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ARTICLE INFO ABSTRACT
Keywords: Alternaria solani (Ellis & Martin) Jones & Grout, causing early blight infection in solanaceous
Plant immunity crops, is a growing threat influencing sustainable crop production. Understanding the variation in
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the foliar microbiome, particularly the bacterial community during pathogenesis, can provide
critical information on host-pathogen interactions, highlighting the host immune response during
pathogen invasion. In the present study, early blight (EB) infection was artificially induced in
tomato leaves, and the transition in the foliar bacterial community from healthy leaf tissue to
infected leaves was analyzed. The 16s sequencing data revealed a significant shift in alpha and
beta diversity, with infected leaf tissue exhibiting considerably lower bacterial abundance and
diversity. Further interpretation at the genus level highlighted the possible role of the host im-
mune system in recruiting higher nitrogen-fixing bacteria to resist the pathogen. The study, in
addition to analyzing the foliar bacterial community transition during pathogenesis, has also shed
light on the possible strategy employed by the host in recruiting selective nutrient-enriching
microbes. Further application of this research in developing biocontrol agents with higher mi-
crobial host colonizing ability will be of tremendous benefit in achieving sustainable EB control
measures.

1. Introduction

The genus Alternaria encompasses a group of ubiquitous necrotrophic fungal pathogens that infect a wide range of hosts [1]. Early
blight disease, caused by A. solani, is among the most critical leaf spot diseases affecting economically important crops such as citrus,
tobacco, tomato, and beans [2]. Specifically, early blight in tomatoes has led to annual economic yield losses of up to 79 percent [3].
Current control measures primarily rely on fungicides and cultural practices, which often fall short of providing sustainable and
effective long-term solutions [3]. Therefore, there is an urgent need for alternative, environmentally friendly approaches to manage
early blight infections.

The foliar microbiome, the community of microorganisms residing on the leaf surface, constitutes the first line of defense against
pathogen invasion [4]. This microbial community plays a pivotal role in plant health by suppressing pathogen growth, enhancing plant
immunity, and facilitating nutrient acquisition. Despite its importance, the community-level impact of the foliar microbiome on plant
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health during pathogenesis is less understood compared to the well-studied rhizosphere microbiota.

Leaves act as filters for microorganisms from diverse environments, promoting the colonization of specific microbes that can either
benefit or harm the host plant [5,6]. Keystone taxa within these communities significantly influence microbiome composition and
function, and their absence can lead to severe disruptions [7]. Interactions within the foliar microbiome, including competition and
antibiosis, can modify plant defense responses and influence disease [8].

Understanding the dynamics of the foliar microbiome during pathogen invasion is crucial for developing biocontrol strategies. For
example, the microbial diversity of Arabidopsis thaliana leaves dramatically decreases when infected by a host-adapted biotrophic
pathogen, underscoring the significant impact of pathogenesis on native microbial communities [9]. Plants can modulate their innate
immune system in response to both beneficial and pathogenic microbes, often recruiting specific microbes that enhance their defense
mechanisms [10].

Microbial interactions can activate complex plant immune responses, such as the recruitment of mycorrhizal and rhizobial asso-
ciations, which enhance phosphorus and nitrogen uptake [11]. Nitrogen deficiency increases plant susceptibility to necrotrophic
fungal pathogens, including A. solani [12]. Although many studies have investigated microbiome changes in infected versus healthy
plants, the mechanisms driving these changes remain largely unexplored.

This study aims to elucidate the significance of the foliar microbiome in countering pathogen invasion, focusing on the modulation
of the native microbial community to enhance plant immunity. Specifically, examining the impact of early blight infection on the foliar
bacterial community of tomato leaves, exploring the potential role of the microbiome in disease suppression and the host plant’s
recruitment of nutrient-enriching microbes. By providing insights into these interactions, the study aims to contribute to the devel-
opment of sustainable biocontrol agents with enhanced microbial colonization abilities, ultimately benefiting crop production and
plant health.

2. Materials and methods
2.1. Experimental design

In 2023, the fungal strain A. solani was isolated from symptomatic tomato crops in the Vellore Institute of Technology’s agricultural
field (GPS coordinates: 12°58'04.5"N, 79°09'38.0"E). The culture was grown in potato dextrose agar (PDA), and the produced spores
were stored in glycerol stock for further research.

Tomato variety PKM-1, which is susceptible to early blight infection, was selected for the study. Seedlings were grown in a seed tray
for up to 14 days and later transferred to four individual pots with two seedlings each. Sterile red soil was used as a substrate in both the
seedling tray and pots. The fungal culture was grown in PDA media over 12 days to obtain sufficient spores. The spore suspension was
adjusted to 2 x 10° spores/mL using a hemocytometer, followed by the addition of 0.01 percent Tween 20 to act as a surfactant [13].
Following 30 days post-transplantation, the experiment was carried out using one control pot and three experimental pots. The healthy
lower individual leaves of the three experimental pots (six plants) were sprayed with spore suspension, while the upper leaves
remained untreated. To enhance the infection, adequate ambient moisture was maintained for 4 h.

After 24 days post-inoculation, disease severity in all three pots was evaluated. Leaves displaying lesions covering at least 40
percent of the leaf area were collected from each pot as a single sample, designated as "AS-01". To confirm the presence of A. solani
infection, a portion of the symptomatic leaves was inoculated onto PDA media. Additionally, leaf samples were collected from the
healthy upper leaves of the experimental pots and labeled as "TH-01". Both A. solani infected leaf sample (AS-01) and the healthy leaf
sample (TH-01) were further processed for analysis.

2.2. Extraction of DNA, 16S amplification, and high-throughput sequencing

DNA extraction was performed using the commercially available QIAGEN soil kit following the manufacturer’s protocol (https://
www.qgiagen.com/au/resources). The concentration and quality of DNA were determined using the NanoDrop with readings at 260/
280 nm showing a value of 1.8-2. To amplify the 16S bacterial region, primer pairs V13F (5 AGAGTTTGATGMTGGCTCAG 3) and
V13R (5 TTACCGCGGCMGCSGGCAC 3') were used [14]. The polymerase chain reaction was performed with 40 ng of extracted DNA,
10 pM of each primer, and Xploregen discoveries Taq Master mix. The master mix was composed of high-fidelity DNA polymerase, 0.5
mM dNTPs, 3.2 mM MgCl,, and PCR enzyme buffer. The polymerase chain reaction conditions included initial denaturation at 95 °C,
followed by 25 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 15 s elongation at 72 °C for 2 min, a final extraction at
72 °C for 10 min, and a hold at 4 °C [15]. The amplified products were purified and assessed using a 2 percent agarose gel and
Nanodrop QC analysis. Unused primers were removed with the help of AMPure XP beads on each amplicon sample, followed by the
preparation of sequencing libraries by an additional eight cycles of PCR, using Illumina barcoded adapters. Purification of libraries was
performed using AMPure beads and Qubit dsDNA high sensitivity assay kit for quantitation. Sequencing was performed using Illumina
Miseq with 2 x 300 PE v3 sequencing kit.

2.3. Sequence data processing
Quality control of raw data was performed using FASTQC (v0.11.2) [16] and MULTIQC (v1.9) [17], followed by TRIMGALORE for

trimming low-quality reads and adapters [18]. Trimmed reads were further processed by merging paired-end reads, chimera removal,
and operational taxonomic unit (OTU) abundance calculation. Picking of representative sequences, estimation correction, and
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taxonomic classification were done using Biokart Pipeline, enabling high-precision investigations at the genus level. SILVA [18],
GREENGENES [19], and NCBI [20] databases were used based on the identity and percentage coverage of each read. The raw data
have been deposited in NCBI's Sequence Read Archive (SRA) database with BioSample accessions SAMN32691190, SAMN32691191.

2.4. Statistical analyses

The R statistical platform version 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria) was used to perform statistical
analyses and calculations. To assess the variation in bacterial diversity under the influence of A. solani, alpha-diversity indexes
including the Shannon index [21], Chaol index [22], and observed richness [23] were assessed. To visualize the relative abundance of
top bacterial genera in the samples, a heatmap was generated using the OTU count. The data were normalized using MinMaxScaler
from the scikit-learn library to scale the abundance values between 0 and 1 [24]. The heatmap was plotted using the seaborn library in
Python. Relative abundance percentage of the overall microbial community and specifically Nitrospira in the samples were pivoted
based on taxonomic levels using Microsoft Excel 2010. The DCA (Detrended Correspondence Analysis) and Abundance-occupancy
plots were created using the Matplotlib library of Python scripting language [25]. The DCA plot visualizes the taxonomic composi-
tion and distribution of bacterial communities associated with TH-01 and AS-01. Abundance-occupancy plots visualize the x-axis
representing the abundance of microbial taxa, displayed on a logarithmic scale, and the y-axis representing the occupancy of microbial
taxa [26].

The co-occurrence network was generated using the NetworkX library in Python with the top ten genera with higher OTU count and
interactions among AS-01 and TH-01 [27]. A graphical representation was created where each genus has a node connected by edges
based on their co-occurrence patterns. Node size reflected OTU count in AS-01, emphasizing genus abundance, while lines between
nodes represented strong and significant correlations. Additionally, the Circos plot was generated using the NetworkX library, visu-
alizing network structure in a circular ideogram format via Matplotlib [28]. This facilitated a deeper understanding of microbial
co-occurrence among the top genera.

The core microbiome analysis was conducted using the Python programming language, using the Pandas library for data
manipulation and Seaborn for heatmap visualization [24]. The primary parameters set for the analysis included selecting genera with a
minimum count of one in both samples, sorting genera based on the sum of counts across samples, and limiting the analysis to the top
50 OTUs. The heatmap was generated with annotations enabled to display the count values for each genus in the two samples.
Additionally, the colormap *YIGnBu’ was chosen to represent the abundance levels of the genera in the heatmap, providing a visually
informative representation of the core microbiome composition across the samples.

A comparative study was conducted to analyze the variations in OTU counts within a selected genus. A Venn diagram was created
using the ‘VennDiagram’ package, illustrating a clear transition of microbial communities in samples [29]. The microbial community
in early blight-infected leaves was assessed against healthy leaves to understand the ecological functions of varying bacterial abun-
dance and their role in the plant’s immune response to pathogens. Relative abundance of individual taxa was calculated using the
following formula:

R(I) = (N(i) / 3 [N(J)]) x 100

Where the summation ) is taken over all species (j =1 to n)
N(i) represents the number of individuals of the ith species
> [N(J)] represents the sum of the number of individuals across all species in the sample
R(I) represents the relative abundance of the ith species, expressed as a percentage

3. Results

This study explores how A. solani infection affects foliar bacterial diversity in tomato plants, aiming to elucidate the plant’s immune
response and its impact on leaf microbiota. The results revealed a significant shift in the composition and abundance of the native
microbial community following infection. Infected leaves exhibited a notable reduction in bacterial diversity and population size
compared to healthy ones, indicating a disruption in the leaf microbiota equilibrium in response to pathogenic invasion. Additionally,
the findings suggest that quorum sensing and microbe-associated molecular patterns (MAMPs) may trigger pattern-triggered immunity
(PTI) responses, highlighting the complex interplay between plant immunity and microbial dynamics. The study offers insights into the
mechanisms driving plant-microbe interactions during early blight infection, shedding light on the adaptive strategies employed by
both host plants and associated microbiota to combat pathogenic threats. These findings have implications for understanding plant
immune responses and developing sustainable disease management strategies in agriculture.

3.1. Taxonomic composition and diversity of the bacterial community

A detailed analysis of the taxonomic composition and diversity of the foliar bacterial community was performed to understand how
A. solani infection influences microbial dynamics in tomato plants. The dataset, comprising 800,000 high-quality 16s reads from two
samples (THO1 and AS01), enabled the identification of 14,852 Operational Taxonomic Units (OTUs). These OTUs were taxonomically
classified into 125 genera spanning 18 phyla, providing a comprehensive view of the leaf microbiota. Notably, the genus Nitrospira was
prevalent, accounting for over 30 percent of the sequences, indicating its dominance within the microbial community. Furthermore,
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analysis of the top seven most dominant OTUs revealed the ubiquity of Nitrospira across both healthy and infected samples (Fig. 1).

Further analysis unveiled noticeable patterns of bacterial distribution between healthy and infected leaves, highlighting the in-
fluence of A. solani infection on microbial diversity. Among the 125 bacterial genera analyzed, 19 (15.2 %) were exclusively present in
infected leaves, while 40 (32 %) were unique to healthy ones, indicating a notable divergence in bacterial composition. Despite these
differences, both infected and healthy leaf samples shared the same genera 66 (52.8 %) as shown in Fig. 2 and as Ven diagram in Fig. 3
(A). Both samples had the presence of bacterial genera, Nitrospira and Bacillus that are known for their antifungal properties. This
suggests a potential role in host defense mechanisms against A. solani infection.

3.2. Assessment of alpha diversity

The a-diversity indexes were conducted to assess within-sample bacterial community diversity in healthy and early blight-infected
leaves. Triplified analyses provided insights into the richness and evenness of microbial populations within each sample. In Fig. 3
(A-D), utilizing metrics such as Fig. 3 (B) Shannon index, Fig. 3 (C) Chaol index, and Fig. 3 (D) Observed richness, a-diversity was
quantified, with whisker box plots illustrating the observed value range. Remarkably, healthy leaf samples exhibited greater bacterial
diversity across all metrics compared to infected leaves, indicating a disruption of ecological balance in response to pathogenic
invasion.

The disparity in bacterial diversity between healthy and infected leaf samples highlights the profound impact of A. solani infection
on microbial community structure within tomato foliage. Elevated a-diversity metrics in healthy leaves signify a robust and resilient
microbiome capable of withstanding environmental pressures. Conversely, reduced a-diversity in infected leaves suggests a pertur-
bation in microbial equilibrium, indicative of compromised host-pathogen interactions.

3.3. Assessment of f-Diversity

The p-diversity analysis was performed between-sample diversity and delineated microbial community composition differences
between healthy and infected leaf samples. The Principal Coordinate Analysis (PCoA) plot Fig. 4, revealed significant divergence in
microbial community clusters, with distinct clusters representing unique compositional profiles shaped by infecting pathogens. The 2D
plot generated with Axis 1 representing the highest level of variation and Axis 2 indicating the subsequent highest dimension of
variation. The heatmap (Fig. 5) displays the relative abundance of the top 17 bacterial genera identified in the infected (AS01) and
healthy (THO1) tomato leaf samples. The genera are on the y-axis and the sample types (ASO1 and THO1) on the x-axis. The color
gradient ranges from blue to red, representing the lowest to highest abundance, respectively. Genera such as Nitrospira, Candidatus
Kuenenia, and Paracoccus were notably more abundant in both samples, while some genera like Bifidobacterium were significantly less
abundant in the infected sample. This visualization highlights the shifts in microbial community composition in response to A. solani
infection.

Beta diversity is represented through a Principal Coordinate Analysis (PCoA) plot portraying significant differences in the microbial
community between ASO1 and THO1. Each axis representing the percentage of variation between the samples and the colored points
depicts the interrelationship between different groups of OTUs based on their unique characteristics and source.

A Detrended Correspondence Analysis (DCA) plot
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Fig. 1. Graphical representation of relative bacterial abundance.

The figure represents the variation of bacterial abundance observed in ASO1 (A. solani infected) and THO1 (healthy leaf sample) portraying variation
in the community structure during early blight infection. Different colors correspond to the major genus residing in the sample, at varying
proportions.
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Exclusively present in “TH01”

Achromobacter, Alistipes, Anaerostipes, Arcobacter, Blattabacterium, Bosea, Brevefilum, Candidatus Cloacimonas,
Candidatus Hodgkinia, Cupriavidus, Desulfallas, Desulfovibrio, Dysosmobacter, Egicoccus, Elizabethkingia,
Escherichia, Exiguobacterium, Fibrobacter, Flavobacterium, Fuerstia, Gemmata, Hypericibacter, Immundisolibacter,
Luteimonas, Minicystis, Morganella, Mpycolicibacterium, Olsenella, Opitutus, Panacibacter, Paraflavitalea,
Phascolarctobacterium, Pseudolabrys, Saccharomonospora, Solitalea, Sphingobacterium, Sphingosinicella,
Stenotrophomonas, Streptococcus, Treponema.

Mutually present microbes in “THO01” and “AS01”

Acinetobacter, Akkermansia, Alkalilimnicola, Anoxybacillus, Azoarcus, Azospirillum, Bacillus, Bacteroides,
Bdellovibrio, Bifidobacterium, Blastochloris, Blautia, Brevundimonas, Candidatus Babela, Candidatus Kuenenia,
Candidatus Nucleicultrix, Candidatus Promineofilum, Candidatus Protochlamydia, Candidatus Solibacter,
Chryseobacterium, Chryseolinea, Clostridioides, Clostridium, Conexibacter, Desulfoglaeba, FEnterococcus,
Faecalibacterium, Faecalitalea, Fusobacterium, Gemmatimonas, Hyphomicrobium, Ignavibacterium,
Lachnoclostridium, Lactobacillus, Legionella, Luteitalea, Mannheimia, Meiothermus, Mesorhizobium, Methylocystis,
Mycobacterium, Niabella, Nitrosomonas, Nitrospira, Nocardia, Oscillibacter, Paludisphaera, Paracoccus, Pelolinea,
Prevotella, Proteus, Pseudomonas, Pseudorhodoplanes, Rhodococcus, Rhodoplanes, Rickettsia, Ruminococcus,
Sorangium, Sphingobium, Sphingomonas, Sphingopyxis, Staphylococcus, Streptomyces, Tepidiforma, Turicibacter;
Unclassified.

Exclusively present in “AS01”

Acidimicrobium, Actinomyces, Aureimonas, Chelatococcus, Chitinophaga, Chloroflexus, Collinsella, Devosia,
Dialister, Hoyosella, Lentibacillus, Lysobacter, Megasphaera, Methylovirgula, Micromonospora, Nitratireductor,
Parageobacillus, Phenylobacterium, Rhizobium.

Fig. 2. Comparative analysis of the bacterial diversity in samples.
Sample-based comparison of bacterial genera that are either present exclusively on THO1- shaded in green or ASO1- shaded in brown, and present on
both samples regardless of A. solani infection-shaded with yellow colour.

The DCA plot was analyzed to elucidate the distribution patterns of bacterial genera across the three axes. Each data point on the
plot represented a genus, allowing for the visualization of taxonomic abundance and sample clustering based on their bacterial
composition.

The DCA plot revealed distinct clustering patterns of bacterial genera across ASO1 and THO1 along the three axes. Candidatus
Promineofilum, Paracoccus, and Nocardia are positioned very close to each other in both samples AS01 and THO1, it suggests that these
genera share similar niche and can thrive in conditions present in both AS01 and THO1. However, Nitrospira, positioned far from the
THO1 and Candidatus Promineofilum positioned far from the AS01 might be less adapted to the conditions present in the corresponding
sample. This could be due to factors like nutrient availability, the presence of competitors, or even the early blight infection itself if it’s
detrimental to that particular genus.

3.4. Co-occurrence network analysis

The Co-occurrence network analysis Fig. 6 (B) revealed intricate relationships among the top 10 genera with higher OTU counts
and interaction among ASO1 and THO1. Following the Python script, Candidatus Promineofilum, Blastochloris, Nitrospira, Paracoccus,
Bdellovibrio, Methylocystis thylocys, Nitrosomonas, Candidatus Kuenenia, and Nocardia genera were identified and represented as nodes in
the network, with edges connecting pairs based on their co-occurrence patterns. The size of each node reflected its OTU count,
providing a visual representation of genus abundance. Unidentified taxa had the largest node followed by Nitrospira and C. Kuenenia,
and the smallest node was found to be associated with Methylocystis. lines were connected between the nodes to signify strong and
significant correlations. This visualization offered comprehensive insights into the co-occurrence patterns and interactions within the
microbial community, highlighting the complex relationships among the top 10 genera.

3.5. Abundance occupancy relationship

The abundance-occupancy plot Fig. 7 (A) provided insights into the distribution patterns of microbial genera across AS01 and
THO1. Each data point on the plot represents a microbial genus, with its abundance (log scale) plotted against its occupancy (presence/
absence) in the samples. The plot revealed varying distribution patterns among the microbial genera in ASO1 and THO1. AS01 dis-
played higher microbial abundance levels compared to THO1 across the data points, with points clustered towards higher abundance
values along the log scale axis. In contrast, THO1 exhibited more variability in occupancy, with some genera showing lower occupancy
despite moderate to high abundance levels. This variability suggests spatial heterogeneity in the distribution of THO1 genera, with
certain taxa being more localized or niche-specific in their habitat preferences.
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Heatmap of Top Abundant Bacterial Genera in AS01 and THO1 Samples

Unidentified taxa 1
Candidatus Protochlamydia 0.032
Paracoccus 0.13
Bdellovibrio 0.0063
Luteitalea 0.0013
Nitrosomonas 0.00084
Candidatus Promineofilum 0.097 3
-06 ¢
Gemmatimonas 0.0042 §
0w
= : 2
g Blastochloris 0.1 =3
Q L o
Clostridicides =
©
Bifidobacterium 04 @
Methylocystis
Paludisphaera
Candidatus Kuenenia 0.2
Tepidiforma
Nitrospira
Candidatus Solibacter
0.0

AS01 THO1

Fig. 5. Heatmap of the relative abundance of the top 17 bacterial genera in infected (ASO1) and healthy (THO1) tomato leaf samples. The color
gradient ranges from blue (lowest abundance) to red (highest abundance), illustrating the changes in microbial community composition due to
A. solani infection. Genera such as Nitrospira, C. Kuenenia, and Paracoccus were more abundant in both samples, while Bifidobacterium showed a
marked decrease in the infected sample.
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Fig. 6. (A) DCA plot depicts bacterial genus distribution across AS01 and THO1, showing clustering patterns and niche similarities among Can-
didatus Promineofilum, Paracoccus, and Nocardia. (B) Co-occurrence network analysis reveals complex interactions among top genera in ASO1 and
THO1, providing insights into microbial community dynamics.

3.6. Core microbiome

The core microbiome of samples ASO1 and THO1 was analyzed to identify the prevalent microbial genera present across both
samples. The heatmap visualization, Fig. 7 (B) illustrates the abundance of these top genera identified in both samples including
Unidentified taxas, Nitrospira, C. Kuenenia, Paracoccus, Blastochloris, C. Promineofilum, Tepidiforma, and Nocardia. Among these, Un-
identified taxa exhibits the highest abundance in both samples, with Nitrospira and C. kuenenia following closely behind. Overall, the
heatmap provides a comprehensive overview of the core microbiome composition in samples ASO1 and THO1, highlighting the
dominant genera shared between the two samples. Further analysis and comparison of these genera could offer valuable insights into
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Fig. 7. (A) The abundance-occupancy plot illustrates microbial distribution patterns across AS01 and THO1, with ASO1 displaying higher abun-
dance levels. THO1 exhibits variability in occupancy, suggesting niche-specific habitat preferences among microbial genera. (B) Core microbiome
analysis heatmap reveals dominant genera shared between ASO1 and THO1, with Unidentified taxa prevailing. Nitrospira and C. kuenenia signify
significant microbial community dynamics. The shade of blue darkens with increasing OTU counts, while lighter shades of yellow represent
fewer OTUs.

the microbial community structure and its potential implications in the respective environments.
3.7. Circos plot

The Circos plot was constructed to visualize the relationships between key microbial genera within the foliar microbial community.
Each genus was represented as a segment along the circular ideogram, with connecting links denoting their interactions based on OTU
counts. Notably, the "Unclassified” genus exhibited the most prominent association, depicted by thick violet-colored links, indicating
its pervasive presence and potentially significant role within the community. Following closely, "Nitrospira” displayed robust con-
nections in Kelly Green, indicative of its substantial influence. "C. Kuenenia” appeared in yellow, reflecting its moderate associations,
while "Paracoccus” was depicted in blue, signifying its distinct yet interconnected presence. Additionally, "Blastochloris” and "C.
Promineofilum” were observed in brown and yellow-green, respectively, suggesting their noteworthy interactions. "Tepidiforma”
appeared in dark violet, hinting at its specific relationships, while "Nocardia” displayed the thinnest links in mint green, underscoring
its more subtle interactions within the microbial network. This comprehensive visualization provided insights into the complex
interplay and potential functional roles of these key genera in shaping the gastrointestinal microbiome, contributing valuable insights
to the understanding of microbial community dynamics.

Table 1
Genus sharing higher bacterial abundance in THO1 compared to the infected sample ASO1.

Genus THO1 (OTU) AS01 (OTU)
Akkermansia 32 15
Bacteroides 17 1
Bdellovibrio 63 36
Candidatus Babela 46 10
Candidatus Promineofilum 274 251
Candidatus Protochlamydia 118 96
Chryseolinea 24 15
Clostridium 35 16
Enterococcus 6 1
Fusobacterium 24 3
Legionella 11 2
Luteitalea 43 24
Meiothermus 6 2
Mesorhizobium 17 9
Nitrosomonas 54 23
Oscillibacter 7 2
Paracoccus 344 333
Rickettsia 10 2
Sorangium 34 32
Prevotella 15 1

Bacillus 10 5

Pseudomonas 19

Azospirillum 20 11
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3.8. Increased OTU count in nitrogen fixation bacteria

The relative abundance of bacteria in 15 distinct genera was found to be considerably higher in the infected sample compared to the
healthy leaf sample based on the OTU count. Variations in relative abundance were observed in genera that include Blastochloris, which
varied between TH01-187 and AS01-292, where 187 and 292 correspond to the number of sequence reads of each OTU. Similarly, in
Gemmatimonas, bacterial abundance varied from THO1-26 to AS01-31, Methylocystis from THO1-20 to AS01-34, Nitrospira from THO1-
1097 to AS01-1938, Rhodococcus from TH01-19 to AS01-21, C. kuenenia from TH01-142 to AS01-1766, C. solibacter from TH01-49 to
AS01-170, Nocardia from TH01-103 to AS01-107, and Ruminococcus from THO1-1 to AS01-12, which are considered important ni-
trogen fixers. Additionally, variation was also found in Tepidiforma from THO1-111 to AS01-140, Anoxybacillus from THO1-3 to AS01-8,
Bifidobacterium from THO1-1 to AS01-24, Blautia from THO01-1 to AS01-10, Clostridioides from TH01-13 to AS01-21, and Paludisphaera
from THO1-47 to AS01-68, of which the functional aspect is uncertain. Conversely, the OTU count was lower in ASO1 compared to
THO1 for 22 genera (Table 1), indicating a reduction in these bacteria in the infected sample.

4. Discussion

The traditional disease triangle, consisting of virulent pathogens, susceptible hosts, and the abiotic environment, is a key concept in
plant pathology [30]. However, recent studies highlight the vital role of the plant microbiome in maintaining plant health and
combating disease [31]. Native antagonistic microbes within the plant microbiome can counteract pathogenic effects, which is
especially important for plants lacking inherent genetic resistance to necrotrophic pathogens [32]. This is particularly evident in
solanaceous crops, where susceptibility to Alternaria spp. leads to significant economic losses due to brown spot formation [2]. Early
blight, caused by A. solani, remains a challenge, typically managed through cultural practices, fungicides, and resistant varieties [33].
Despite these efforts, achieving effective control without synthetic fungicides is difficult, emphasizing the need to understand the
microbiome’s role in disease resistance.

4.1. Taxonomic composition and diversity of the bacterial community

The study shows a notable change in foliar bacterial diversity in response to A. solani infection, aligning with previous studies
demonstrating pathogen-induced shifts in microbial community structure [34]. The reduced species richness and diversity in infected
leaves (Fig. 3B, C, D) match the observations of Remus-Emsermann and Schlechter [35], who highlighted the importance of microbial
interactions in shaping the phyllosphere microbiome. The disruption of these interactions by pathogen invasion aligns with Cordero
and Datta [36] findings on how such disturbances can alter community structure. The distinct clustering patterns seen in Fig. 6A reflect
underlying ecological dynamics influenced by plant health, clearly differentiating healthy and infected samples. This underscores the
impact of A. solani on foliar microbial diversity and highlights microbial dynamics’ potential role in modulating plant immune re-
sponses and disease progression [37].

Co-occurrence network analysis (Fig. 6B) reveals complex interactions among the top genera in AS01 and THO1, providing insights
into microbial community dynamics. Studies have shown that co-occurrence networks can elucidate relationships among microbial
taxa and their functional roles within an ecosystem [38]. The abundance-occupancy plot (Fig. 7A) illustrates the distribution patterns
of microbial genera across ASO1 and THO1, showing higher microbial abundance levels in ASO1 compared to THO1, with notable
variability in occupancy. This aligns with findings by Shade and Stopnisek [39], who reported that abundance-occupancy relationships
can indicate ecological strategies of microbes under stress conditions. The core microbiome analysis (Fig. 7B) highlights the dominant
genera shared between ASO1 and THO1, with Unidentified taxa prevailing. Nitrospira and Candidatus kuenenia signify significant
microbial community dynamics. Core microbiomes often consist of stable and functionally important microbial taxa that contribute to
the host’s health [40]. The Circos plot (Fig. 8) illustrates intricate interactions among key microbial genera in the foliar microbiome,
with thicker connecting links indicating stronger associations, unveiling complex network dynamics and potential functional roles of
these genera. Such visualizations are critical for understanding microbial community structure and function in response to environ-
mental changes [41].

4.2. Increased OTU count in nitrogen-fixing bacteria

The significant variations in nitrogen-fixing bacterial abundance between infected and healthy leaves suggest a reorganization of
the plant’s microbial community during pathogenesis. Similar trends have been reported, with invasive species either being eliminated
or native species adapting new control mechanisms in complex environments [42]. The nitrogen-fixing capabilities of genera such as
Blastochloris, Methylococcus, and Nitrospira are well-documented. For example, Blastochloris genomes contain genes crucial for nitrogen
fixation, including Mo/Fe and Fe/Fe enzymes [43]. Gemmatimonas aids nitrogen fixation through its genes for various nitrogen cycles,
indirectly supporting N2 fixation [44]. Type II methanotrophs, including Methylococcus, have demonstrated nitrogen-fixing abilities
[45]. Nitrospira, a diverse group of nitrite-oxidizing bacteria, possesses pathways for both nitrite and ammonia oxidation, contributing
to complete nitrification [45]. The nitrogen fixation capacities of R. gingshengii and other species within the genus further underscore
the importance of nitrogen-fixing bacteria in plant health [46] The roles of C. kuenenia in global nitrogen cycles and C. solibacter in
carbon cycles are significant [47,48]. Moreover, Nocardia species, such as Nocardia calcarea, contribute to atmospheric nitrogen
fixation, providing insights into nitrogen delivery and resistance to early blight [49-51].

Interestingly, key biocontrol microbes such as Bacillus, Pseudomonas, and Azospirillum were less abundant in infected leaves,
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Fig. 8. The Circos plot illustrates intricate interactions among key microbial genera in the foliar microbiome, with thicker connecting links indi-
cating stronger associations. This visualization unveils the complex network dynamics and potential functional roles of these genera within the
microbial community.

suggesting a shift in microbial strategy under pathogen load. This variation in OTU count during pathogenesis may represent an
alternative plant defense strategy, enhancing immune responses when primary defenses are compromised [37,52]. Lower nitrogen
levels in plants are associated with increased susceptibility to A. solani infection, whereas high nitrogen content delays ripening and
prolongs vegetative growth, thereby reducing susceptibility to early blight [49-51].

In conclusion, the selective increase in nitrogen-fixing bacteria during pathogenesis highlights an alternative plant defense
mechanism, strengthening immune responses when primary defenses are weakened. This study sheds light on the complex interactions
between microbial communities and plant health, offering valuable insights into host-microbe interactions and plant defense mech-
anisms. These findings underscore the potential for leveraging the plant microbiome in developing sustainable agricultural practices
and enhancing crop resilience against pathogens.

5. Conclusion

This study elucidates the significant impact of A. solani infection on the foliar bacterial diversity of tomato plants. A marked
reduction in bacterial diversity and population size in infected leaves was observed, indicating a disruption in leaf microbiota equi-
librium due to pathogenic invasion. The findings suggest that quorum sensing and microbe-associated molecular patterns (MAMPs)
may trigger pattern-triggered immunity (PTI), highlighting the intricate interplay between plant immunity and microbial dynamics.

The investigation sheds light on the intricate dynamics of plant-microbe interactions during early blight infection in tomato plants.
By examining the taxonomic composition and diversity of the foliar bacterial community, the study uncovered significant shifts in
microbial populations in response to A. solani invasion. These findings underscore the vital role of native antagonistic microbes in
mitigating the adverse effects of pathogens. A discernible decline in species richness and diversity in infected leaves was observed,
along with alterations in overall community composition. This disruption in microbial equilibrium highlights the impact of pathogen
invasion on species interactions and community structure.

Moreover, the study reveals the strategic recruitment of specific nutrient-enriching microbes, particularly nitrogen-fixing bacteria,
by the host plant to combat pathogen aggression. This selective increase in nitrogen-fixing bacteria during pathogenesis offers an
alternative means of plant defense, boosting the immune response when primary defense mechanisms are compromised. The observed
variations in the abundance of nitrogen-fixing bacteria between healthy and infected leaves underscore the intricate interplay between
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microbial communities and plant health.

The insights from this study have several implications for developing sustainable disease management strategies. The increased
abundance of nitrogen-fixing bacteria such as Nitrospira during infection suggests their potential as biocontrol agents. These bacteria
can enhance plant health and immune responses, providing a biological alternative to chemical fungicides. Furthermore, beneficial
genera such as Bacillus and Pseudomonas, known for their antifungal properties, could be formulated into microbial inoculants. These
inoculants can suppress pathogen growth, maintain microbiota balance, and protect plants against infections. Incorporating beneficial
microbes into integrated pest management (IPM) strategies can enhance disease management. Combining microbial inoculants with
crop rotation, resistant varieties, and optimized nutrient management can provide a holistic approach, reducing chemical input
reliance and minimizing environmental impact.

Further research is required to understand the specific mechanism of plant-microbiome-pathogen interactions, that help in the
increased abundance of nitrogen-fixing bacteria. This includes exploring signalling pathways and molecular interactions to develop
targeted microbial formulations. Additionally, investigating the synergistic effects of combining multiple beneficial microbes may
enhance their protective capabilities, offering robust disease management solutions.
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