundant necrotic spots
embedded in larger yellow areas covering at least 8% of the area (symptomatic-high leaves)
(Figure 1A, lower panel). Two additional groups were examined consisting of leaves with
disease symptoms at the central-basal region of the leaf (Figure 1B). They were Group IV,
leaves with necrotic lesions along the leaf margin (leaf margin leaves); and Group V, leaves
with extensive brown symptoms in the proximity of large necrotic regions and yellowed
leaves (symptomatic-severe leaves). Apart from the localized symptoms of infection in their
leaves, the cabbage plants did not show apparent differences in plant growth or appearance,
which could be indicative of a generalized health problem.
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mildly symptomatic (Group II), and highly symptomatic (Group III) leaves. (B) Leaves with margin
disease (Group IV) and severely symptomatic leaves (Group V), affecting the central-basal region of
the leaf. Values (%) represent the mean lesion area affected in each group.

3.1. Data Pre-Processing and Metagenome Assembly

Shotgun metagenomic sequencing was used to examine the composition of the mi-
crobial community in B. oleracea leaves. Three independent DNA extractions were made
from each group of leaves, which were then used for library preparation (15 libraries) and
shotgun metagenomic sequencing.

A total of 106.4 Gb was generated from the 15 libraries, consisting of 19.6 and 29.4 M
read pairs (2 × 150 bp) depending on the sample (Table S1). Up to 97.4% of the total number
of sequences passed the adapter removal and quality trimming step (Table S1). The cleaned
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reads from the different samples were assembled independently to produce a collection
of scaftigs (Table S2). The proportion of sequence mapping against the B. oleracea genome
ranged from 73% to 94% in the different samples (Table S1). Furthermore, sequencing data
were mapped to the assembled scaftigs, and the resulting unmapped reads were used to
produce a mixed assembly. The effective scaftigs (e.g., those of at least 500 bp) were then
identified and further processed for gene prediction (Table S2).

For gene prediction and abundance analysis, scaftigs (≥500 bp) were considered,
and ORFs less than 100 nt long were discarded. A final gene catalogue was generated by
grouping open reading frames (ORFs) showing at least 95% identity with 90% coverage and
selecting the longest ORF from each group as the representative gene (unigenes). Overall,
38.6% of the unigenes in the gene catalogue contain both start and stop codons and 52%
contain only one of both codons (three samples/group; Table S3). The gene abundance
for each gene in each sample was calculated based on the total number of mapped reads
normalized by gene length. The relative abundance of each gene in each sample was
computed by dividing the absolute abundance per gene in each sample by the sum of all
abundances calculated for that particular sample.

3.2. Microbial Communities in B. oleracea Leaves under Natural Infection Conditions

The unigenes identified in the metagenomic data for the samples of B. oleracea leaves
were taxonomically classified using the NCBI’s microbial nonredundant database (https://
ftp.ncbi.nlm.nih.gov/blast/db/) (accessed on 1 January 2024). A nonmetric multidimensional
scaling (NMDS) plot at the phylum level was then constructed to evaluate if the microbial
communities of the samples in a single group (three samples per group) related to each other
and to visualize the degree of overall similarity between groups. As shown in Figure 2, the
samples within a particular group clustered together, while there was a clear separation
between the sets of samples from the different groups.
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The microbial community structure of B. oleracea leaves was examined in independent
samples in each group of B. oleracea leaves at different taxonomic levels, namely, at the
kingdom, phylum (Figure 3), and genus levels (Figure S1). The taxonomic classification of
microbial annotations was consistent among independent samples within each group of
B. oleracea leaves. Differences among groups of leaves were observed, not only between
asymptomatic and symptomatic leaves but also among symptomatic leaves. Thus, the
predominant phyla in Groups I to IV were associated with the kingdom Bacteria (e.g.,
Pseudomonadota followed by Bacillota, Bacteroidota, and Actinomycetota) (Figure 3).
However, the major phyla in Group V were linked to Ascomycota and Basidiomycota
(kingdom Eukaryota) (Figure 3). To further investigate the microbiomes associated with
each group of B. oleracea leaves, the metagenomic datasets from independent samples for
each group (three samples each) were combined into a single dataset, excluding unassigned
sequences.
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Figure 3. Taxonomic composition of the microbial community of asymptomatic and symptomatic
leaves of B. oleracea. Unassigned sequences correspond to the sequences that could not be assigned
to a lower level of classification or were else assigned to multiple taxa at all levels. (A) Taxonomic
classification at the kingdom level. Archaea accounted for 0.02% to 0.04% in Groups I to IV and
0.004–0.006% in Group V (not depicted in the figure). (B) Taxonomic classification at the phylum
level. Bar charts represent the microbial composition of Groups I to V: Group I, asymptomatic leaves;
Group II, symptomatic-mild leaves; Group III, symptomatic-high leaves; Group IV, necrotic lesions
at the leaf margin, central-basal region); and Group V, symptomatic-severe leaves. Low-abundance
phyla (<1%) are shown grouped into a single segment.

Krona visualization was used to investigate in more detail the relative abundances
of the microbial taxa within a given group and differences between groups of B. oleracea
leaves. Krona uses a radial space-filling display to show hierarchy and abundance simulta-
neously, thus allowing intuitive exploration of the relative abundances within hierarchies
of taxonomic classifications. The Krona graphs for each group of leaves at the phylum level
are presented in Figure S2 (the list of taxa in each group of leaves is shown in Table S4). As
previously observed, there were important differences between Groups I to IV (enriched
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in bacterial taxa) and Group V (enriched in fungal taxa) at the phylum level (Figure S2).
Pseudomonadota was the predominant bacterial phylum in Groups I, II, III, and IV (ac-
counting for 87%, 69%, 69%, and 55% of the total microbial community, respectively), while
contributing 17% of the total microbial community in Group V (Figure S2). Regarding
the fungal community, Ascomycota was the most abundant phylum in Group V (77% of
the total microbial), while Basidiomycota was the dominant fungal phylum in Group IV
(Figure S2). To obtain further insights into the leaf microbiome of B. oleracea leaves, we
examined the taxonomic assignments at the genus level across the various groups of leaves,
as discussed below.

3.3. Bacterial Community in B. oleracea Leaves under Natural Infection Conditions

Krona graphs displaying the taxonomical diversity of the microbial community at
the genus level in asymptomatic and diseased B. oleracea leaves are presented in Figure 4
for Group I, Figure 5 for Groups II and III, and Figure 6 for Groups IV and V. The list
of bacterial genera used for construction of Krona graphs for each group are shown in
Table S5.
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Figure 4. Microbial composition of B. oleracea leaves (Group I) at the genus level. Each graph was
created from combining the unigenes of all 3 samples (left panel). The rings represent different
taxonomic rankings (k, kingdom; p, phylum; c, class; o, order; f, family; and g, genus) and the sectors
represent distinct taxa. Representative image of the leaf samples examined in Group I (right panel).
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Figure 5. Microbial composition of B. oleracea leaves (Group II (A) and Group III (B)) at the genus
level. Each graph was created by combining the unigenes of all 3 samples per group (left panels). The
rings represent different taxonomic rankings (k, kingdom; p, phylum; c, class; o, order; f, family; and
g, genus) and the sectors represent distinct taxa. Representative image of the leaf samples examined
in Groups II and III (right panels).

The bacteria in the leaves of B. oleracea were diverse in terms of taxonomy. Also, the
relative abundance of the bacterial taxa in the various groups of B. oleracea leaves greatly
varied. Except for Group V, the most dominant bacterial taxa in B. oleracea leaves were
linked to the phylum Pseudomonadota, also in asymptomatic leaves (Group I). Notably,
the genus Xanthomonas (phylum Pseudomonadota) was by far the most abundant bacterial
taxon in Group I (asymptomatic leaves), accounting for 59% of all genus-level assignments
(excluding ‘Others’, i.e., unclassified sequences) (Figure 4). However, Xanthomonas was
much less represented in other Groups of leaves (Figures 5 and 6).
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A great diversity of bacterial taxa was found in Groups II, III, and IV, whose relative
abundance varied distinctly among groups. In Group II, Sphingomonas and Paracoccus
(phylum Pseudomonadota) were the most abundant bacterial genera. (Figure 5A). In
Group III, the dominant bacterial genera were Sphingomonas and Methylobacterium (phy-
lum Pseudomonadota) (Figure 5B). In Group IV, Sphingomonas, Xanthomonas, and, at a
lower abundance, Methylobacterium were the predominant bacterial genera in the phylum
Pseudomonadota. Members of the fungal phylum Actinomycetota (e.g., Nocardioides and
Frigobacterium) were also detected in Group IV (Figure 6A). Finally, as previously mentioned,
Group V showed the lowest abundance of bacterial taxa. They included Methylobacterium
and Sphingomonas, followed by Paracoccus (phylum Pseudomonadota) (Figure 6B). From
these results, it appears that the bacterial genera Sphingomonas and Methylobacterium were
shared among the various groups of leaves, although their contribution to the total micro-
bial community varied among these groups.

3.4. Fungal Community in B. oleracea Leaves under Natural Infection Conditions

The fungal community of B. oleracea leaves (kingdom Eukaryota) was primarily com-
posed of members of the phyla Ascomycota and Basidiomycota, which also showed differ-
ential distribution among the different groups of leaves (Figures 4–6). The list of fungal
genera for each group is shown in Table S5. The contribution of fungal taxa to the total
microbial community was found to progressively increase from Groups I to V, being also
associated to the symptomatology observed in each group of leaves (e.g., asymptomatic
leaves to leaves showing severe symptoms) (Figures 4–6). In Group I (asymptomatic leaves),
the phyla Basidiomycota and Ascomycota comprised 2% and 0.4% of the total microbial
community, respectively (Figure 4). This group also contained various low-abundance
fungal species (e.g., Violaceomyces, Tilletiopsis, Puccinia, Tilletia, and Ceraceosorus) in the
phylum Basidiomycota and Alternaria and Sclerotinia in the phylum Ascomycota (Table S5).
No fungal genus in Group I surpassed 1% of the microbial community.

In the symptomatic leaves, the relative abundance of the fungal taxa increased with
disease severity (e.g., from Group II to Group V). In Group II, the fungal community
was dominated by members of the phylum Basidiomycota, which constituted 5% of the
overall microbial community (Figure 5A). The notable genera within this phylum included
Tilletiopsis and Violaceomyces, with lesser contributions from Ceraceosorus, Tilletia, Acaromyces,
and Puccinia. The Ascomycota phylum was present at a reduced abundance, comprising
0.5% of the total microbiome (Table S5). In Group III, Alternaria and Colletotrichum were
the dominant fungal pathogenic species (Figure 5B), both belonging to the Ascomycota
phylum, comprising 5% of the total microbial community. This group also included the
phylum Basidiomycota (3% of total microbiome), with Tilletiopsis and Violaceomyces being
particularly prevalent (Table S5). Regarding Group IV, a variety of low-abundance fungi
were identified in this group, mainly assigned to Basidiomycota, which accounted for
14% of the total microbiome (e.g., Tilletiopsis, Violaceomyces, Ceraceosorus, Acaromyces and
Tilletia) (Figure 6A). Meanwhile, Ascomycota members, including Alternaria, represented
up to 1% of the total microbial community in this group (Figure 6A and Table S5). As
previously mentioned, the fungal community residing in the leaves of Group V was
much more abundant than that in the other groups of B. oleracea leaves (80% of the total
microbiome). Notably, the genus Sclerotinia (phylum Ascomycota) accounted for most of
the fungi identified in Group V (Figure 6B).

Collectively, this study revealed the presence of fungi belonging to genera that
are known to cause important diseases in Brassica crops, such as black spot (caused
by Alternaria species, mainly A. brassicicola and A. brassicae), white mold (caused by
Sclerotinia sclerotiorum), and anthracnose (caused by Colletotrichum species). Of them,
Sclerotinia was associated with Group V.
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3.5. Common and Specific Microorganisms in B. oleracea Leaves under Natural Infection Conditions

We searched for the common and specific microbial taxa among all five groups of
B. oleracea leaves. At the genus level, we identified unique bacterial and fungal (e.g.,
Eukaryotic) taxa that were either exclusive to a specific group or shared among two or
more groups (Figure S3). Specifically, of the asymptomatic leaves in Group I (Figure S3;
black dots), the genera Xanthomonas and Methylorubrum were uniquely identified in this
group. While certain genera were exclusive to specific groups, a significant proportion
was found across multiple groups. Notably, the symptomatic leaves (Groups II to IV)
exhibited a notable overlap of bacteria and eukaryotic genera (Figure S3; yellow dots), and
a comprehensive distribution across all groups was observed Figure S3; purple dots). This
comprehensive distribution encompassed critical pathogenic fungi in the Brassicaceae, such
as Alternaria, Sclerotinia, Botrytis, Colletotrichum, and Rhizoctonia, highlighting the intricate
microbial landscape present on B. oleracea leaves under natural infection conditions.

To investigate the potential link between pathogenic microorganisms and disease
symptoms, we analyzed the relative species-level abundance of the fungal and bacte-
rial taxa across the different groups of B. oleracea leaves. The findings are depicted in
Figure 7. Notably, Group III was exclusively enriched in Alternaria species, including
A. alternata, A. arborescens, A. atra, A. burnsii, A. gaisen, A. panax, A. postmessia, A. tenuissima,
and A. ventricosa (Figure 7). Conversely, Group IV exhibited a more diverse coloniza-
tion by species such as Pseudozyma flocculosa, Pseudozyma hubeiensis, Rhizoctonia solani,
Tilletaria anomala, and Tilletiopsis washingtonensis (Figure 7). In Group V, the exclusive pres-
ence of several species from the Sclerotiniaceae family was observed, including Botryotinia
species (B. calthae. B. narcissicola, B. convoluta, and B. globose), Botrytis species (B. tulipae,
B. byssoidea, B. cinerea, B. elliptica, B. fragariae, B. galanthina, B. hyacinthi, B. paeoniae, B. porri,
and B. sinoallii), Stromatinia species (S. cepivora), and Sclerotinia species (S. sclerotiorum,
S. trifoliorum, and S. bolearis) (Figure 7).
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In the context of bacterial taxa, eight Xanthomonas species (X. arboricola, X. campestris,
X. hortorum, X. nasturtii, X. oryzae, X. perforans, X. phaseoli, and X. vesicatoria) and eight
Methylorubrum species (M. aminovorans, M. extorquens, M. populi, M. rhodesianum, M. rhodinum,
M. suomiense, M. thiocyanatum, and M. zatmanii) were predominantly detected in asymp-
tomatic leaves (Group I), with the majority being absent from symptomatic leaves (Figure 8).
The bacterial species that were enriched in Group II demonstrated more heterogeneity, in-
cluding Pseudomonas syringae, which is known to cause bacterial spot in the Brassicaceae
family. Additionally, four Streptomyces species (S. aerocirculatus, S. canus, S. gancidicus, and
S. narborensis) were found alongside Paraburkholderia species (P. aspalathi and P. ginsensiterrae),
Paenirhodobacter enshiensis, and Rhodobaculum claviforme (Figure 8). Overall, these analyses
revealed the associations between certain bacterial and fungal taxa and disease symptoms
(Table 1).

Table 1. Bacterial and fungal species associated to B. oleracea leaves according to disease symptom.

Group Kingdom Phylum Family Genus Species

I Bacteria Pseudomonadota

Xanthomonadaceae Xanthomonas

X. arboricola
X. campestris
X. hortorum
X. nasturtii
X. oryzae

X. perforans
X. phaseoli

X. vesicatoria

Methylobacteriaceae Methylorubrum

M. aminovorans
M. extorquens

M. populi
M. rhodesianum

M. rhodinum
M. suomiense

M. thiocyanatum
M. zatmanii

II

Bacteria Pseudomonadota

Pseudomonadaceae Pseudomonas P. syringae

Burkholderiaceae Paraburkholderia
P. aspalathi

P. ginsengiterrae

Paracoccaceae
Paenirhodobacter P. enshiensis

Rhodobaculum R. claviforme

Bacteria Actinomycetota Streptomycetaceae Streptomyces

S. aureocirculatus
S. canus

S. gancidicus
S. narbonensis

III Eukaryota Ascomycota Pleosporaceae Alternaria

A. alternata
A. arborescens

A. atra
A. burnsii
A. gaisen
A. panax

A. postmessia
A. tenuissima
A. ventricosa
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Table 1. Cont.

Group Kingdom Phylum Family Genus Species

IV Eukaryota Basidiomycota

Ustilaginaceae Pseudozyma
P. flocculosa

P. hubeiensis

Ceratobasidiaceae Rhizoctonia R. solani

- Tilletiopsis T. washingtonensis

Tilletiariaceae Tilletiaria T. anomala

V Eukaryota Ascomycota Sclerotiniaceae

Botryotinia

B. calthae
B. narcissicola
B. convoluta

B. globosa

Botrytis

B. tulipae
B. byssoidea
B. cinerea
B. elliptica
B. fragariae

B. galanthina
B. hyacinthi
B. paeoniae

B. porri
B. sinoallii

Stromatinia S. cepivora

Sclerotinia
S. borealis

S. sclerotiorum
S. trifoliorum
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B. oleracea leaves. Histograms depict the comparative relative abundance of each identified microbial
species in asymptomatic leaves (Group I) versus symptomatic leaves (Groups II to V), demonstrating
significant variations between groups.
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3.6. Functional Analysis of B. oleracea Metagenomes

Shotgun metagenome sequencing is a powerful approach that allows the integration of
taxonomic information with microbial community functional profiles. Beyond examining
diversity and abundance of microbial assemblies in the various groups of B. oleracea leaves,
we aimed to delineate the functional contributions of the microbial taxa in each group of
leaves. In this study, we focused on the enzymes that are responsible for breaking down
the host cell wall, the first barrier that pathogens encounter in causing infection.

It is well known that phytopathogenic fungi have evolved an arsenal of enzymes
responsible for breaking down complex carbohydrate and polysaccharides into smaller
products, generally referred to as carbohydrate-active enzymes (or CAZymes) [39–41].
CAZymes were assigned to CAZy classes (level 1) and families (level 2) and deposited in the
CAZy database (http://www.cazy.org/) (accessed on 1 January 2024). They were classified
into different classes, including glycoside hydrolases (GHs), glycosyl transferases (GTs),
carbohydrate-binding modules (CBMs), auxiliary activity enzymes (AAs), carbohydrate
esterases (CEs), and polysaccharide lyases (PLs).

In the present study, we searched for CAZymes that are encoded by microbial genes
in B. oleracea leaves with different disease severity symptoms to obtain insights into how the
microbial communities in each group might contribute to infection and pathogenicity. The
abundance distribution of the top 35 functions at the family level across the microbiomes of
B. oleracea leaves is displayed in a heatmap (Figure 9). Differences in function abundance were
clearly observed among the groups of leaves. For instance, Group I was enriched in CBM
enzymes CBM2, CBM14, CBM38, CBM42, and CBM50; Group III in GH and CBM (GH24,
GH120, GH136, GH139, GH143, and GH166 for GH enzymes; CBM43, CBM85, and CBM97 for
CBM enzymes); and Group V in GH, AA, and CBM CAZymes (GH26, GH32, GH35, GH36,
and GH134 for GH enzymes; AA4, AA8, and AA13 for AA enzymes; CBM24, CBM35, and
CBM93 for CBM enzymes). Such differential abundance profiles offer insights into how microbial
communities may influence disease progression and pathogenicity in B. oleracea leaves.
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4. Discussion

Brassica crops, including cabbage, have high nutritional value and beneficially affect
human health [42]. Because of their importance in food security, they are grown in most
countries worldwide. It is well accepted that agricultural production must be increased
considerably in the foreseeable future to meet the food and feed demands of a growing
human population. During the past decades, however, the production of vegetable Brassicas
(e.g., cabbage, cauliflower and broccoli) has remained constant [2]. One of the main reasons
for this lack of increased production of Brassica crops is the wide array of microorganisms
that infect these species, which substantially diminish their yield and quality. The first step
in reducing losses in cabbage production caused by pathogen infection is to identify and
describe microbial communities in cabbage plants in agricultural ecosystems. Moreover,
the B. oleracea-associated microbiome can be modulated by several factors, such as host
genotype and developmental stage, soil type, geographical location and environmental
conditions [21,43]. One would expect that cabbage plants acquire a specific set of microor-
ganisms depending on a combination of factors. However, the structure and diversity of
the microbial communities in B. oleracea leaves have been poorly described.

In this work, we characterized the microbial community of cultivated cabbage plants
showing different symptomatologies under natural infection conditions. Importantly,
this study allowed us to obtain species-level resolution of the microbial composition of
B. oleracea leaves while providing insights into the potential functional importance of
B. oleracea-associated pathogens (e.g., fungal pathogens capable of producing host cell-wall-
degrading enzymes to facilitate infection). The cabbage plants were grown in farmer fields
where this crop is common in the northeast of Spain (Mediterranean climate conditions).
This study was carried out with one cultivar, B. oleracea var. capitata, in plants at the same
developmental stage growing in this geographical region. It seems then reasonable to
assume that microbial communities are mostly shaped by the geographical location and
environmental conditions in which cabbage plants are grown. Even though the application
of molecular approaches has made it feasible to obtain large datasets of microorganisms
residing in plant tissues, the principles that underlie the assembly of communities in Brassica
crops in relationship with disease symptoms remain largely unknown. To move forward in
this direction, the information gained in this study shows the existence of different patterns
of microbial communities in cabbage leaves. As interactions among community members
might affect disease resistance/susceptibility in Brassica crops, this information will allow
further explorations of the potential positive relationships between B. oleracea and distinct
microorganisms that can be applied for more sustainable cabbage production.

The presented results revealed that the microbial assemblages in cabbage leaves greatly
vary in leaves showing different disease symptoms. Notably, certain taxa were exclusive to
specific groups of leaves, while others were common across multiple groups. Differences
were found not only between asymptomatic and diseased leaves but also between leaves
exhibiting various types of symptomatology. These differences were evident across both
abundant and rare taxa. These observations further support that microbial communities are
complex dynamic systems and that changes in assemblage composition could be associated
with different disease symptoms.

The microbial assemblages in B. oleracea leaves contained bacteria and fungi asso-
ciated with known diseases in Brassica species as well as taxa that are considered to be
potentially beneficial for plants. The highest diversity of bacterial taxa was observed in
diseased leaves classified in Groups II, III, and IV. The asymptomatic leaves (Group I)
and severely affected leaves (Group V) contained an overall low richness of microbiota,
these groups being enriched in bacterial and fungal taxa, respectively. Indeed, the mi-
crobial community of the asymptomatic leaves (Group I) consisted almost exclusively of
bacterial taxa, with Xanthomonas being the dominant bacterial taxon in this group (59%
of the microbial community). Up to eight Xanthomonas species were found to be repre-
sented in the asymptomatic leaves. Although species in the family Xanthomonadaceae are
commonly associated with plants as phytopathogens or endophytes [44], there are also
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reports demonstrating that certain Xanthomonas species produce secondary metabolites that
confer protection against fungal pathogens, these species being considered nonpathogenic
to the host plant [45]. This observation suggests that Xanthomonas species might offer a
bioprotective effect against B. oleracea pathogens in asymptomatic B. oleracea leaves. Of
note, phytopathogenic fungi were found in very low abundance in these asymptomatic
leaves. Whether the bacterial species identified in the B. oleracea leaves (Group I) exert a
protective effect against pathogens associated with cabbage diseases, in particular against
fungal pathogens, requires further investigation. Similar to Xanthomonas, other bacteria
species like Pseudomonas or Bacillus species are known to control phytopathogens (e.g.,
Bacillus subtilis for controlling Fusarium spp. and Pseudomonas fluorescens for controlling
Erwinia amylovora) [46–48]. Further experimental research is required to ascertain whether a
causal relationship exists between certain taxa enriched in symptomatic leaves and disease
symptoms or whether specific combinations of microbial taxa are required to cause the
observed disease symptoms. This process, however, requires the isolation and culturing of
multiple taxa and the preparation of synthetic microbial communities (SymCom approach).

Regarding symptomatic leaves, a great diversity of microbial taxa was found consis-
tently colonizing the leaves classified in Groups II, III, and IV, with differences that were
already noticeable at the phylum level. In general, the members of the Pseudomonadota
phylum were the more prevalent bacterial genera in Groups II, III, and IV of B. oleracea
leaves, pointing to a high degree of adaptation of Pseudomonadota to this ecological niche.
Group III was enriched in well-known pathogens of Brassica species, such as Alternaria
(black spot) and Colletotrichum (Anthracnose). Meanwhile, the fungi Tilletiopsis and Tilletia
were more abundant in Group IV. The fungus Sclerotinia, the causal agent of the white mold,
was dominant in severely diseased B. oleracea leaves (Group V), aligning with the visual
disease symptoms observed on these leaves.

Through the comparison of bacterial and fungal species’ abundance across the various
groups of B. oleracea leaves, it was possible to discern a relationship between the presence
or absence of specific microbes and the symptoms of the disease. We identified microbial
species uniquely associated with specific leaf groups, revealing a distinct pattern of fungal
enrichment in the symptomatic leaves of Groups IV and V. Specifically, Group III was
characterized by a significant presence of Alternaria species, such as A. alternata, while Group
V showcased a diversity of fungi from the Sclerotiniaceae family, including notable species
like Sclerotinia sclerotiorum, Botrytis cinerea, Botryotinia calthae, and Stromatinia cepivora.
Meanwhile, Group II, which exhibited milder symptoms, was primarily associated with
bacterial inhabitants (e.g., Streptomyces narborensis). This differential symptomatology
across the leaf groups suggests a nuanced interplay between the microbial community’s
composition, both in terms of relative abundance and specific microbial consortia, and
disease expression. These fungal and bacterial taxa might serve as a “core” microbiome in
cabbage plants growing in this biogeographical region (e.g., northeast of Spain), which has
a typical Mediterranean climate.

Beyond identifying differentially abundant taxonomic groups in diseased B. oleracea
leaves, we wanted to determine whether an enrichment in specific microbiota could be
related to specific microbial functions. Indeed, this study revealed enrichment in the func-
tional genes encoding the cell-wall-degrading enzymes responsible for breaking down the
plant cell during pathogenesis, also known as CAZymes [39]. Among the different classes
of CAZy enzymes, GH enzymes can break down the carbohydrates and polysaccharides
in cellulose and chitin, acting as endoglucanases, cellulases, xylanases, xyloglucanases,
α-amylases, or chitinases. GH enzymes have been characterized mainly in Ascomycetes
and Basidiomycetes, many of them acting as virulence factors in promoting host coloniza-
tion [40,49]. Our metagenomic analysis revealed a significant enrichment of functional
genes belonging to different CAZy classes, which was also dependent on the group of
B. oleracea leaves. The microbial community residing in Group III and Group V was partic-
ularly enriched in GHs, whereas asymptomatic leaves (Group I) harbored more functional
genes related to carbohydrate-binding module (CBM) activities. CBMs are known to assist
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carbohydrate-active enzymes, in particular GHs, by facilitating the interaction between
the enzyme and its substrate, thus improving the efficiency of polysaccharide degradation.
In our study, the CBM enzymes in asymptomatic leaves could be linked to the activity of
GH158 and GH159. Overall, this analysis indicates that microbial community assembly
patterns can be associated with distinct carbohydrate–active enzyme functions required for
the virulence of fungi.

Fungal pathogens can secrete antimicrobial compounds that can shape the plant
microbiome either through the inhibition of plant pathogens or through the regulation of
the microbial assembly. On this basis, different residing microbial consortia and interactions
with one another (i.e., microbe–microbe competition) might well explain, at least in part,
the variations in B. oleracea-associated microbiomes and, hence, those in disease severity.
Notably, our observations revealed the presence of Tilletiopsis in Group IV B. oleracea leaves.
Tilletiopsis is recognized as an effective biocontrol agent against fungal phytopathogens
such as A. alternata [50], which was also detected within this group. Further investigation
is, however, needed to better understand the interactions between the components of the
B. oleracea microbiome, as well as plant–microbe interactions, in relationship with the health
status of the plant.

Finally, our metagenomic analysis of B. oleracea leaves revealed the presence of ubiqui-
tous bacteria that are endemic to surface water and soil that can be pathogenic for humans
and animals (e.g., Staphylococcus, Klebsiella, Salmonella, Enterobacter and Escherichia). In
line with this, evidence increasingly supports that certain species in these bacterial genera
are capable of infecting plant tissues, even being beneficial for the host plant (e.g., by
stimulating growth or conferring disease resistance). For instance, Klebsiella pneumoniae
(strain JCK-2201) was shown to protect tomato plants from Ralstonia solanacearum, causing
tomato bacterial wild [51], whereas Klebsiella sp. (strain KW7-S06) was found to induce
systemic resistance to Fusarium oxysporum and Rhizoctonia solani in rice [52]. Furthermore,
Staphylococcus aureus and Pseudomonas aeruginosa are capable of infecting tissues (leaves
and roots) of the model plant A. thaliana [53,54].

5. Conclusions

Overall, this study described the composition of the microbial communities in the
leaves of B. oleracea plants grown in agricultural farmlands. B. oleracea represents an
important horticultural crop and an important source of vegetables in many countries. The
information gained in this study emphasizes the need to better understand the variations in
the structure of leaf microbial communities in relation to disease symptomatology. In future
studies, it will be essential to further explore the dynamics of B. oleracea–microbe interactions
as well as microbe–microbe interactions in B. oleracea leaves by incorporating microbiome
and phytopathological studies. The characterization of the microbial communities in
Brassica plants will open new avenues for designing more effective strategies for disease
control in cabbage plants while minimizing the environmental impact caused by the
indiscriminate use of agrochemicals in cabbage production.
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B. olearacea leaves at the Phylum level, Figure S3: UpSet plots showing shared and unique bac-
terial (A) and eukaryotic (B) genera in asymptomatic (Group I) and symptomatic (II to V) B. oleracea
leaves. Table S1: Statistics for data pre-processing, Table S2: Assembly Statistics, Table S3: Gene
Prediction Statistics, Table S4: Taxonomic composition of B. oleracea leaf microbiomes at the phylum
level, including asymptomatic leaves (Group I) and leaves showing different disease symptoms
(Groups II to V), Table S5: Taxonomic composition of B. oleracea leaf microbiomes at the genus level,
including asymptomatic leaves (Group I) and leaves showing different disease symptoms (Groups II
to V).
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