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Abstract

The invasion of phytopathogens impacts the composition and associations of the internal microbial inhabitants. Leaf
spot is one of the most devastating diseases in eggplant var. Mattu Gulla which is unique in terms of geographic
indication (Gl) status. Leaf spot samples (asymptomatic and symptomatic) were collected to characterize the fun-

gal community associated with them using culture-based and next-generation ITS rRNA-based metabarcoding
approaches. Both methods showed that Ascomycota and Basidiomycota were the predominant phyla in both groups.
In the asymptomatic group, Didymosphaeriaceae, Pleosporaceae, Trichomeriaceae, and Capnodiaceae were the most
differentially abundant families. In contrast, Phaeosphaeriaceae, Pleosporaceae, Didymellaceae, Rhynchogastremata-
ceae, and Bulleribasidiaceae were the most differentially abundant families in the symptomatic group. At the genus
level, Cladosporium was the most differentially abundant genus in the asymptomatic group. In the symptomatic
group Alternaria, Remotididymella, Vishniacozyma, Bulleribasidium, Occultifur, Epicoccum, and Loratospora were

the abundant genera. The pathotroph-saprotrophic mode was the most common mode identified in both groups,
with an increased abundance in the symptomatic group. Seven fungal families and two genera were identified

as common according to the culture-based method and NGS analysis based on ITS rRNA metabarcoding. Our study
indicated that the composition of the core microbial community varies with plant health status, and a combination

of culturable and next-generation ITS rRNA-based metabarcoding approaches could be a reliable option for obtaining
a detailed understanding of plant-associated fungal communities.
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Background

Microbial communities are abundant and diverse in
plants and are referred to as the second genome of the
plant (Zhang et al. 2021). They are an essential compo-
nent of the host and are widely acknowledged to serve
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of microbial datasets associated with plant disease and
health would help us comprehend the influence of micro-
biomes on their host and the intricate interactions that
shape the host’s fitness and survival (Ginnan et al. 2018).
Invasion of phytopathogens causes changes in the com-
position and associations of the internal microbial inhab-
itants and impacts the behavior of other plant pathogens
(Wang et al. 2017; Li et al. 2019). In recent years, there
has been a growing reliance on culture-independent
techniques for characterizing microbial communities,
primarily due to their practical advantages. The key ben-
efit of these methods lies in their ability to easily iden-
tify a significant portion of microbial diversity that may
be challenging to observe through traditional culture-
based studies. While current culture-based methods have
limitations in detecting various types of organisms, they
excel in quantifying the absolute cell abundances of living
microbes that can be cultured (Zapka et al. 2017; Krsti¢
Tomic et al. 2023).

Eggplant (Solanum melongena L.) is an economically
important crop cultivated in India, with Asia accounting
for 94% of global production (Aumentado and Balendres
2022). Mattu Gulla is a variety with geographical indica-
tion status in 2011 cultivated at Mattu village in Udupi
district, Karnataka, India, for 500 years (Bhat and Mad-
hyastha 2007). It is known for its legacy, unique physical
appearance, and bioactive metabolites in fruits (Swathy
et al. 2023). Plant diseases caused by fungal pathogens
result in significant yield reductions and pose seri-
ous challenges to global food production (Seybold et al.
2020). Leaf spot disease was prevalent in the Mattu Gulla
fields in survey during 2018-2019 and 2019-2020 (Kani-
yassery et al. 2024). Alternaria, Cercospora, and Septoria
are reported to be the predominant fungal genera that
cause leaf spot disease in eggplant (Kaniyassery et al.
2023).

The phyllosphere (aboveground plant parts, usually
the leaf surface) is a crucial plant environment inhabited
by distinct microbial species (Bringel and Couée 2015).
Phyllosphere microorganisms can impact host fitness by
producing plant hormones/plant growth regulators and
inducing defense responses against pathogen invasion
(Ritpitakphong et al. 2016; Venkatachalam et al. 2016).
Although the mode of action of individual pathogens has
been extensively studied, little is known about the role
of the larger fungal communities associated with plants
in the modulation of diseases or how their diversity and
abundance are altered when a pathogen invades a plant
(Blackwell 2011; Hacquard and Schadt 2015). Microbes
defend plants from infections through various methods,
including niche competition, antibiotic production, the
release of secondary metabolites, and the development
of systemic resistance, which boost plant defenses in
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preparation for pathogen invasion (Carvalho and Cas-
tillo 2018). Pathobiome research now offers the chance to
investigate the dynamics of the plant micro(patho)biome,
the kinds of interactions with the plant, interactions and/
or competition between related bacteria, the slow assem-
bly of harmful microbes, and the ensuing pathogenesis
or disease manifestation (Dastogeer et al. 2022; Mehro-
tra et al. 2024). This is particularly significant in the case
of protected indigenous varieties such as Mattu Gulla,
where the scope of improving agronomically favorable
traits through modern breeding methods is limited due
to their traditional importance. The study of the func-
tional characteristics of phyllosphere microorganisms
has focused primarily on the cultivable portion of the leaf
microflora. Recent advances in next-generation sequenc-
ing (NGS) platforms and related computational tools
for large-scale analysis have made it possible to explore
unculturable portions of the microflora (Lundberg et al.
2012).

Considering the importance of beneficial plant-micro-
biome interactions, this study aimed to (1) identify leaf
spot-associated culturable fungi, (2) compare the vari-
ation in leaf microbial communities in symptomatic
samples with that in asymptomatic samples using NGS
analysis, (3) predict trophic modes of microbial com-
munity from ITS rRNA profiles, and (4) compare and
analyze fungal profiles from traditional culturing and iso-
lation methods and metabarcoding approach.

Results

Isolation and identification of leaf spot-associated fungi

To identify the culturable fungi in the leaves of eggplant
var. Mattu Gulla affected by leaf spot disease, leaf sam-
ples showing spots with defined margins and brown
centers were collected from Mattu Gulla fields, and the
associated fungi were isolated. A total of 18 morphologi-
cally different fungi were isolated from the samples col-
lected for the culture-based approach. The isolates were
identified based on morphology up to the genus level
(Additional file 1: Figure S1). ITS sequencing was per-
formed, and identity was confirmed to the species level
using a BLAST search against the GenBank database.
The sequences showed a percentage similarity from 97
to 100% with the existing sequences in GenBank (Addi-
tional file 2: Table S1). The isolates that could not be
assigned to the level are referred to as the genus itself.

Fungal composition and distribution in the asymptomatic
and symptomatic groups

We performed an NGS analysis of ITS amplicons derived
from asymptomatic and symptomatic leaf samples to
study the fungal community associated with leaf spots.
After sequence processing, a total of 420,623 high-quality
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reads from the asymptomatic group and 334,778 from the
symptomatic group were ultimately obtained (Additional
file 2: Table S2). A total of 334 amplicon sequence vari-
ants (ASVs) were obtained, of which 206 were success-
fully assigned taxonomical identities, and the remaining
128 were unassigned. Among the 206 identified ASVs,
genus-level identification was possible for 39 (Additional
file 2: Table S5).

Ascomycota (asymptomatic: 57.43% and symptomatic:
76.42%), Basidiomycota (asymptomatic: 29.25% and
symptomatic: 9.42%), and Mucoromycota (asymptomatic:

Page 30f 18

1.33% and symptomatic: 14.14%) were the three major
phyla present in the samples (Fig. 1a). The relative abun-
dance of Ascomycota was greater in the symptomatic
group than in the asymptomatic group from the same
fields (field location 1 asymptomatic [F1C]: 47.16%, field
location 2 asymptomatic [F2C]: 37.16%, field location 3
asymptomatic [F3C]: 89.57%; field location 1 sympto-
matic [F1S]: 57.57%, field location 2 symptomatic [F2S]:
71.69%, field location 3 symptomatic [F3S]: 93.37%)
(Additional file 2: Table S3). Basidiomycota was found
to be the second major phylum with a high relative
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Fig. 1 Proportional distribution of different fungi in the asymptomatic and symptomatic groups. a, b The vertical bars represent the relative
abundance (%) of different microbial phyla in the two groups. The bars are plotted with respect to the relative taxonomic abundance at phylum
level. ¢, d The pie charts show the comparative abundance profiles of both groups at the family level (merged smaller taxa < 0.05) in each phylum
across the symptomatic and asymptomatic groups. The phylum Mucoromycota in both groups comprised the Choanephoraceae family (100%).
F1C, F2C, and F3C represented asymptomatic group from field locations 1, 2 and 3, respectively; F1S, F2S and F3S represented symptomatic group

from field locations 1, 2, and 3, respectively
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abundance, and the relative abundance of this phylum
was greater in the asymptomatic group than in the symp-
tomatic group from the respective field locations (Fig. 1b,
c). Twenty-two different genera were identified from the
39 ASVs. The following genera were highly prevalent
in the samples: Cladosporium (13 ASV count), Phae-
osphaeria (11), Sporobolomyces (11), Papiliotrema (9),
Curvularia (8), Alternaria (6), Periconia (6), and Vishni-
acozyma (4) (Additional file 2: Table S1).

The richness and diversity of fungi varied

between the asymptomatic and symptomatic groups
Alpha and beta diversity analyses were performed for the
206 ASVs that were taxonomically identified to assess the
richness and diversity of fungi. The results of a rarefac-
tion analysis (Additional file 1: Figure S2) demonstrated
that the sequencing depth was sufficient to determine
the overall species richness across all the samples. The
Good’s coverage index (99.98% + 0.012%) showed that
the sequencing results statistically represented the accu-
rate composition of the fungal microbiome (Additional
file 2: Table S3). Two samples (F2S and F3S) from the
symptomatic group showed increased species richness
compared with those from the asymptomatic group
(Additional file 1: Figure S2). The Chaol, Shannon, and
Simpson alpha diversity indices varied across the asymp-
tomatic and symptomatic groups (Fig. 2, Additional file 2:
Table S4). The analysis revealed that the samples from
the symptomatic group were relatively more diverse than
those from the asymptomatic group. Principal coordi-
nate analysis (PCoA) based on the Bray—Curtis method
segregated asymptomatic and symptomatic groups based
on the field from which they originated (Fig. 3a). At the
family level, the symptomatic group showed notice-
able similarity between the samples from the three fields.
Nonmetric multidimensional scaling (NMDS) analysis
was performed to determine the classification and rela-
tionships between the groups, and the samples were seg-
regated (Fig. 3b) (F value: 1.2207; R-squared: 0.23382; p:
0.4). There was no significant difference in beta diversity
between the asymptomatic and symptomatic groups.

Abundance of significantly different fungal taxa

in symptomatic and asymptomatic samples

ASVs were analyzed for differentially abundant taxa at
both the family and genus levels using the DESeq2 soft-
ware. Nineteen ASVs were significantly enriched, and 18
ASVs were significantly depleted in the asymptomatic
group at the family level (Additional file 2: Table S6).
At the genus level, 9 ASVs were depleted significantly,
and there were no enriched ASVs in the asymptomatic
group compared with the symptomatic group. The Ple-
osporaceae family, belonging to the phylum Ascomycota,
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was the most significantly enriched family in the symp-
tomatic group, followed by other families in the phylum
Basidiomycota (Fig. 4). Vishniacozyma, Remotididy-
mella, Epicoccum, Bulleribasidium, Alternaria, Occulti-
fur, Leptospora, and Papiliotrema were the significantly
depleted genera in the asymptomatic group.
Subsequently, we performed linear discriminant effect
size (LEfSe) analysis using the abundance data to com-
pare the presumed phylotypes of the fungal microbi-
omes of the asymptomatic and symptomatic groups. The
ASVs assigned up to the family level (206 ASVs) and up
to the genus level (39 ASVs) were analyzed separately.
The cladogram and bar plot highlight several taxa that
are significantly enriched in either the symptomatic or
asymptomatic samples. Taxa that are differentially abun-
dant in the asymptomatic group are marked in red, while
those enriched in the symptomatic group are marked
in green (Figs. 5 and 6). Nodes indicate the hierarchi-
cal relationships between different taxa, showing which
groups are more closely related based on their evolution-
ary history. Significant nodes often highlight the taxa
that are differentially abundant between the symptomatic
and asymptomatic groups. LEfSe and LDA revealed that
the fungal microbiome of the asymptomatic group was
more diverse than that of the symptomatic group. Fea-
tures that indicated a differential abundance of the fungal
microbiome between the asymptomatic and sympto-
matic groups were computed using a histogram of the
LDA scores. The LDA scores indicated that Basidiomy-
cota and Ascomycota were the two most abundant phyla
in both groups (Figs. 5 and 6). In the asymptomatic
group, Didymosphaeriaceae, Pleosporaceae, Trichomer-
iaceae, and Capnodiaceae were the most differentially
abundant families (Fig. 5). However, in the symptomatic
group, Phaeosphaeriaceae, Pleosporaceae, Didymel-
laceae, Rhynchogastremataceae, and Bulleribasidiaceae
were the most differentially abundant families (Fig. 5). At
the genus level, Cladosporium was the most differentially
abundant genus in the asymptomatic group, while in the
symptomatic group, Alternaria, Remotididymella, Vish-
niacozyma, Bulleribasidium, Occultifur, Epicoccum and
Loratospora were differentially abundant genera (Fig. 6).

Fungal communities were distributed across seven trophic
modes

The trophic modes of the fungal community were anno-
tated in both the symptomatic and asymptomatic groups
using the FUNGuild tool. A total of 206 ASVs identified
at the family level were analyzed using FUNGuild. Seven
trophic modes, pathotroph, pathotroph-saprotroph,
pathotroph-saprotroph-symbiotroph, pathotroph-sym-
biotroph, saprotroph, saprotroph-symbiotroph, and sym-
biotroph, were allocated for the 170 ASVs (Fig. 7), while



Kaniyassery et al. Phytopathology Research (2024) 6:59
d
-1
14§
?
2 139 *°
2
Ke]
o
z
£ 136
[
2
© —
©
<
=
< 124
i
e
12§ T
— p=0.1
Asymptomatic Symptomatic
C
“Te
c
o
c P
& 3.6 =
<
(%]
3
[}
2
z 2
4
X
© TS
© A
L
2
<
2.4 ‘ 1
1 p=0.99

Asymptomatic Symptomatic

]

Asymptomatic

Page 5 of 18
b 184
-
o
©
<
< 166
x
(]
o -1
£
Z
4
g *
° 144
© 148
s —1
<
\7‘7\
124 == =
Asymptomatic Symptomatic
“Te

0.925
[ =4
o
wv
£
A 0.906¢ s
% *
g -
=
>
£ 0.874
[
=
©
©
£ e
= *

.0.854

®

 E— p=0.5

Asymptomatic Symptomatic

]

Symptomatic

Fig. 2 Fungal diversity in the fungal microbiome of asymptomatic and symptomatic samples. a Observed, b Chao1 index, ¢ Shannon index,

d Simpson index

the trophic mode could not be assigned for the remain-
ing ASVs. The pathotroph-saprotrophic mode was the
most common mode identified in both groups, with an
increased abundance in the symptomatic group com-
pared with the asymptomatic group (difference: 18,523
ASV counts). Pathotrophs and pathotrophs-saprotrophs-
symbiotrophs were more abundant in asymptomatic
samples than in symptomatic leaf samples (differences:
10,794 (pathotrophs) and 11,047 (pathotrophs-sapro-
trophs-symbiotrophs) ASV counts respectively). Sapro-
trophs were more abundant in the symptomatic group
than in the asymptomatic group (difference: 2141 ASV

count). Pathotroph-symbiotrophs were not observed
in the symptomatic group but were represented by two
ASVs in the asymptomatic group. Saprotroph-symbi-
otrophs were characterized by only one ASV but were
dominant in asymptomatic samples, with an ASV count
of 116, and they were significantly less abundant in the
symptomatic group, with a count of 4 (Fig. 7).

PICRUst2 could predict the most regulated meta-
bolic pathways from the ITS profiles. The 30 top
MetaCyc pathways per category can be visualized in
a heatmap (Additional file 1: Figure S3). Pathways
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at the feature level. Samples 1 to 3 represented asymptomatic group from field locations 1, 2, and 3, respectively; Samples 4 to 6 represented

symptomatic group from field locations 1, 2, and 3, respectively

whose expression varied between the symptomatic
and asymptomatic groups. The pathways that repre-
sented the most were the fatty acid elongation pathway
and (5Z)-dodec-5-enoate biosynthesis, with increased
expression in the symptomatic group compared with
the asymptomatic group. The fatty acid elongation
pathway is involved in the biosynthesis of long-chain
fatty acids, which are essential components of cellular
membranes and are crucial for maintaining cell integ-
rity and function. The increased expression of this
pathway in symptomatic samples could indicate a cel-
lular response to stress or damage caused by the leaf
spot disease. (5Z)-Dodec-5-enoate biosynthesis path-
way is related to the biosynthesis of specific fatty acids
that can act as signaling molecules or be involved in
the synthesis of protective compounds. The increased
expression of this pathway in symptomatic samples
suggests that it could possibly be produced by com-
pounds that help to combat the pathogen or mitigate
damage. The least represented pathway was the L-orni-
thine biosynthesis pathway, whose expression was
greater in the asymptomatic group than in the symp-
tomatic group. L-ornithine is a precursor in the bio-
synthesis of polyamines, which are involved in various
cellular processes, including stress response, cell divi-
sion, and differentiation. The higher expression of this
pathway in the asymptomatic group suggests its role

in maintaining plant health and potentially enhancing
resistance to leaf spot disease.

Common families and species for culture method and NGS
analysis

The results of the traditional culturing and isolation
methods and the metabarcoding approach were com-
pared to understand the similarities and differences in
the fungal community structure, as revealed by these
two techniques. The family-level taxonomy of the cul-
tured fungal isolates was identified and compared with
the ASVs assigned to those families from the NGS
analysis. After identifying such ASVs, the abundances
were plotted for the asymptomatic and symptomatic
groups. The 18 cultured isolates belonged to the phyla
Ascomycota and Basidiomycota and were distributed
across 11 different families: Nectriaceae, Botryospha-
eriaceae, Pleosporaceae, Corynesporascaceae, Aspergil-
laceae, Hypocreaceae, Xylariaceae, Ceratobasidiaceae,
Pleosporaceae,  Trichosphaeriaceae,  Diaporthaceae,
and Glomerellaceae. From these families, 7 families
were also detected in the fungal microbiome analysis.
The microbiome analysis did not detect Ceratobasidi-
aceae, Diaporthaceae, Glomerellaceae, or Hypocreaceae.
Corynesporascaceae, Aspergillaceae, Xylariaceae, and
Trichosphaeriaceae were abundant in the asymptomatic
group. In contrast, Nectriaceae, Botryosphaeriaceae,
and Pleosporaceae were abundant in the symptomatic
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group (Fig. 8). The abundance of Pleosporaceae was sig-
nificantly greater in the symptomatic group than in the
asymptomatic group. Alternaria and Curvularia were
the only two fungal genera identified in both culture-
based and NGS-based studies. Alternaria was substan-
tially more abundant in the symptomatic group than in
the asymptomatic group.

Discussion

Fungal symbionts, including endophytes, help plants per-
form better by optimizing nutrient absorption and usage,
boosting resistance to abiotic and biotic challenges, and

thereby enhancing plant development and health (Chris-
tian et al. 2017; Strobel 2018; Trivedi et al. 2020). Because
of their beneficial effects on combating plant patho-
gens, the associated microbiota is often considered as an
extended immune system in plants (Vannier et al. 2019).
The invasion of phytopathogens causes changes in the
composition and relationships of the internal microbial
inhabitants and impacts the behavior of plant pathogens,
thereby modulating disease dynamics (Zhang et al. 2018;
Li et al. 2019; Luo et al. 2019; Akram et al. 2023). Advent
of modern genomic technologies has greatly enhanced
our ability to understand the changes in the phyllosphere
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Fig. 5 a Cladogram and b LDA bar plot based on LEfSe analysis showing the taxa with significant differences between the asymptomatic

and symptomatic groups for all the taxonomically assigned ASVs. Taxonomic hierarchies were arranged from the inside (lower taxonomic level)
to the outside (higher taxonomic level). Red and green nodes in the phylogenetic tree represent differentially abundant taxa in the two groups.
Yellow nodes represent taxa with no significant difference. In the bar plot, the horizontal bars represent the effect size for each taxon. The length
of the bar represents the LDA score. Taxa with significant differences for ASVs with an LDA score [log, ] > 2; p-value < 0.05, FD adjusted. Letters

in front of taxa represent taxonomic level (p=phylum, c=class, o=order, f=family)

microbiome and its effect on the ecosystem function-
ing in a changing environment (Zhu et al. 2022; Sohrabi
et al. 2023). Identification and functional analysis of
the microbial community members is a prerequisite for

constituting rationally designed synthetic communities
(SynComs) that can potentially antagonize the patho-
gen attack (Pradhan et al. 2022). Deploying SynComs to
enhance disease resistance is particularly relevant in the
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Fig. 6 a Cladogram and b LDA bar plot, based on LEfSe analysis showing the genera with significant differences between the asymptomatic

and symptomatic groups. Taxonomic hierarchies were arranged from the inside (lower taxonomic level) to the outside (higher taxonomic level). Red
and green nodes in the phylogenetic tree represent differentially abundant taxa in the two groups. Yellow nodes represent taxa with no significant
difference. In the bar plot, the horizontal bars represent the effect size for each taxon. The length of the bar represents the LDA score. Taxa

with significant differences for ASVs with an LDA score [log, o] > 2; p-value <0.05, FD adjusted. The letters in front of the taxa represent the taxonomic

level (g=genus)

context of cultivars that have limited scope of genetic
improvement and plant species that are critically endan-

gered (Zahn and Amend 2017).

Our study aimed to understand the diversity and
trophic mode distribution of the fungal community asso-

ciated with leaf spot disease in eggplant, focusing on the
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Fig. 7 Pie charts depicting the trophic mode distribution of the samples. Seven trophic modes were assigned using the FUNGuild tool. Pathotroph,
Pathotroph-saprotroph, Pathotroph-saprotroph-symbiotroph, Saprotroph, and Others (includes Pathotroph-symbiotroph, Saprotroph-symbiotroph,
and Symbiotroph). a asymptomatic group, b symptomatic group. F1C, F2C, and F3C represented asymptomatic group from field locations 1, 2,

and 3, respectively; F1S, F2S, and F3S represented symptomatic group from field locations 1, 2, and 3, respectively

variety Mattu Gulla, which is a reputed traditional vari-
ety in the southern state of Karnataka in India that pos-
sesses a Geographical Indication (GI) tag. We followed
traditional culturing and NGS-based ITS rRNA metabar-
coding approaches to compare and elucidate the microbi-
ome associated with symptomatic and asymptomatic leaf
samples. Asymptomatic and symptomatic (with leaf spot
symptoms) samples were collected and culturable fungi
were isolated and identified using molecular biological
methods. Fungal composition and distribution, richness
and diversity, differential abundance, and trophic modes
were elucidated in symptomatic and asymptomatic

groups in the present study. Finally, we compared the
results from culture-based methods and metabarcoding
approaches to understand the fungal community dynam-
ics in leaf spot-affected conditions.

The disease-induced changes in the structure and vari-
ations of the fungal community in eggplant is poorly
understood. Although attempts have been made previ-
ously to identify the leaf-spot-associated fungi in egg-
plant, the outcome was largely limited since it was
solely dependent on a culture-based isolation strategy
that leaves out a large proportion of unculturable spe-
cies (Jinal et al. 2021). By combining culture-based and
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Fig. 8 a, cVenn diagrams representing the unique and common fungal families and genera identified using isolation and culturing methods
and NGS analysis in both the symptomatic and asymptomatic groups. b, d Bar graphs represent the mean abundance of those commonly detected
families and genera in the asymptomatic and symptomatic groups. *** represents p <0.001

NGS-based methods, our study provides a more compre-
hensive understanding of the fungal diversity associated
with eggplant. It is well established that fungi belonging
to the phyla Ascomycota and Basidiomycota constitute
a vast majority of the fungi that colonize plant tissues
(Trivedi et al. 2020). Consistently, most of the fungal
genera identified in our study from both asymptomatic
and symptomatic groups belonged to these two phyla.
The isolates associated with leaf spot of solanaceous
crops, identified by Jinal et al. (2021) predominantly
belonged to genera such as Alternaria, Sarocladium,
Nigrospora, Corynespora, Chaetomium, Penicillium, and
Fusarium. This list shows a remarkable overlap with the
genera that we could isolate and identify by culture-based
method (Additional file 2: Table S1). However, the differ-
ential abundance analysis from the NGS-based amplicon
sequencing data suggested that Alternaria, Remotididy-
mella, Vishniacozyma, Bulleribasidium, Occultifur, Epi-
coccum, and Loratospora are the abundant genera in
the symptomatic leaves. Both culture-based and NGS-
based methods expectedly showed Alternaria, a major
leaf-spot-causing pathogen, as a predominant genus in

the symptomatic group. However, the large differences
observed among the other abundant genera described by
the two methods further highlight the potential limita-
tion of the culture-based method in providing a holistic
picture of the microbiome as compared with the meta-
barcoding approaches. Wang et al. (2022) reported that
Ascomycota, Basidiomycota, and Glomeromycota are
major phyla associated with walnut leaf spot disease,
while Ascomycota and Basidiomycota were found to be
dominant in angular leaf-spot of cucumber (Luo et al
2019), which is comparable to our results.

The most abundant genus found in the asymptomatic
leaves was Cladosporium (Fig. 6), a genus that includes
pathogenic fungi causing foliar diseases as well as endo-
phytic and phylloplane fungi (Bensch et al. 2012). The
beneficial endophytes in the genus can produce plant-
growth promoting compounds and metabolites against
pathogenic fungi (Hamayun et al. 2010; Wang et al. 2013;
Raut et al. 2021). The importance of profiling and under-
standing the pathogen-induced changes in the microbi-
ome of plants has been well established in recent years
(Trivedi et al. 2020; Pereira et al. 2023). Recruitment or
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replacement of specific microorganisms as a strategy
to combat diseases essentially reconstitutes the exist-
ing microbiome composition in plants (Liu et al. 2020).
In general, the changes in the microbiome induced by
fungal pathogens have been studied with a predominant
focus on the bacterial microbiome on both the surface
and endospheric regions of the leaf and root (Trivedi
et al. 2020). Interestingly, as compared to bacterial com-
munities, fungal communities have been reported to
undergo a greater extent of changes in the presence of
pathogens (Gao et al. 2021).

Contrasting observations exist on the effect of patho-
gen infection on the richness and diversity of plant fungal
microbiome. According to our data, symptomatic leaves
showed an increase in the richness and diversity of the
fungal community as compared with the asymptomatic
leaves (Fig. 2 and Additional file 1: Figure S2). Luo et al.
(2019) reported an increase in fungal richness with an
increase in the incidence of angular leafspot in cucumber.
Dynamic changes in the foliar fungal community have
been observed during different phases of disease progres-
sion in multiple cases, where the diversity and richness
showed an initial increase, followed by a decrease (Zhang
et al. 2018; Tao et al. 2021). No significant variation in the
alpha or beta diversity of fungi was observed between
healthy and greasy spot disease-infected citrus leaves
(Abdelfattah et al. 2017). Despite showing no significant
difference in alpha and beta diversity, our data indicated
a considerable change in the fungal community structure
following the incidence of leaf spot disease. This change
was marked by an increase in both the abundance and
diversity of the mycobiome (Fig. 1). The diversity of fun-
gal microbiome showed an increase during Fusarium wilt
in Capsicum annuum, whereas it showed a decrease in
the case of Fusarium infection in tomato (Gao et al. 2021;
Zhou et al. 2021). The effect of pathogens on mycobiome
can also vary between different plant parts. It has been
shown that the reproductive parts are less prone to path-
ogen-induced changes in their mycobiome as compared
with the vegetative parts (Gao et al. 2021). Together, the
dynamics and consequences of pathogen-microbiome
interactions are context-dependent and may vary accord-
ing to the genotype of the host plant (Busby et al. 2016;
Laforest-Lapointe et al. 2016; Xiong et al. 2021). Along
with the host factors, environmental factors such as tem-
perature, pH, and precipitation contribute to regulating
the microbial composition (Tedersoo et al. 2014; Cui
et al. 2019; Vétrovsky et al. 2019; Gao et al. 2020; Faticov
et al. 2021; Yan et al. 2022). These studies report diverg-
ing observations that suggest a highly varying influence
of key environmental factors on determining the commu-
nity structure (Huang et al. 2023). The lack of universal-
ity in the nature of the interactions between the host, the
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environmental factors, and the microbiome composition
highlights the necessity of specific investigations on vari-
ous species and cultivars growing in different agro-cli-
matic conditions.

Pathotroph-saprotroph was the predominant trophic
mode in the symptomatic group, followed by pathotroph-
saprotroph-symbiotroph and saprotroph modes (Fig. 7).
The disturbances caused to the plant defense system
and the partial tissue necrosis due to pathogen invasion
may favor the fungi with pathotroph-saprotroph mode
of nutrition. The symbiotrophic mode has been found
to be very rare in the fungal community in both symp-
tomatic and asymptomatic leaves. In general, the patho-
troph and pathotroph-saprotroph-symbiotroph modes
showed a decrease, whereas saprotrophic mode showed
an increase in the symptomatic group as compared with
the asymptomatic group. Saprotrophs play a critical role
in the decomposition of organisms and the cycling of
energy and nutrients and are the primary decomposers of
dead or weak tissues (Promputtha et al. 2007). The field-
to-field variations we could observe in our findings sug-
gest that fungal community dynamics may differ based
on shifts in associated environmental conditions.

Identification of specific fungal families and genera
linked to diseases enables the exploration of microbial
consortia to yield inoculants that enhance plant defense.
This in turn facilitates breeding for resistant varieties
and signals opportunities for precision disease manage-
ment, including customized fungicides or biocontrol
agents (Ali et al. 2023). Insights into broader ecological
consequences can guide sustainable agriculture practices,
reducing the application of chemicals (Liu et al. 2024).
The unique GI status of eggplant var. Mattu Gulla under-
lines the importance of comparative analyses of fungal
communities across regions for formulating tailor-made
management strategies. Delineating the species-level
composition of the fungal community structure is essen-
tial for further understanding the relative abundance of
pathogenic, neutral, and beneficial fungi in diseased tis-
sues. How the differentially enriched microbiota mecha-
nistically contributes to direct microbial competition and
disease dynamics also needs to be investigated further.

Understanding the changes induced in the physiologi-
cal attributes of the eggplant by the alterations in the fun-
gal microbiome is another important direction of study
in the future. Studying the spatiotemporal changes in
the microbiome and the host physiology in response to
the disease will throw light on the possibility of systemi-
cally induced susceptibility in the host, where gradual
changes in the metabolic pathways in the tissues lead to
a spatially expanding suppression of the immune system
in the host (Seybold et al. 2020). Studying genetic vari-
ations within fungal species will help identify markers
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associated with pathogenicity and understand how these
organisms evolve to overcome host defense. This can
provide crucial information on the diverse mechanisms
driving their virulence and adaptation (Satam et al. 2023).
Our findings contribute significantly to understanding
fungal community dynamics during disease conditions in
eggplant. By identifying the fungal genera that undergo
differential decline and enrichment in healthy and dis-
eased leaves, our study sheds light on potential avenues
for disease control through microecological management
strategies. Moreover, our study points towards the scope
of multidisciplinary approaches in unraveling the under-
lying mechanisms of microbiome responses to global
changes. For example, integrating climate science with
environmental microbiology holds promise for elucidat-
ing how seasonal shifts in temperature, precipitation, and
other atmospheric parameters influence the structure
and function of phyllosphere microbiomes. Furthermore,
delving into the chemical ecology of the phyllosphere
may offer valuable insights into microbiome-mediated
processes such as nutrient cycling and biocontrol, and
how these processes interplay with plant defense mecha-
nisms during pathogen infection.

Conclusion

In summary, our study highlights the dynamics of leaf
fungal microbiome during leaf spot disease in the host
plant, with a specific focus on the eggplant variety Mattu
Gulla. By employing a combination of traditional cultur-
ing methods and next-generation sequencing (NGS), we
offer insights into the leaf-associated fungal community
during symptomatic and asymptomatic conditions. Our
investigation revealed distinct alterations in fungal com-
munity structure and trophic modes corresponding to
the plant’s health status, notably observing higher species
richness in the leaf spot-infected group compared with
the asymptomatic group. Our findings contribute sig-
nificantly to understanding fungal community dynamics
during disease conditions in eggplant, shedding light on
potential avenues for disease control through microeco-
logical management strategies.

Methods

Ethics statement

The samples for this study were collected from private
farmlands with the permission of the farmers of interest,
who are Mattu Gulla Growers Association members at
Mattu Village, Udupi, India. The members are acknowl-
edged for their help and contribution, and the study did
not involve any protected or endangered species.
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Sampling and isolation of culturable fungi

The Mattu Gulla growing areas extend to longitudes
of 74°43" 00”-74°46" 00” and latitudes of 13°13’
00”-13°15" 00”, which are approximately 300 m away
from the western coast (Arabian Sea). Sampling was
conducted during 2018-2019 and 2019-2020. Five
field locations were selected for the study based on
geographical location and cropping pattern and were
visited at regular intervals for observation and sample
collection for the isolation of fungi. Typical leaf spot
symptoms included defined margins and brown cent-
ers with concentric rings that eventually merged. Dur-
ing every visit, leaf samples were randomly collected in
triplicate from each field location and brought to the
laboratory. Immediately, the samples were processed to
reduce the chance of other contaminants. The samples
were surface sterilized according to Omar et al. (2023),
and after surface sterilization, diseased tissue along
with a small portion of the healthy area was cut into
5*5 mm sections and inoculated onto potato dextrose
agar (PDA; SRL diagnostics, India) plates supplemented
with 0.5 pg/mL chloramphenicol to inhibit bacterial
growth. The plates were incubated at 27+ 1°C for 3 to 4
days until mycelium development was observed. Mor-
phologically, different isolates were identified and sub-
jected to subculture, and different fungi were cultured
and identified via morphological and molecular biolog-
ical methods.

Morphological and molecular characterization

of culturable fungi

The fungal isolates were cultured on potato dextrose
agar at 27 +1°C for 10 days. The slide culture method
was implemented to identify the isolates based on mor-
phological features (Barman and Tamuli 2017). Myce-
lium was inoculated on a small piece of agar plug kept
on a sterile glass slide. This was covered with a ster-
ile coverslip and incubated on Whatman filter paper
wetted with autoclaved distilled water inside a sterile
petri plate. The whole setup was incubated for 7 days
at 27+ 1°C. The spores were stained using lactophenol
cotton blue stain and observed under 40X magnifica-
tion (Olympus PX5, Japan). For molecular identifica-
tion, approximately 40 to 50 mg (wet weight) of fungal
mycelium was collected, and genomic DNA was iso-
lated using the NucleoSpin® Microbial DNA Kit by
Macherey-Nagel with MN Beads Type C with myce-
lium disruption for 12 min following the protocol rec-
ommended by the manufacturer. The isolated DNA
was electrophorized on a 0.8% agarose gel, followed by
purity checking with a Nanodrop spectrophotometer
(Eppendorf, India).
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Amplification of the ITS rRNA gene

The ITS rRNA gene was amplified using the univer-
sal primers ITSIF (5-TCCGTAGGTGAACCTGCG
G-3") and ITS4R (5'-TCCTCCGCTTATTGATAT
GC-3") (White et al. 1990). PCR amplification was per-
formed using a Mastercycler nexus gradient thermocy-
cler (Eppendorf, India). A total reaction volume of 20 pL
containing 50 ng of DNA template was prepared using
2x PCR Mastermix (Maxome Labsciences, India), and
the thermal cycling conditions were set as follows: initial
denaturation at 95°C for 5 min; followed by 40 cycles at
95°C for 30 s, 52.5°C for 1 min, 72°C for 1 min; and a final
extension at 72°C for 10 min. The amplified products
were checked in a 1.8% agarose (w/v) gel and visualized
under a gel documentation system (GENAXY Scientific
Pvt. Ltd.). The amplified PCR products were purified
using a QIAquick PCR Purification Kit (Qiagen, India).
The purified PCR amplicons were further sequenced
using specific ITS primers in a sequencer (Applied
Biosystems® 3130 GA; Thermo Fisher Scientific, India).
Sequences were identified using Basic Local Alignment
Search Tool (BLAST) at the National Center for Biotech-
nology Information (NCBI) (http://blast.ncbi.nlm.nih.
gov/Blast.cgi), with a cutoff score>97%, and sequences
were deposited in the GenBank under BioProject ID:
PRJNA1029336.

Study site description and sample collection for NGS

Asymptomatic and symptomatic leaf samples were col-
lected from the fields in Mattu Village, Udupi District,
Karnataka, India, to analyze the fungal microbiome
using a next-generation ITS rRNA-based metabarcod-
ing approach. Three biological replicates were collected
from three different field locations consisting of multiple
nearby plots (GPS coordinates: Field 1, 13°16'18.2”N
74°44'10.4”E, Field 2, 13°27°40.1”N, 74°73'43.9”E, Field
3, 13°16'20.3”N, 74°43'38.2”E). Each field location is
mentioned as samples F1, F2, and F3, respectively, while
from each field, three different plots were considered for
sample collection. From each plot, leaf samples (symp-
tomatic and asymptomatic) were collected in triplicate
so that the sampling consisted of a pool of nine samples
and a total of 27 samples representing asymptomatic and
symptomatic groups, respectively (Additional file 1: Fig-
ure S4). The field location was selected so that they rep-
resented nearby and far-away localities to the river and
sea, ensuring a varied geographical distribution within
the limited cultivation area. The uniformity of agricul-
tural practices and plant age were also considered when
choosing the field location. Infected leaves that showed
a disease lesion to a minimum severity grade of 5 (12
to 25% leaf area affected) according to the Horsfall and
Baratt (H-B) grade scale (Chiang et al. 2020; Guan et al.
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2023) were collected only to maintain uniformity. H-B is
a semiquantitative scale for the visual assessment of plant
disease. After collection, the leaf samples were wiped
with 70% ethanol and freeze-dried using liquid nitro-
gen until further processing for NGS. One part of the
disease-affected leaf tissue was used to isolate culturable
microfungi.

Genomic DNA extraction for NGS

Among the pooled samples, three replicates were used
for DNA extraction. Genomic DNA was isolated using
the HiPurA® Plant Genomic DNA Miniprep Purifica-
tion Kit (HiMedia laboratories, MB507) following the
manufacturer’s instructions. All samples were subjected
to a quality check using a spectrophotometer. The con-
centration of the DNA samples was >50 ng/pL and an
A260/280 ratio close to 1.8 and a 260/230 ratio >2.0. For
validation of the template quality, general PCR targeting
the ITS region was performed for each sample to check
the amplification at two concentrations of template DNA
in the reaction (1 ng/pL and 5 ng/uL). The success rate of
DNA amplification was around 95%. Only the PCR-suc-
cessful samples were taken for further processing.

lllumina library preparation and sequencing

The PCR-successful samples were quantified with a Qubit
fluorometer using a dsDNA broad-range kit (Thermo
Fisher Scientific). The samples were then diluted to 1
ng/pL in low Tris- Ethylenediaminetetraacetic acid (TE)
buffer and subjected to a library preparation workflow
for the ITS region using the Illumina demonstrated pro-
tocol for ITS sequencing with a phased primer strategy.
The protocol uses a phased primer approach outlined by
Fadrosh et al. (2014). Indexed libraries were purified and
pooled at equimolar concentrations to a concentration
of 10 nM. The pool was further validated using an Agi-
lent Tape station 4200 high-sensitivity D1000 screentape
(Agilent) and quantified using a high-sensitivity ds DNA
kit (Thermo Fisher Scientific) from a qubit fluorometer.
The pooled library was run in duplicate on an Illumina
MiSeq instrument using the 2x 250 base chemistry of the
v2 reagent kit according to the manufacturer’s instruc-
tions (HiMedia laboratories Pvt. Ltd.,, Mumbai, India).
The reads produced were demultiplexed on board the
sequencer, and raw fastq files were generated.

Sequence quality assessment

An initial assessment of the raw FASTQ files was carried
out using the software FastQC v0.11.9 (Andrews 2010).
The quality of the sequences used for downstream pro-
cessing is depicted in Additional file 1: Figure S5. The
parameters used to check the raw data quality were, as
reported by Ewels et al. (2016), used to determine the
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quantity of data obtained for each of the paired-read files
for an individual sample. The fastp tool (v0.12.4) was
used to remove adapter contamination (Chen et al. 2018).
A quality score greater than or equal to Q30 shows that
the basecall accuracy at that position is supported by a
probability score of 99.9%. The resulting files for each
amplicon were used as input for downstream processing.

lllumina sequence processing

Cleaning protocols were implemented within the soft-
ware package to infer ITS variants, i.e., the DADA2 pack-
age (v3.11) (Callahan et al. 2016). Graphical profile of
reads was generated in both forward and reverse read
files to get a quality. Although our input data were prefil-
tered, in our workflow, we additionally used parameters
prescribed by the DADA2 package (v3.11) (Callahan
et al. 2016). After cleaning the reads, each sample’s error
profile was computed within DADA2 for both forward
and reverse reads. The algorithm uses a machine learning
approach to learn error rates by reconciling sample errors
with a prior error model to reach a consensus. Once the
error rates were determined for the entire sample set, the
error model was separately applied to each forward and
reverse read pair. The remaining read pairs were merged
to prepare input for querying the database. In the next
step, we removed chimeras from our data. As a final step,
before querying the database, we collated the read statis-
tics from each of the above steps. The codes used for pro-
cessing are provided as Additional file 3.

OTU design and statistical analysis

A naive Bayesian classifier was used to assign taxonomy
using available databases. Once completed, we proceeded
with advanced microbial ecology-based analyses, which
can be executed in the R package phyloseq (McMurdie
and Holmes 2013). Diversity analyses of the microbiomes
were plotted using the Plotly,js (v2.11.1) software pack-
age and Microbiome Analyst 2.0 (Lu et al. 2023) online
software. Plotly.js was chosen because of its interactive
visualization capabilities, allowing users to explore and
manipulate the data dynamically, its ability to customize
visual elements, clarity of the presented data, and com-
patibility with various programming languages, provid-
ing flexibility in implementation. Microbiome Analyst 5.0
is a user-friendly, comprehensive tool with updated refer-
ences. Statistical meta-analysis was performed for micro-
biome analysis for diversity and abundance analysis. The
low count filter score was set to 20% to remove features
with a small count, and the minimum count off was set to
4. The low variance was measured using the interquartile
range, with a percentage cutoff of 10%. Data normaliza-
tion was performed using total sum scaling (TSS).
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The significance of the diversity analysis was calculated
using the Mann—-Whitney U test (nonparametric test)
(p<0.05). The DESeq2 package in R was used to detect
differentially abundant ASVs that may drive the differ-
ences observed between inferred microbial communi-
ties (Love et al. 2014). Differential abundance analysis
was performed between asymptomatic and symptomatic
sample data, and the ASVs with a log,-fold change>2
and p <0.05 were considered significantly enriched, while
the ASVs with a log,-fold change < —2 and p <0.05 were
considered considerably depleted in the asymptomatic
leaf samples. A log2-fold change threshold of >2 was
selected to focus on ASVs with a substantial change in
abundance. The choice of a p value threshold of <0.05
is consistent with DESeq2’s methodology and standard
practices in statistical hypothesis testing. Linear dis-
criminant analysis (LDA) using the effect size (LEfSe)
method (Segata et al. 2011) with default parameters
was used to examine intergroup differences at the phy-
lum, class, order, family, and genus levels in each cluster
(https://huttenhower.sph.harvard.edu/galaxy/root).  To
assess the importance of variations in ASVs between the
two groups, LEfSe employs the two-tailed nonparametric
Kruskal-Wallis test. Furthermore, the FUNGuild data-
base was used to assign trophic modes to ASVs (Mertin
et al. 2022; Yang et al. 2022). Prediction of the functional
composition of the microbial community from its ITS
profiles was carried out using the PICRUst2 tool (Doug-
las et al. 2020) with default parameters.
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Supplementary Material 1: Figure S1. Macroscopic and microscopic
characteristics of fungi isolated from the leaf spot of the eggplant Mattu
Gulla. The upper surface of the fungi is shown in the top panels. a. AKMG1
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to a. AKMG18.The microscopy images shown in panels b1 to b18 were
taken at 40X with a scale of 20 um. Figure S2. The Rarefaction curve plot
showing the species richness of the samples from the three different field
locations studied. Samples 1 to 3 represented asymptomatic group from
field locations 1, 2, and 3, respectively; Samples 4 to 6 represented symp-
tomatic group from field locations 1, 2, and 3, respectively. Figure S3.
Heatmap for the prediction of the top 30 MetaCyc pathways per category
of functional composition of the microbial community metagenome
from its ITS profiles. The data are presented as the relative abundance per
sample for the symptomatic and asymptomatic groups. F1S, F2S, and F3S
represented Symptomatic group samples from field locations 1, 2, and 3,
respectively. Figure S4. Experimental design followed for the collection of
leaf samples for microbiome profiling using NGS. Samples were collected
from three fields at different locations. Three plots were considered from
each field location. Triplicate sampling was performed from each plot with
three symptomatic and three asymptomatic leaves. Asymptomatic and
symptomatic leaves collected from each field location were separately
pooled to obtain one sample for further analysis. Figure S5. Sequence
quality histograms. a The mean quality value across each base position

in the read. b The number of reads with average quality scores. c The
percentage of base calls at each position for which an N was called.

Supplementary Material 2: Table S1. Identification of fungal isolates
associated with leaf spot in S. melongena var. Mattu Gulla using ITS rRNA
sequence analysis. Table S2. Sequence processing results from each step
for the six samples. The sequences were filtered, denoised, and nonchi-
meric sequences were removed. The final processed sequences were con-
sidered for further analysis. F1C, F2C, and F3C represented asymptomatic
groups from field locations 1, 2, and 3, respectively; F1S, F2S, and F3S rep-
resented symptomatic groups from field locations 1, 2, and 3, respectively.
Table S3. The relative abundance of fungal phyla in asymptomatic and
symptomatic groups from the individual field locations. F1C, F2C, and F3C
represented asymptomatic group samples from field locations 1, 2, and 3,
respectively; F1S, F2S, and F3S represented asymptomatic group samples
from field locations 1, 2, and 3, respectively. Table S4. Richness estimators
and diversity indices for the six samples. F1C, F2C, and F3C represented
asymptomatic groups from field locations 1, 2, and 3, respectively; F1S,
F2S, and F3S represented symptomatic groups from field locations 1, 2,
and 3, respectively. Table S5. List of taxonomically assigned ASVs identi-
fied from the NGS analysis of asymptomatic and symptomatic samples
collected from the three field locations. Table S6. Differential abundance
analysis data for the ASVs belonging to the asymptomatic group along
with the base mean, log,-fold change, IfcSE, p value and padj values for
each ASV.

Supplementary Material 3: The codes used for processing the lllumina
sequences.
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