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Abstract: Pathogenic co-infections in plants significantly
impact microbial diversity and disease outcomes, yet their
effects on microbial community structure and ecological
processes remain unclear. Tobacco plants were co-infected
with Ralstonia solanacearum and Neocosmospora falci-
formis. 16S ribosomal RNA and internal transcribed spacer
amplicon sequencing were used to assess bacterial and fungal
communities, respectively, in infected tobacco stems. The
results were compared between co-infected and healthy con-
trol tobacco plants to assess the effects of infection. Co-infec-
tion reduced microbial diversity and shifted community
structure, promoting ecological specialization. Network ana-
lysis revealed synergistic interactions between the pathogens,
enhancing virulence through positive correlations with cer-
tain microbial taxa. Conversely, some taxa exhibited antago-
nistic effects, potentially limiting pathogen proliferation.
Deterministic processes were found to dominate microbial
community assembly under infection conditions, significantly
reshaping the microbial landscape compared to healthy con-
trol plants. This study highlights the profound effects of co-
infection on microbial diversity, community composition,
microbial interactions, and community assembly processes
in tobacco plants. These findings provide valuable insights
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for developing more targeted plant disease management stra-
tegies by manipulating microbial communities.
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1 Introduction

Tobacco (Nicotiana tabacum) is a vital cash crop on a global
scale, delivering substantial economic benefits and sus-
taining the livelihoods of millions of farmers worldwide
[1]. Its cultivation and processing are integral to the
agricultural economies of numerous countries, where it
contributes significantly not only through direct income
generation for growers but also by supporting ancillary
industries such as manufacturing, processing, and trade
[2]. The economic impact of tobacco extends beyond pri-
mary agriculture, influencing market dynamics and
employment across various sectors, including transporta-
tion, retail, and export services [3,4]. The widespread
cultivation and trade of tobacco products also generate
significant tax revenues, which are crucial for the econo-
mies of many developing and developed nations [5]. How-
ever, the cultivation of tobacco faces persistent challenges,
particularly from plant diseases that threaten crop yield
and quality [6,7]. These diseases can cause severe economic
losses, not only by reducing the marketable output but also
by necessitating increased costs for disease management
and control measures [8].

In recent years, the prevalence and severity of tobacco
diseases have been exacerbated by several contributing
factors, including agricultural intensification, monoculture
practices, and climate change [9]. The intensification of
agriculture, characterized by increased use of inputs
such as fertilizers and irrigation, can create more favor-
able conditions for pathogen proliferation [10]. Monocul-
ture practices, where large areas are planted with the same
crop variety, can lead to the buildup of specific pathogens
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in the soil and increase the risk of disease outbreaks [11].
Additionally, climate change, with its associated shifts in tem-
perature, humidity, and precipitation patterns, can alter the
epidemiology of plant diseases, influencing the incidence, dis-
tribution, and severity of infections [12,13]. These factors
collectively create a more conducive environment for the
emergence and spread of complex disease scenarios,
including co-infection. Co-infection, defined as the simulta-
neous infection of a host by multiple pathogens [14,15],
presents a particularly challenging aspect of disease manage-
ment in tobacco cultivation. This phenomenon is of concern
because it can lead to increased disease severity and compli-
cate management strategies. Co-infections can result in
complex interactions between pathogens, which may syner-
gistically exacerbate the damage to the plant, increase the
virulence of the disease, or alter the effectiveness of control
measures [16,17]. Understanding the dynamics of co-infection
is crucial for developing effective strategies to mitigate the
impact of these diseases on tobacco production.

Among the various pathogens that can infect tobacco, the
bacterial pathogen Ralstonia solanacearum [18] and the
fungal pathogens Neocosmospora falciformis [19] are particu-
larly notorious for their pathogenicity and impact. R. solana-
cearum is a soil-borne bacterium that causes bacterial wilt, a
devastating disease characterized by the wilting and eventual
death of the plant [6,20]. This pathogen is highly virulent and
poses a significant threat to tobacco crops due to its ability to
persist in soil and water environments. It invades the plant’s
vascular system, disrupting water and nutrient transport,
which leads to systemic infection and severe wilting symp-
toms [21]. The control of R. solanacearum is challenging due to
its broad host range and the difficulty of eradicating it from
contaminated soil. N. falciformis, another significant
pathogen, is known for causing root rot [22]. This disease
affects the plant’s endospheric system, impairing its ability
to uptake water and nutrients, which results in stunted
growth and reduced vigor [19]. The persistence of N. falci-
formis, formerly classified under the genus Fusarium, in
soil and plant debris presents a continuous challenge for
long-term management in infested fields [19]. This pathogen
is known to frequently cause root rot diseases in Solanaceae,
significantly impacting crop health [23]. Its presence can lead
to substantial reductions in both the aesthetic and market
value of affected crops due to the visible damage it inflicts
on foliage and stems. Furthermore, when N. falciformis co-
infects tobacco plants along with other pathogens, the
resulting disease complex can be more severe than the sum
of individual infections [16]. Co-infection can enhance patho-
genicity through synergistic interactions, where the presence
of one pathogen may facilitate the colonization or increase
the virulence of another [24,25]. Such interactions can
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complicate disease management, as they may lead to unex-
pected disease outcomes and necessitate different manage-
ment strategies compared to those used for single pathogen
infections. Despite the clear implications of co-infection for
disease severity and management, there is a significant gap in
our understanding of how these pathogens interact within
the tobacco host [26]. The specific interactions between
R. solanacearum and N. falciformis during co-infection are
not well-characterized. Previous studies have suggested that
co-infection can lead to altered disease progression and
severity, potentially resulting in increased virulence, changes
in symptom expression, and enhanced transmission potential
of the pathogens [27,28]. However, the underlying mechan-
isms driving these interactions remain poorly understood
[15]. This study aims to fill this gap by investigating the
dynamics of R. solanacearum and N. falciformis co-infection
in tobacco plants. The hypotheses are (1) co-infection signifi-
cantly alters microbial community structure and function in
tobacco stems, (2) synergistic interactions between these
pathogens exacerbate disease severity, and (3) microbial com-
munity assembly processes, shaped by deterministic ecolo-
gical factors, influence the outcome of co-infection.
Network analysis provides a robust framework for
modeling and understanding the complex relationships
between different organisms within a shared environment
[29]. By constructing interaction networks, we can identify
key nodes — such as specific pathogens or host responses —
that play critical roles in the disease process [6]. This
approach not only helps in understanding the underlying
mechanisms of co-infection but also in identifying poten-
tial targets for intervention. For example, network analysis
can reveal keystone pathogens or microbial communities
that disproportionately influence the overall health of the
plant [30]. Moreover, network analysis can uncover hidden
patterns of interaction that are not apparent through tra-
ditional analytical methods [31]. For instance, it can help
identify indirect interactions where one pathogen’s pre-
sence modifies the host environment in a way that benefits
or hinders another pathogen [32]. These insights are cru-
cial for developing targeted management strategies, such
as the introduction of beneficial microorganisms that can
suppress pathogen activity or enhance plant resilience
[33,34]. Ecologically, network analysis helps to understand
how microbial community assembly processes are
influenced under co-infection scenarios, where multiple
pathogens interact with one another and with the host
environment. These interactions can drive shifts in com-
munity composition, leading to either beneficial or detri-
mental ecological outcomes for the plant. Understanding
these assembly processes can reveal the balance between
microbial cooperation and competition, which is crucial
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for the resilience of plant microbiomes [35]. In agricultural
settings, this knowledge enables the identification of
microbial community configurations that favor disease
resistance or enhance plant health, offering a foundation
for strategies that can manipulate microbial diversity to
achieve more sustainable disease control and improve
crop productivity [36].

The primary objectives of this study are (1) to investi-
gate the microbial interactions in tobacco stems with
R. solanacearum and N. falciformis co-infection, (2) to elu-
cidate the mechanisms through which co-infection influ-
ences disease severity and progression, and (3) to identify
beneficial microorganisms that can potentially mitigate the
effects of these pathogens. Understanding these pathogen
interactions is essential for improving diagnostic accuracy
and refining treatment strategies. The outcomes of this
study are expected to provide valuable insights into the
complex dynamics of co-infection, contributing to the
development of integrated pest management strategies
that are more effective and sustainable. Such strategies
could enhance the resilience of tobacco cultivation, safe-
guard yields, and improve the economic viability of the
crop in the face of emerging disease challenges.

2 Materials and methods

2.1 Study site and soil sampling

The study was conducted in the tobacco field of Ji Ling village,
Ma Shui Town, Leiyang city, Hunan Province, China. This
region experiences a subtropical monsoon humid climate
with an average annual temperature of 17.9°C, 1,640 h of sun-
shine, and an average annual rainfall of 1,337 mm. The soil
type is predominantly loam, according to the FAO classifica-
tion [37]. Fieldwork was performed in late July 2022. Since
2003, the fields in this area have followed a tobacco-rice
rotation cropping system. The experimental field covered
an area of over 667m” and was managed using uniform
agricultural practices. For pathogen inoculation, tobacco
plants were exposed to R. solanacearum and N. falciformis.
Both pathogens were inoculated via root dipping. A bacterial
suspension of R. solanacearum was prepared at a concentra-
tion of 10® CFU/mL and applied to the tobacco plants’ root
systems. N. falciformis was inoculated by introducing a spore
suspension at a concentration of 10° spores/mL into the root
zone. Inoculations were performed simultaneously to ensure
uniform exposure to both pathogens. For endospheric sample
preparation, tobacco plants’ stems exhibiting symptoms of co-
infection by R. solanacearum and N. falciformis were selected
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based on disease (IR) signs observed in the field. An equal
number of healthy tobacco plants stems (HR), showing no signs
of infection, were also collected for comparison. All tobacco
stems were washed sequentially with 75% ethanol, 2.5%
sodium hypochlorite, and sterile water [6]. The stems were
then cut into small pieces, homogenized in a mortar with
PBS, and the mixture was transferred to centrifuge tubes. After
standing for 30min, the homogenate was centrifuged to
remove the supernatant [7]. The resulting cell pellets (endo-
phytic samples) were stored at —80°C until DNA extraction.

2.2 DNA extraction and amplicon
sequencing

A total of 16 endospheric samples were processed con-
sisting of both healthy and infected tobacco stems, with
eight samples from each group. DNA extraction was per-
formed using the FastDNA™ SPIN Kit (MP Biomedicals) fol-
lowing the manufacturer’s protocol. The quantity and quality
of the extracted DNA were evaluated using a NanoDrop
Spectrophotometer (Nano-100, Aosheng Instrument Co. Ltd),
ensuring that the A260/A280 ratios fell between 1.8 and 2.0,
indicating good-quality DNA suitable for downstream appli-
cations. For bacterial amplicon sequencing, the V5-V6 region
of the 16S ribosomal RNA (rRNA) gene was targeted to avoid
amplification of chloroplast DNA. Universal primers 799F
(5-AACMGGATTAGATACCCKG-3) and 1115R (5-AGGGTTGCGC
TCGTTG-3) were used for amplification [6]. For fungal
amplicon sequencing, the internal transcribed spacer (ITS)
regions were amplified using the primers 5.8F (5-AACTTTYR
RCAAYGGATCWCT-3) and 4R (5-AGCCTCCGCTTATTGATATG
CTTAART-3) [38]. To facilitate high-throughput sequencing,
12 bp unique barcodes were added to the 5-ends of both for-
ward and reverse primers for sample identification. The PCR
reactions were performed in a 50 uL reaction mixture con-
taining 1.5 uL of ANTP mixture, 0.5 uL Taq DNA polymerase
(TaKaRa, Beijing, China), 5 uL of 10x PCR buffer, 1.5 uL of each
10 uM primer, and 20-30 ng of DNA template. The thermal
cycling conditions were as follows: initial denaturation at
94°C for 1min, followed by 30 cycles of 94°C for 20s, 57°C
for 25s, and 68°C for 45s. A final extension at 72°C for
10 min was followed by a hold at 4°C. The amplification pro-
ducts were verified via gel electrophoresis to ensure
successful amplification. Following amplification, the PCR
products were purified using the Agencourt AMPure XP
beads (Beckman Coulter, USA) to remove primer dimers
and non-specific amplification products. The purified ampli-
cons were then quantified using the Qubit 3.0 fluorometer
(Thermo Fisher Scientific, USA) with the Qubit dsDNA HS
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Assay Kit. Equal amounts of purified amplicons from each
sample were pooled, and the pool was subjected to quality
control using the Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, USA) to confirm the correct amplicon size distribution.
Sequencing was performed using the Illumina HiSeq 2500
platform (Ilumina, USA) with paired-end 250-bp reads. This
high-throughput sequencing method ensured the comprehen-
sive profiling of the microbial communities. All sequencing
was conducted by Magigene Biotechnology Co., Ltd
(Guangzhou, China), with the sequencing data processed
and analyzed using standard bioinformatics pipelines.

2.3 Sequence processing

A total of 32 samples, including 16 bacterial community
samples and 16 fungal community samples, were analyzed.
All raw reads from the 16S rRNA and ITS regions were
uploaded to a comprehensive sequence analysis pipeline,
which integrates multiple bioinformatics tools [31]. This pipe-
line, hosted on a private network, facilitates internal data
processing and analysis. Initially, the raw reads were
assigned to samples based on their barcodes using the
“Detected barcodes” tool, followed by trimming of the bar-
code sequences [39]. Subsequently, the FLASH tool was
employed to merge forward and reverse reads. The merged
reads, devoid of ambiguous bases, were filtered using the
Btrim tool [40]. For chimera checking, the Greengenes data-
base was used for bacterial communities [41], and the ITS
RefSeq database was used for fungal communities [42]. Sin-
gletons were retained to preserve rare species, and sequences
were clustered into zero-radius operational taxonomic units
(zOTUs) at a 97% similarity threshold using Unoise. For ITS
gene sequences, the ITSx tool was utilized to identify and
extract the ITS regions. Following the generation of OTU
tables, reads were randomly resampled to 100,000 sequences
per bacterial sample and 25,000 sequences per fungal sample.
The Ribosomal Database Project classifier was used to assign
bacterial and fungal OTUs with the Greengenes ribosomal
database and UNITE database, respectively, ensuring confi-
dence values greater than 0.8.

2.4 Network analysis using random matrix
theory (RMT) and evaluation of
community stability

RMT was utilized to construct bacterial community net-
works based on Spearman correlations, leveraging an
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open-access analysis pipeline available at https://inap.
denglab.org.cn/ [43]. Spearman correlation coefficients
were filtered using thresholds of r > 0.91 for bacterial com-
munities and r > 0.85 for fungal communities, with a false
discovery rate of <0.05. These stringent thresholds were
chosen to ensure the robustness and reliability of the net-
work connections. Applying consistent thresholds across
all treatments allowed for direct comparisons of network
properties, ensuring that any observed differences were
attributable to treatment effects rather than variations in
network construction parameters. The resulting networks
were visualized using Gephi (version 0.9.2). To characterize
the topological structure of the microbial ecological net-
works (MENs), various indices were measured, including
the number of nodes and links, power-law fitting of node
degrees, average degree (avgK), average clustering coeffi-
cient (avgCC), and modularity. Synergistic interactions
were defined as positive correlations (r > 0.91 for bacteria
and r > 0.85 for fungi), where the presence of one micro-
organism enhanced the growth or activity of another, sug-
gesting a cooperative relationship. Antagonistic interac-
tions were defined as negative correlations (r < —0.91 for
bacteria and r < -0.85 for fungi), where the presence of one
microorganism inhibited the growth or activity of another,
indicating competition or inhibition. Statistical significance
of these interactions was assessed by comparing the
observed correlation coefficients to the null distribution
generated by randomly rewiring the network 100 times
using the Maslov—-Sneppen approach [44]. A correlation
coefficient was considered statistically significant if it
exceeded the 95th percentile of the null distribution. For
each observed MEN, the Maslov—Sneppen approach was
employed to generate 100 randomly rewired networks to
compare against the observed network properties.
Robustness indices were used to assess the resistance
of the microbial community. The evaluation process
involved two key steps: (i) calculation of abundance-
weighted mean interaction strength (WMIS). The wMIS;
for node i was calculated using the following equation:

2j+ibjSi

MIS; = ,
W. 1 Z]*lb]

M
where b; is the relative abundance of species j and s;; is the
association strength between species i and j, measured by
Pearson correlation coefficient. (ii) Network robustness
assessment. Nodes with wMIS; values of 0 were removed
from the network. The fraction of the remaining nodes
after this elimination process was reported as the network
robustness. By following these steps, the robustness of the
microbial network was quantitatively evaluated, providing
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insights into the community’s resistance to disturbances
and its overall stability.

2.5 Statistical analysis

All statistical analyses were performed using the analysis
pipeline available at https://dmap.denglab.org.cn/. Alpha
diversity, representing within-sample diversity, was eval-
uated using indices such as Shannon, Simpson, and Chaol.
Beta diversity, which measures between-sample diversity,
was analyzed using Bray—Curtis dissimilarity and UniFrac
distances. To assess community dissimilarity, we employed
multiple methods: multi-response permutation procedure,
analysis of similarities, and permutational multivariate
analysis of variance. Prior to conducting these analyses,
we confirmed that soil physicochemical variables and
diversity indices followed a normal distribution. These
analyses provide insights into the diversity and composi-
tional differences within and between microbial commu-
nities. To pinpoint specific differences between group
means, we utilized both the least significant difference
test and Tukey’s post-hoc test. The structural features of
the observed networks were compared to those of random
networks using a one-sample Student’s t-test, ensuring a
robust statistical framework for interpreting network
differences.

Moreover, to quantify the niche width of microbial
communities, we utilized Levins’ niche breadth (B) index,
as described by Logares et al. [45] and Jiao et al. [46]. The
index is calculated using the following formula:
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where p; is the proportion of individuals using resource i.
This method allows for the assessment of the range of
conditions and resources that microbial species can utilize,
providing insights into their ecological versatility and
adaptability.

3 Results

3.1 Substantial shifts in pathogenic bacteria
and fungi under infected conditions

In the comparison of microbial community composition
between healthy (HR) and infected stems (IR), significant
shifts in the relative abundance of key pathogenic bacteria
were observed. R. solanacearum, a primary bacterial
pathogen, exhibited a dramatic increase in abundance (P <
0.001), constituting 56.97% of the bacterial community in
infected stems, compared to a minimal presence in healthy
stems (1.44%). This substantial rise underscores R. solana-
cearum’s dominant role in the microbial community under
disease conditions. Similarly, N. falciformis another fungal
pathogen associated with plant diseases, showed a marked
increase in infected stems (P < 0.001), rising from 1.33% in
healthy samples to 13.36% in infected samples (Figure 1). This
suggests that R. solanacearum and N. falciformis gains a com-
petitive advantage or thrives under the altered environ-
mental conditions present in infected stems.

11.3% 9 Others
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80 Agrobacterium radiobacter
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" metagenome
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60 -1 I Raistonia solanacearum
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Figure 1: Changes in pathogenic microbiome composition. The left panel illustrates the composition changes and response ratios of the fungal
pathogens N. falciformis and Sarocladium kiliense. The right panel shows the composition changes and response ratios of the bacterial pathogen R.

solanacearum. Statistical significance is indicated as follows: P < 0.05 (*),

P <0.01 (**), and P < 0.001 (***).
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3.2 Impact of infection on microbial
diversity and community structure in
plant stems

Using a 97% similarity threshold, our analysis identified
10,044 bacterial zOTUs and 1,115 fungal zOTUs. Notably,
the Chaol index and observed richness for fungal commu-
nities were significantly higher in healthy stems (Chaol: 262,
richness: 222) compared to infected stems (Chaol: 214, rich-
ness: 167), whereas no significant differences were observed
between healthy (Chaol: 1,887, richness: 1,729) and infected
(Chaol: 1,766, richness: 1,643) stems in the bacterial commu-
nity (Figure S2, ANOVA, P < 0.005). The Venn diagram ana-
lysis further illustrated the unique and shared OTUs within
the bacterial and fungal communities of healthy and infected
stems. In the bacterial community, healthy stems contained
4,090 unique OTUs, while infected stems had 3,159 unique
OTUs, with 2,795 OTUs shared between both conditions
(Figure S3(a)). Similarly, in the fungal community, healthy
stems harbored 489 unique OTUs, and infected stems con-
tained 400 unique OTUs, with 226 OTUs common to both
(Figure S3(b)). These findings underscore the distinct micro-
bial compositions associated with health and disease states, as
well as the presence of microbial taxa that persist regardless
of infection status.

Ordination analyses, visualized through non-metric
multidimensional scaling (NMDS) based on Bray-Curtis
dissimilarity and detrended correspondence analysis
(DCA) plots, revealed clear differences in microbial com-
munity structures between HR and IR. In the NMDS plots
(Figure S4(a) and (c)), the separation between microbial
communities in HR (blue triangles) and IR (red circles)
was pronounced, with distinct clustering patterns and
low stress values (stress = 0.084 and 0.001), indicating a
strong fit for the data. These clusters suggest that infection
significantly alters microbial composition, leading to the
emergence of distinct communities in infected samples
compared to healthy ones. The DCA plots (Figure S4(b)
and (d)) reinforced these observations, showing a marked
divergence between HR and IR microbial communities
along the primary ordination axes. The spread and separa-
tion of data points in these plots highlight the extent of
compositional shifts driven by infection. Further analysis
using dissimilarity tests revealed significant differences
between healthy and infected soil (Tables S1 and S2).
Overall, these results indicate that infection not only
impacts microbial diversity but also induces substantial
changes in community structure, resulting in distinctly dif-
ferent microbial ecosystems in infected stems compared to
healthy ones.
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3.3 Shifts in microbial community
composition and structure between
healthy and infected stems

The comparison of microbial community composition
between HR and IR at both phylum and genus levels
reveals significant shifts in microbial taxa associated
with infection. At the phylum level, the bacterial commu-
nity in HR is predominantly composed of Pseudomonadota,
followed by Bacteroidota and Actinomycetota (Figure 2(a)
and (c)). However, in IR, there is a noticeable shift, with an
increase in the relative abundance of Pseudomonadota,
while other phyla such as Bacteroidota and Actinomycetota
see a reduction. In the fungal community, Ascomycota
remains dominant in both HR and IR, but shifts in the
relative abundance of other phyla, such as Mortierellomy-
cota and Chytridiomycota, are observed. At the genus level,
Ralstonia, a known pathogen, shows a significant increase
in IR, reflecting its critical role in disease development
(Figure 2(b) and (d)). Other genera, such as Stenotropho-
monas and Pseudomonas, also see an increase in infected
samples, while the abundance of beneficial or neutral
genera decreases. In the fungal community, genera such
as Neocosmospora and Sarocladium are more abundant in
IR, highlighting their involvement in the infection process,
whereas other genera like Mortierella and Fusarium
decrease. These findings illustrate how infection alters
the microbial community structure, promoting the prolif-
eration of pathogenic taxa while suppressing non-patho-
genic or beneficial microbes, likely contributing to disease
symptoms and reduced plant health in infected stems.
Further analysis using Random Forest and linear dis-
criminant analysis effect size revealed significant differ-
ences in the microbial communities of HR and IR. In the
bacterial communities (Figure 3(a)), key genera such as
Acidibacterium, Ralstonia, and Stenotrophomonas were
identified as important discriminators between HR and
IR. Notably, Ralstonia exhibited higher importance in IR,
underscoring its prominent role in the disease state. The
fungal communities also displayed distinct differences,
with genera such as Cylindrocarpon, Neocosmospora, and
Sarocladium being more prominent in IR, further high-
lighting the shifts in microbial populations due to infection
(Figure 3(b)). The cladograms provide a phylogenetic per-
spective, illustrating the differential abundance of bac-
terial and fungal taxa in HR and IR (Figure 3(c) and (d)).
Red and green branches represent taxa significantly more
abundant in IR and HR, respectively, visually demon-
strating the impact of infection on microbial community
structure. The enrichment of specific pathogenic taxa in
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infected stems likely contributes to disease progression
and severity. Overall, these analyses highlight the pro-
found changes in microbial communities associated with
stem health, where infection leads to the dominance of
pathogenic bacteria and fungi.

3.4 Infection-induced shifts in niche width

The analysis of niche width between healthy stems and
infected stems reveals significant ecological shifts driven
by infection. Bacterial communities in infected stems
exhibit a markedly narrower niche width compared to
those in healthy stems, with a statistically significant
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reduction (P < 0.01) (Figure 4a). This reduction suggests
that bacterial communities in IR are confined to fewer
ecological niches, indicating a decrease in overall diversity
and potential functional redundancy. Similarly, fungal
communities also show a substantial decrease in niche
width in IR compared to HR (P < 0.001) (Figure 4b), high-
lighting the impact of infection in reducing ecological
diversity within the fungal microbiome.

Further analysis of niche width at the genus level
reveals additional insights into the ecological shifts caused
by infection (Figure 4(c) and (d)). For example, in bacterial
communities, genera such as Ralstonia show a significant
increase in niche width in IR, indicating that these patho-
gens are adapting to and thriving within the narrower
ecological niches imposed by disease conditions (Figure 4(c)).
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Figure 2: Composition changes in pathogenic microbiome at phylum and genus levels. (a) and (c) Relative abundance of bacterial and fungal
communities at the phylum level in healthy stem (HR) and infected stem (IR). (b) and (d) Composition changes at the genus level for bacterial and

fungal communities in HR and IR.
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In contrast, the niche width of beneficial or neutral bac-
terial genera is reduced in IR, suggesting a constriction of
their ecological roles within the infected environment.
Similarly, in fungal communities, pathogenic genera like
Neocosmospora demonstrate a wider niche width in IR,
reinforcing the notion that infection fosters a more specia-
lized and less diverse microbial community (Figure 4(d)).
Collectively, these findings indicate that infection drives
substantial reorganization of both bacterial and fungal
communities, characterized by a loss of niche diversity
and the rise of pathogenic taxa. This shift is likely a key
factor contributing to the observed disease symptoms and
underscores the critical role of microbial community
dynamics in plant health and disease progression.

DE GRUYTER

3.5 Infection-induced departure from
neutrality in microbial community
structure

The neutral community model (NST) was applied to assess
bacterial and fungal communities across different condi-
tions, including all samples, healthy stems, and infected
stems. The NST analysis revealed distinct patterns in the
adherence of bacterial and fungal communities to neutral
theory (Figure 5). Bacterial communities displayed a
broader distribution of points (Figure 5(a)), indicating a
stronger alignment with neutral theory, where a greater
proportion of species exhibit behaviors consistent
with neutral processes (R* = 0.437). In contrast, fungal
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Figure 3: Biomarker analysis and phylogenetic distribution of microbial communities. (a) and (b) Top 21 bacterial and fungal zOTUs identified as
biomarkers in healthy stem (HR) and infected stem (IR) using the Random Forest model. These biomarkers highlight significant differences in
microbial communities between the two conditions. (c) and (d) Cladograms depicting the phylogenetic distribution of the most differentially abundant
taxa in HR and IR for bacterial and fungal communities, respectively. Each circle’s diameter corresponds to the relative abundance of the taxa, with
different colors indicating the most differentially abundant taxa. The circles represent phylogenetic levels from domain to genus, illustrating the
hierarchical relationships and the shifts in community composition due to infection.



DE GRUYTER Fungal and bacterial pathogenic co-infections in tobacco stems == 9

() Bacteria (b) Fungi
1.00
125

*ek Kk
1.00
0.75
0.50
0.25
0.00

0.9

0.6

Niche Width

0.3

0.0

o o gg @
(c) Fedede
5
a4
g FRE ks
® 3
= I HR
1
o .i I ‘i II LI
o & ‘ cp‘* & I
&ffé?’é’o*;& d'°°’ “”‘ 0“ 6’ ‘yd’ f °° Qospb (P"ép o‘;&fs&&
A b & q«";’ < ‘g,f‘d‘
(d)
5
4
s
g 3
§ M HR
=, I h MR
1
olii i I' iiii Ji

dp?‘* N R & &£ &
i\ & 2@ e 0 & )
o ,;b e\ \o" IS & (é" & e\’ & & »*" S 2
= & d,«“ a\oé + oaoe\’ & & b,és* Qf 5 é\\cé’ & «e“ e
o « & o

Figure 4: Niche breadth analysis of microbial communities. (a) Niche width of bacterial communities in healthy stem (HR) and infected stem (IR). The
bar plot indicates a significant reduction in niche width for bacterial communities in IR compared to HR (P < 0.01**). (b) Niche width of fungal
communities in HR and IR. The bar plot shows a significant decrease in niche width for fungal communities in IR compared to HR (P < 0.001***). (c)
Mean values of relative abundance for various bacterial genera in HR and IR. Significant differences in abundance between HR and IR are indicated,
highlighting the impact of infection on specific bacterial taxa (P < 0.05*, P < 0.01**, P < 0.001***). (d) Mean values of relative abundance for various
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communities showed a loose distribution (R? = 0.302), sug-
gesting that while some species follow neutral theory,
others may be influenced by additional non-neutral factors
(Figure 5(d)). When focusing on healthy stems, bacterial
communities continued to closely follow neutral patterns
(R* = 0.395), reinforcing the notion that neutral processes
predominantly shape these communities under healthy
conditions (Figure 5(b)). However, fungal communities,
though still largely neutral, exhibited slight deviations,
implying that other ecological processes may also be influ-
encing their composition in healthy stems (Figure 5(e)). In
infected stems, a noticeable shift was observed. Both bac-
terial (R* = 0.232) and fungal (R* = 0.205) communities
demonstrated significant departures from neutral theory,
particularly within the fungal communities (Figure 5(c)
and (f)). This deviation suggests that deterministic factors
— such as the selective pressures exerted by infection — are
becoming more influential, altering the microbial commu-
nity structure in infected stems and reducing the role of
neutral processes. Overall, these findings highlight the
importance of neutral processes in structuring microbial
communities in both healthy and infected stems. However,
the presence of infection introduces deterministic forces
that disrupt this balance, particularly in fungal commu-
nities, where infection drives a more pronounced depar-
ture from neutrality. This shift likely contributes to the
observed differences in microbial community composition
and function between healthy and infected stems.

3.6 Network analysis of microbial
interactions reveals synergistic and
antagonistic dynamics during pathogen
co-infection in soil ecosystems

We utilized molecular ecological network (MEN) analysis
to investigate the changes in microbial interactions fol-
lowing pathogen co-infection. To ensure comparability
between different networks, we applied the same
threshold values (0.91 for bacterial communities and 0.85
for fungal communities) when constructing MENs for both
healthy and infected soil samples. The overall topological
indices revealed that the average path lengths (GD) of all
networks ranged from 3.898 to 11.219. These values are
close to the logarithm of the total number of network
nodes and exceed those of the corresponding random net-
works (Tables S3 and S4), indicating that the MENs exhibit
typical small-world network characteristics. The modu-
larity of the networks, ranging from 0.588 to 0.924 for
both bacterial and fungal communities, was also
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significantly higher than that of their respective random net-
works, suggesting that all constructed networks possess a
modular topology. These critical topological features enabled
us to proceed with further analysis of the networks.

Further analysis revealed significant differences in the
complexity and connectivity of microbial interactions
under healthy versus diseased conditions. The ecological
networks of HR and IR showed that healthy stems had
more interconnected and complex network structures,
with numerous nodes and links representing interactions
between bacterial and fungal groups (Tables S5 and S6). In
contrast, networks in infected stems were notably sparser,
with fewer connections and more isolated nodes, indi-
cating a disruption in microbial interactions due to the
infection. Z~P; analysis results indicated that the number
of keystone species in the bacterial community network
was lower in healthy soil (2 nodes) compared to infected
soil (3 nodes). However, for the fungal community net-
work, the number of keystone species was higher in
healthy soil (20 nodes) than in diseased soil (1 node)
(Figure S5). Network stability analysis showed a significant
decrease in the robustness of endophytic bacterial and
fungal communities after infection (P < 0.001), with bac-
terial community robustness decreasing from 0.373 to 0.353
and fungal community robustness decreasing from 0.433 to
0.341 (Figure S6(a)). Additionally, infection markedly
increased network vulnerability, rising from 0.121 and
0.027 to 0.249 and 0.287, respectively (Figure S6(b)). This
suggests that co-infection disrupted the original defense
systems of the network, reducing the stability of the endo-
phytic communities.

To gain deeper insights into the dynamics of co-infec-
tion, we focused on the pathogen-associated subnetworks —
comprising nodes directly linked to pathogens within the
broader network. This approach allowed us to explore the
interactions between pathogens and antagonistic micro-
biomes, which may play critical roles in modulating the
microbial community’s response to infection. Our analysis
revealed that R. solanacearum, a known pathogen, exhibited
positive correlations with a diverse set of bacteria, including
Rhizobium, Dyadobacter, Bdellovibrio, Chryseobacterium,
Devosia, Haloterrigena, Oxalicibacterium, and Sphingobium
(Figure 6(c)). These positive associations suggest potential
cooperative or synergistic interactions that could influence
the persistence and virulence of Ralstonia in the soil environ-
ment. Conversely, Ralstonia showed negative correlations
with Bdellovibrio bacteriovorus, Chitinophaga pinensis, Bre-
vundimonas, Massilia, and Nitrospira, indicating potential
antagonistic interactions that might inhibit its proliferation
or pathogenicity. Similarly, within the fungal community, N.
falciformis, a pathogenic fungus, was positively correlated
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with Preussia terricola and Endogonomycetes, suggesting pos-
sible cooperative relationships that could enhance its survival
or pathogenicity (Figure 6(f)). On the other hand, Neocosmos-
pora exhibited a negative correlation with Chytridiomycetes,
which may represent an antagonistic interaction, potentially
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limiting its impact on the host. These findings highlight the
complex interplay between pathogens and other microbial
species during co-infection, revealing both synergistic and
antagonistic relationships that could significantly influence
disease outcomes.
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Figure 5: NST analysis for bacterial and fungal communities. (a) Overall fit of total bacterial communities to the neutral model. (b) and (c) Distribution
of bacterial taxa in healthy stems (HR) and infected stems (IR), respectively. (d) Total fungal communities’ fit to the neutral model. (e) and (f) Alignment
of fungal communities in HR and IR to the neutral model. R-squared represents the goodness-of-fit of the neutral model to the observed data, with
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community per generation, with higher values suggesting greater connectivity and dispersal within the community.
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3.7 Synergistic and antagonistic
relationships in fungal-bacterial co-
infections

The bipartite network analysis of fungal and bacterial
interactions reveals the intricate and complex relation-
ships between pathogens and their associated microbial
communities under co-infection conditions (Figure 7(a)
and (b)). R. solanacearum demonstrates both direct and
indirect associations with various fungal species, sug-
gesting that this pathogen may manipulate the sur-
rounding microbial community to create an environment
more conducive to its proliferation, thereby promoting dis-
ease progression (Figure 7(c) and (d)). Specifically, Chrysos-
porium lobatum, Psathyrella spp., Orbilia spp., Fusicolla
acetilerea, N. falciformis and Cladophialophora spp. are
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directly associated with R. solanacearum, indicating their
potential roles as facilitators in the bacterial invasion pro-
cess (Figure 7(e) and (f)). These fungi may either weaken
the host plant’s defenses or engage in synergistic interac-
tions that enhance the bacterium’s virulence. Conversely,
other fungi such as Alternaria angustivoidea, Schizothe-
cium spp., Coprinellus flocculosus, and Arthrobotrys arthro-
botryoides have been identified as possible antagonists.
These species may inhibit R. solanacearum by competing
for resources, producing antimicrobial compounds, or
altering microbial community dynamics in a way that
reduces the bacterium’s ability to establish infection. The
network analysis also reveals N. falciformis with a diverse
array of bacterial species (Figure 7(e) and (f)). The network
analysis centered on N. falciformis highlights its extensive
interactions with a wide range of bacterial species,
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Figure 7: Interdomain ecological networks of bacterial-fungal associations in healthy and infected samples. (a) Interdomain ecological network illustrating bacter-
ial-fungal associations in healthy stem samples (HR). This network represents the overall interactions between bacterial and fungal communities in a healthy state. (b)
Interdomain ecological network of bacterial-fungal associations in infected stem samples (IR), showing how these interactions are altered in the presence of infection.
(c) Sub-network focusing on pathogenic microorganisms within the healthy stem samples, highlighting the interactions specific to pathogenic taxa like R. solanacearum
and N. falciformi. (d) Sub-network of pathogenic microorganisms in the infected stem samples, detailing how the interactions between these pathogens and other
microbial taxa change under infection conditions. () Targeted sub-network in healthy stem samples, displaying only the interactions between each pathogenic
microorganism (R. solanacearum and N. falciformis) and their associated nodes. (f) Targeted sub-network in infected stem samples, showing the interactions of each
pathogenic microorganism (R. solanacearum and N. falciformis) and their associated nodes under infection.
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suggesting its significant role in shaping the microbial com-
munity associated with tobacco plants. N. falciformis is
closely linked to several bacterial taxa, including Pseudo-
monas chlororaphis, Burkholderia sp., Stenotrophomonas
maltophilia, and Rhizobium jaguaris, which may serve as
facilitators in its invasion and pathogenicity. Conversely,
the network also identifies bacteria such as Pseudorhodo-
frax spp. and Sphingobium spp. Additionally, we identified
a direct interaction between R. solanacearum and N. falci-
formis (Figure 7(f)), providing compelling evidence of
synergistic pathogen cooperation under co-infection condi-
tions. This direct relationship suggests that these two
pathogens may collaborate to enhance their invasion effi-
ciency, potentially by jointly manipulating the host’s
immune responses or by creating a more favorable envir-
onment for mutual survival and proliferation.

4 Discussion

This study sought to unravel the complex interactions
between bacterial and fungal pathogens in tobacco plants,
with a focus on the co-infection dynamics involving
Ralstonia and N. falciformis. Our objectives were aimed
at addressing gaps in our understanding of how these
pathogens interact with each other and with the broader
microbial community, as well as the ecological shifts
induced by infection. By achieving these objectives, we
aimed to contribute to the development of targeted disease
management strategies that leverage both the synergistic
and antagonistic relationships within microbial commu-
nities. While prior studies have explored the roles of indi-
vidual pathogens in disease progression, the interplay
between multiple pathogens and their collective impact
on disease outcomes remains underexplored [18,20]. A
comprehensive review of the literature reveals a lack of
studies that fully address the cooperative and competitive
interactions between different microbial taxa in the con-
text of co-infection [16]. A key mechanism driving the shifts
in microbial diversity observed in this study is the altered
physiological environment within infected plant tissues.
Although the effects of pathogens like R. solanacearum
on plant health are well documented [20,47], the intricate
network of relationships involving co-infecting fungi and
bacteria, and their influence on disease severity, has not
been adequately investigated.

The study revealed significant alterations in microbial
community structure and diversity between healthy and
infected tobacco stems (Figure S4, Tables S1 and S2), high-
lighting the profound impact of infection on the microbial
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ecosystem associated with plant health. A key observation
was the reduction in microbial diversity within infected
stems (Figure S2), which has critical implications for the
resilience and stability of the plant’s microbiome. The
reduction in diversity can be attributed to competitive
exclusion, where pathogenic taxa, due to their metabolic
and ecological advantages, outcompete beneficial microbes
for limited resources [34]. In healthy stems, a diverse
microbial community typically provides a robust network
of interactions that buffer against environmental stresses
and pathogenic invasions [48,49]. However, infection dis-
rupts this balance, leading to a marked decrease in diver-
sity, particularly within the fungal community [7,50]. The
dominance of R. solanacearum and N. falciformis in
infected stems could also reflect a synergistic relationship
between the pathogens, wherein each pathogen alters the
plant’s internal environment to favor the other’s growth.
For example, N. falciformis may lower the oxygen levels or
change pH, creating a more favorable environment for
Ralstonia [51]. This environmental modification is a key
mechanism behind the observed niche specialization,
where pathogens thrive in newly altered microenviron-
ments while other microbes are excluded. This reduction
in diversity is concerning as it suggests a loss of functional
redundancy within the microbiome [52], where fewer
microbial species are available to perform essential ecolo-
gical roles [53]. Consequently, the plant’s overall resilience
to additional biotic or abiotic stresses may be compro-
mised, making it more susceptible to further infections
or environmental fluctuations [54,55]. The dominance of
pathogenic taxa, such as R. solanacearum and N. falci-
formis, in infected stems is a central factor driving these
changes in community structure (Figure 1). These patho-
gens not only increase in abundance but also alter the
composition of the surrounding microbial community
(Figure 2). The shift toward a pathogen-dominated commu-
nity can lead to a less resilient ecosystem, where the loss of
beneficial or neutral microbial species further destabilizes
the microbial network [34]. This dominance of pathogens
creates an environment more conducive to disease pro-
gression, as the interactions between the remaining micro-
bial species may be less complex and less capable of pro-
viding the same level of ecosystem services as seen in
healthy stems [56,57]. For example, beneficial microbes
that typically contribute to nutrient cycling, disease sup-
pression, or plant growth promotion may be outcompeted
or suppressed, leading to a decline in overall plant
health [58,59].

The analysis of niche width provides additional
insights into how infection drives specialization among
pathogens and reduces ecological diversity [60]. In healthy
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stems, a broader niche width among microbial species
reflects a more diverse range of ecological roles and inter-
actions, allowing the community to respond flexibly to
changes in environmental conditions or the presence of
pathogens [61,62]. However, in infected stems, the nar-
rowing of niche width indicates that the microbial commu-
nity is becoming more specialized [63,64]. Pathogens like
R. solanacearum and N. falciformis appear to be adapting
to the specific conditions created by infection, such as
altered nutrient availability or immune suppression,
which allows them to thrive while other species are
excluded [35,65]. This specialization reduces the overall
ecological diversity within the microbial community,
potentially making it more vulnerable to further distur-
bances [66]. The observed patterns in microbial commu-
nity dynamics align with findings from other studies on
infected plants, which often report a similar reduction in
microbial diversity and a shift toward pathogen-dominated
communities [6,50]. These patterns can be attributed to
several factors. First, the immune response of the plant
to infection may selectively suppress certain microbial
species while allowing others, particularly pathogens, to
proliferate [67]. Second, the altered physical and chemical
environment within the infected tissues may create condi-
tions that are more favorable to specific pathogens,
thereby reducing the ecological niches available to other
species [68]. Finally, the interaction between co-infecting
pathogens may further drive the exclusion of non-patho-
genic species, as these pathogens may modify the environ-
ment in ways that are beneficial to their own survival but
detrimental to other microbes [69,70].

Our analysis of microbial community assembly under
infected conditions revealed a significant deviation from
neutral theory, indicating a shift toward deterministic pro-
cesses in both bacterial and fungal communities (Figure 4).
Neutral theory posits that the structure of ecological com-
munities is largely shaped by stochastic processes such as
random dispersal, demographic fluctuations, and specia-
tion, with all species having an equal chance of survival
and reproduction [71,72]. However, the marked departure
from neutrality observed in this study suggests that under
infection, deterministic factors — particularly selective
pressures exerted by pathogens — play a more dominant
role in shaping microbial community composition and
structure (Figure 4(a) and (b)). In healthy plant tissues,
microbial communities are often structured by a combina-
tion of neutral and deterministic processes, maintaining a
balance that allows for both diversity and stability [38].
However, the onset of infection introduces strong selective
pressures that disrupt this balance [50]. The presence
of aggressive pathogens such as R. solanacearum and
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N. falciformis likely imposes specific environmental condi-
tions that favor certain microbial taxa over others [18]. These
conditions might include changes in nutrient availability, pH,
oxygen levels, and the presence of toxic compounds produced
by the pathogens or by the plant in response to infection [73].
As a result, microbial taxa that can tolerate or even thrive
under these stressors are selected for, leading to a community
structure that is increasingly driven by deterministic pro-
cesses rather than neutral ones.

The ecological implications of deterministic processes
are profound. A microbial community shaped by determi-
nistic forces is likely to exhibit reduced resilience to envir-
onmental fluctuations, as fewer taxa occupy a narrower
range of niches. This reduced functional redundancy can
make the community more vulnerable to additional distur-
bances or stresses, such as pathogen invasions, climate
shifts, or changes in host physiology [74]. While neutral
theory suggests that the loss of one species in a diverse
community can be mitigated by others, our findings indi-
cate that in infected plant tissues, the dominance of specific
taxa can lead to more severe ecological consequences if
those taxa are lost or outcompeted [75,76]. In other words,
the loss of a few specialized taxa in a deterministic com-
munity might disproportionately impact the community’s
functionality, increasing susceptibility to disease and
instability. This finding aligns with studies showing that
pathogen-induced selective pressures can drive microbial
communities toward specialization and reduced biodiver-
sity [77]. It also challenges traditional views of microbial
communities as primarily shaped by stochastic processes,
highlighting the importance of environmental and biolo-
gical factors that strongly select for certain community
members [78]. The role of deterministic factors is further
supported by the observed reduction in microbial diversity
and niche width (Figure S2, Figure 4). As dominant taxa
outcompete others for limited resources, they reinforce
their position within the community, further reducing
diversity and restricting ecological niches [78,79]. Conse-
quently, the community becomes more specialized, with
fewer taxa fulfilling defined roles in the ecosystem. A com-
munity structured by deterministic processes is less resi-
lient to changes and stresses [80]. In contrast, a neutral
community with multiple species playing overlapping
roles offers a buffer against disturbances, as the loss of
one species can be compensated for by others [75,76]. In
deterministic communities, however, the loss of even a
single species may have a significant impact on stability
and functionality [74], making the microbial ecosystem in
infected plant tissues more vulnerable to further infections
or environmental stressors, potentially exacerbating dis-
ease progression.



16 — Can Wang et al.

Comparing these findings with other studies, it is clear
that the balance between neutral and deterministic pro-
cesses in plant-associated microbial communities can vary
widely depending on the specific context [46,81]. In some
cases, such as in healthy or undisturbed environments,
neutral processes may play a more significant role, leading
to higher diversity and greater functional redundancy [38].
However, in stressed or infected environments, the influ-
ence of deterministic factors often becomes more pro-
nounced, leading to the kind of community shifts observed
in this study. Similar deviations from neutrality have been
documented in other plant-pathogen systems, where infec-
tion leads to a more deterministic assembly of microbial
communities, often characterized by a decline in diversity
and an increase in the dominance of certain pathogenic or
opportunistic taxa [82,83]. Overall, the deviation from neu-
trality observed in this study underscores the importance
of deterministic processes in shaping microbial community
structure under infection. This shift toward deterministic
assembly has critical implications for the stability and
functionality of the microbial ecosystem within infected
plant tissues.

Network analysis was always used to explore the inter-
action between microbiomes [29]. Our results revealed
complex synergistic relationships between R. solana-
cearum and N. falciformis (Figures 6 and 7). These interac-
tions suggest a coordinated effort among these pathogens
to establish and exacerbate infections in tobacco plants.
One plausible mechanism for this synergy could be
resource sharing, where the pathogens alter the plant’s
physiology, making essential nutrients more available to
all co-infecting pathogens [84,85]. For example, the degra-
dation of plant cell walls by fungal enzymes might release
sugars [86,87] and other metabolites that R. solanacearum
can utilize, thereby enhancing its proliferation. Addition-
ally, these fungi might suppress the plant’s immune
responses through the production of secondary metabo-
lites that either directly inhibit plant defense mechanisms
or modulate the plant’s signaling pathways, creating a
more conducive environment for bacterial invasion
[88,89]. Environmental modification is another potential
mechanism underlying these synergistic interactions
[90,91]. N. falciformis could alter the microenvironment
within the plant tissues, such as by changing pH levels or
oxygen availability [19,23], which could favor the growth
and virulence of R. solanacearum. This environmental
modification could also involve the creation of biofilms,
which are known to protect bacterial pathogens from
both the host immune system and external treatments,
thereby facilitating a more persistent infection [92]. On
the other hand, the study also identified antagonistic
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relationships within the microbial community, where cer-
tain taxa appear to inhibit the growth or virulence of
R. solanacearum and associated fungi. Notably, bacteria
such as B. bacteriovorus and C. pinensis were found to
exhibit negative correlations with these pathogens,
suggesting their potential role as natural antagonists. B.
bacteriovorus, a predatory bacterium, could reduce R. sola-
nacearum populations by directly preying on them [93,94],
while C. pinensis might inhibit fungal pathogens through
the degradation of chitin, a major component of fungal cell
walls [95]. These antagonistic interactions are crucial
because they provide a natural counterbalance to the
spread of infection, potentially preventing the complete
dominance of pathogenic species within the microbial
community. Interestingly, we also found a positive correla-
tion between Rhizobium and R. solanacearum during
co-infection, consistent with previous research [6]. This
suggests that Rhizobium may act as a “traitor” during
co-infection, assisting the pathogen in its invasion and con-
tributing to the development of tobacco disease. These
findings highlight the complex interplay between syner-
gistic and antagonistic forces in microbial communities,
offering valuable insights for developing targeted strate-
gies to manage plant diseases.

5 Conclusion

This study provides a novel contribution to understanding
microbial community dynamics under co-infection condi-
tions, with a particular focus on the deterministic pro-
cesses driving community assembly in plant stems. Our
findings highlight that co-infection by R. solanacearum
and N. falciformis induces significant shifts in microbial
structure and diversity, predominantly driven by determi-
nistic processes rather than stochastic ones. We observed
that infection not only reduces microbial diversity but
also narrows the ecological niche, leading to greater spe-
cialization and reduced resilience within the microbial
community. This ecological specialization is a key feature
of microbial community assembly under disease pressure,
where pathogens such as R. solanacearum exploit specific
conditions within infected tissues, thereby reshaping the
microbial landscape. Furthermore, the network analyses
reveal complex interactions between pathogens and other
microbial species, identifying both synergistic and antago-
nistic relationships that influence disease progression.
These findings have important implications for disease
management, as they suggest that manipulating microbial
communities could enhance plant health. Promoting
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beneficial microbes or restoring functional redundancy
within the plant microbiome may help mitigate disease
severity by buffering the negative impacts of pathogenic
dominance. Furthermore, interventions aimed at modu-
lating the microenvironment created by pathogens, could
help reduce the success of co-infecting pathogens.
However, it is important to note that potential biases
may arise from the sequencing approach used in this
study, including issues related to the resolution of certain
microbial taxa or biases in DNA extraction and amplifica-
tion. Additionally, the use of tobacco as a model system
may not fully represent microbial community dynamics
in other plant species, limiting the generalizability of
some findings. This study underscores the critical impor-
tance of considering microbial interactions when devel-
oping strategies for managing plant diseases. Given the
pivotal role of deterministic processes in shaping micro-
bial communities, future research should focus on iden-
tifying specific microbial interactions that can be targeted
to enhance plant resilience. Additionally, exploring inter-
ventions that can manipulate microbial communities,
such as microbial inoculants or tailored microbiome-
based strategies, holds promise for improving plant
health. By better understanding the complex relation-
ships between microbial diversity, community structure,
and disease dynamics, future studies may provide action-
able insights into more sustainable and targeted disease
management approaches.
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