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ABSTRACT
Highland potato areas in East Java, Indonesia—Sumber Brantas and Tosari—face severe late 
blight caused by Phytophthora infestans. We profiled phyllosphere fungal communities 
(phylloplane plus leaf endosphere) on symptomatic potato leaves and examined how 
management contexts may relate to these assemblages. Leaves from “Granola Lembang” 
(Sumber Brantas) and “Granola Kembang” (Tosari) were analyzed using ITS amplicon sequencing 
(Nanopore) and Fourier-transform infrared (FTIR) spectroscopy. After normalization to relative 
abundances, α-diversity (Observed OTUs, Chao1, Shannon, Simpson) was higher in Tosari; 
communities were dominated by Ascomycota (putative endophytes/saprotrophs), whereas 
Sumber Brantas showed lower overall diversity with higher Mucoromycota. PCA of FTIR 
spectra separated samples by site, consistent with cross-site biochemical differences; however, 
we do not infer that FTIR differences are caused by community composition, nor that 
management variables are causal drivers. Instead, we treat management as contextual 
information that co-occurs with site, cultivar, and environmental/soil differences. Causal 
inference is not warranted given the two-site observational design, symptomatic-leaf sampling, 
different cultivars, and limited replication. Within these constraints, our integrative profiling 
provides hypothesis-generating baselines and suggests that management compatible with 
reduced chemical inputs may be associated with richer phyllosphere assemblages of potential 
biocontrol relevance in Indonesian highlands.

1.  Introduction

Sumber Brantas and Tosari in East Java are among 
Indonesia’s most important potato-producing regions. 
Sumber Brantas receives 1,785–2,447 mm annual 
rainfall, with average temperatures of 18–24 °C at 
1,400–1,700 masl; Tosari receives ∼2,101 mm, with 
cooler temperatures of 16–21 °C around 1,700 masl. 
Their cool climate and fertile volcanic soils provide 
conditions conducive to potato cultivation [1,2]. 
However, production faces substantial pressure from 
plant pathogens, notably Phytophthora infestans, the 
agent of late blight affecting foliage and tubers [3], 
with global annual losses exceeding US$6.7 billion [4]. 
In Indonesia, outbreaks in Tosari can cause losses up 
to 50%, whereas Sumber Brantas typically experi-
ences ∼30% yield reductions, with occasional crop 
failure.

P. infestans spreads rapidly under cool, humid 
conditions and can devastate crops within a short 
period [5,6]. Beyond yield loss, its persistence threatens 

farmer livelihoods and often increases reliance on 
fungicides [7]. Fungicides are widely used in Sumber 
Brantas and Tosari as primary control. While effec-
tive, repeated applications can perturb plant-surface 
and soil microbiota, with documented effects on 
bacterial and fungal community structures [8]. The 
phyllosphere—here defined to include both the phyl-
loplane and the leaf endosphere—harbors diverse 
microbial communities that can contribute to disease 
suppression or facilitation [9]. In other crops (e.g., 
sorghum, cacao), phyllosphere fungal diversity has 
been associated with plant health outcomes [10,11], and 
genera such as Trichoderma antagonize pathogens via 
cell-wall-degrading enzymes [12]. Conversely, intensive 
fungicide use has been reported to reduce beneficial 
fungi and alter community composition [13,14].

Beyond chemical control, cultivation practices 
such as mulching and organic fertilization may mod-
ulate microbial dynamics. Mulching can improve  
soil health and support beneficial microbes [15,16], 
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whereas intensive fungicide regimes without such 
practices may coincide with lower diversity. In 
Sumber Brantas, fungicides including mancozeb, 
chlorothalonil, ametoctradin, and dimethomorph are 
routinely applied, whereas farmers in Tosari gener-
ally report less intensive chemical use with greater 
reliance on mulching and organic inputs. These con-
trasting contexts provide an opportunity to examine 
how agricultural practices may relate to phyllosphere 
fungal diversity [17].

Although shifts in soil microbiota under fungicide 
exposure and management have been documented 
[13,14], comparatively less is known about the potato 
phyllosphere under tropical highland conditions. 
Moreover, while amplicon-based (ITS) sequencing 
provides taxonomic resolution, its integration with 
biochemical approaches is limited. Fourier-transform 
infrared (FTIR) spectroscopy can capture biochemi-
cal residues and microbial metabolites [18–20]; in 
this study, its integration with sequencing-based 
community profiling is exploratory.

To address this gap, we profiled phyllosphere fun-
gal communities on late-blight–symptomatic potato 
leaves from Sumber Brantas and Tosari using Oxford 
Nanopore ITS amplicon sequencing together with 
FTIR spectroscopy. Our goals are to describe cross- 
site patterns in community composition and bio-
chemical profiles and to explore how these patterns 
co-occur with reported management practices. The 
study focuses on symptomatic leaves; healthy-leaf 
controls were not included and are identified as a 
priority for future controlled work. Given the 
two-site observational design, differences in cultivars 
and environmental/soil contexts, and limited replica-
tion, we do not make causal inferences; instead, we 
provide hypothesis-generating insights to inform 
microbiome-aware strategies for sustainable disease 
management.

2.  Materials and methods

2.1.  Study area and sampling

Samples were collected from two highland potato 
locations in East Java, Indonesia: Sumber Brantas 
Village, Batu City, and Tosari Village, Pasuruan 
Regency. GPS coordinates (decimal degrees) were 
recorded as Sumber Brantas (−7.761385, 112.529880) 
and Tosari (−7.876000, 112.894000) (Figure 1). Sumber 
Brantas is situated at 1,400–1,700 masl, with 1,785–
2,447 mm annual rainfall and average temperatures of 
18–24 °C. Tosari lies at ∼1,700 masl, with ∼2,101 mm 
annual rainfall and average temperatures of 16–21 °C. 
Both areas have fertile volcanic soils conducive  
to intensive potato cultivation [1,2]. The cultivated 

varieties differed by site: “Granola Lembang” in 
Sumber Brantas and “Granola Kembang” in Tosari.

At each location, five potato plants exhibiting typ-
ical late blight symptoms attributable to Phytophthora 
infestans were purposively selected. Plants were at a 
comparable growth stage (∼40 days after planting, 
DAP). From each plant, one fully expanded mid- 
canopy symptomatic leaflet was sampled, yielding 
n = 5 leaves per site (ten leaves in total). Sampling 
was conducted during the dry season at ∼18–20 °C 
and ∼80% relative humidity. No surface sterilization 
was applied prior to DNA extraction; thus, in this 
study the phyllosphere profile includes both the 
phylloplane and the leaf endosphere. To obtain a 
site-level composite for sequencing, equal-mass ali-
quots from the five leaves per site were pooled into 
one composite DNA sample per site. Field blanks and 
extraction negative controls (NTCs) were included 
and processed alongside samples.

2.2.  Microscopic examination of  
late-blight–symptomatic potato leaves

Microscopic observations were conducted on potato 
leaves showing characteristic symptoms of late blight. 
From each plant, the apical and marginal regions of 
symptomatic leaflets were selected as observation 
areas, focusing on the abaxial (lower) surface where 
sporulation typically occurs. Leaf pieces approxi-
mately 5 × 5 mm in size were placed abaxial-side 
down directly onto glass slides and examined under 
a bright-field light microscope using the dry-mount 
method (without mounting medium) to preserve the 
natural arrangement of surface structures.

To further resolve diagnostic morphology attrib-
utable to Phytophthora infestans, a complementary 
wet-mount preparation was made from the same 
symptomatic leaves by gently teasing mycelium from 
lesion margins with a sterile needle/forceps. The 
mycelium-bearing tissue was placed on a glass slide 
with a drop of sterile distilled water as the mounting 
medium, covered with a coverslip to avoid excessive 
compression, and examined under bright-field 
microscopy (400×) to visualize branched sporangio-
phores and ovoid to lemon-shaped sporangia.

Observations were performed using an Olympus 
BX41 microscope equipped with a digital camera 
Olympus DP26. Images were captured with the 
attached acquisition software under identical expo-
sure settings; only linear adjustments to brightness 
and contrast were applied, with no image mani
pulation. The combined dry-mount and wet-mount 
procedures enabled visualization of surface-borne 
sporulation on naturally infected tissues while also 
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Figure 1.  Sampling locations and symptomatic potato foliage caused by Phytophthora infestans in East Java. (A) Representative 
symptomatic leaflets in the field indicating the two sampled regions: the apical (leaf tip) region and the marginal (leaf edge) 
region. Field sources: Sumber Brantas (SB), Batu City and Tosari (TS), Pasuruan Regency. (B) Bright-field micrographs (dry-mount) 
of the abaxial surface from these regions at 10x, showing surface-borne sporulation along lesion margins (single arrowheads). 
(C) Higher-magnification view of the abaxial surface highlighting branched sporangiophores and sporangia. (D) Microscopic 
features caused by Phytophthora infestans, including dichotomously branched sporangiophores bearing ovoid to lemon-shaped 
sporangia (double arrowheads). Images were acquired using an Olympus BX41 microscope with an Olympus DP26 camera; 
only linear brightness/contrast adjustments were applied. Note: Panel letters (A–D) denote image type; TS and SB denote 
collection sites.
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resolving key microscopic features consistent with  
P. infestans.

2.3.  DNA extraction

Genomic DNA was extracted from symptomatic leaf 
tissue using the Plant Genomic DNA Mini Kit 
(Geneaid Biotech Ltd., Taipei, Taiwan). Approximately 
50 mg of frozen tissue was ground in liquid nitrogen 
with a sterile mortar and pestle and transferred to 
microtubes. Extractions followed the manufacturer’s 
protocol (tissue lysis, DNA binding, washing, elu-
tion). DNA purity and concentration were assessed 
using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific, USA); A260/280 ratios were 1.8–2.0 
and concentrations ranged from 20–80 ng/µL. DNA 
was stored at −20 °C until analysis.

2.4.  ITS amplification (amplicon-based 
sequencing)

The fungal ITS region was amplified with universal 
primers ITS1-F and ITS4. Each 10 µL PCR contained 
2 µL DNA template, 5 µL Taq PCR Master Mix 
(TIANGEN, Beijing, China), 1 µL of each primer 
(10 µM), and 1 µL nuclease-free water. Cycling condi-
tions were: 95 °C for 3 min; 35 cycles of 95 °C for 
30 s, 55 °C for 30 s, and 72 °C for 60 s; final extension 
at 72 °C for 5 min. PCR products were run on 1% 
agarose gels (75 V, 60 min), stained with ethidium 
bromide, and visualized under UV transillumination; 
a single band at ∼400–500 bp was observed for sam-
ples, while the no-template control (NTC) showed 
no bands (Supplementary Figure S1), confirming 
amplicon integrity (no primer-dimers or nonspecific 
products). PCR products were purified (column- 
based cleanup) and quantified using the Qubit™ 
dsDNA HS Assay (Thermo Fisher Scientific), yield-
ing 8.5–25 ng/µL (all ≥ 8.5 ng/µL) with A260/280 ≈ 1.8–
2.0; libraries were prepared only for samples meeting 
these criteria.

2.5.  Oxford nanopore sequencing and 
bioinformatics

ITS amplicon sequencing was performed using the 
Oxford Nanopore platform. For each location, the 
pooled composite DNA (from five symptomatic 
leaves) was prepared for library construction with 
Oxford Nanopore Technologies kits following the 
manufacturer’s instructions. Sequencing was carried 
out with MinKNOW v22.05.7; raw signals were 
basecalled using Guppy v6.1.5 in high-accuracy 
(HAC) mode.

FASTQ files were evaluated using NanoPlot for 
read-length and quality distributions. Low-quality 
reads (Q score < 7 and length < 200 bp) were 
removed with NanoFilt prior to downstream analy-
ses. Taxonomic classification was performed using 
Centrifuge against the NCBI ITS RefSeq targeted-loci 
database (downloaded from the NCBI Targeted Loci 
repository). Per-site feature/OTU tables were nor-
malized to relative abundances to account for differ-
ences in sequencing depth. Community diversity 
summaries and graphics were produced in R v4.2.0; 
visualizations included Pavian and Krona Tools. We 
note that long ITS amplicons from Nanopore can 
improve taxonomic resolution for certain fungal 
groups; higher per-read error rates were mitigated 
via high-accuracy basecalling and quality control.

Replication note. Because sequencing was per-
formed on one site-level composite per location (no 
molecular replicates), diversity results are presented 
descriptively; inferential statistics (e.g., PERMANOVA) 
were not performed on the sequencing dataset.

2.6.  Heatmap visualization

Heatmap visualization was conducted in R (v4.2.0) 
using the pheatmap package (v1.0.12). The top 40 
fungal genera were selected based on their total rel-
ative abundance across samples. Prior to visualiza-
tion, relative abundance values were log-transformed 
(log10) to reduce the impact of extreme values and 
improve the interpretability of the heatmap. This 
normalization compressed the wide range of abun-
dance values, allowing subtle variations among less 
abundant genera to become more distinguishable 
and resulting in a more balanced and informative 
visualization of community composition.

2.7.  FTIR (fourier transform infrared) 
spectroscopy

Symptomatic leaf subsamples (n = 3 per sites) from 
the same sites were ground in liquid nitrogen to a 
fine powder. Infrared spectra were acquired using a 
Shimadzu IRSpirit FTIR spectrophotometer equipped 
with an ATR accessory. Samples were placed directly 
on the ATR crystal and compressed with a pressure 
arm to ensure optimal contact. Background spectra 
were collected prior to each run. Spectra were 
recorded over 4000–400 cm−1 at 4 cm−1 resolution 
with 32 scans per spectrum. Each site was repre-
sented by three biological replicates. Spectral prepro-
cessing and peak assignment were conducted in 
Essential FTIR (Operant LLC, USA), including base-
line correction, Savitzky–Golay smoothing, and 

https://doi.org/10.1080/12298093.2025.2610589
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vector normalization. Additional visualization was 
performed with OriginPro 2022 (OriginLab 
Corporation, USA).

2.8.  Principal component analysis (PCA) of FTIR 
spectra

Preprocessed FTIR spectra were normalized, mean- 
centered, and scaled prior to ordination. PCA was 
conducted in R v4.2.0 using FactoMineR and facto-
extra (PCA() and fviz_pca_ind()). Because ITS 
sequencing yielded one composite per site while 
FTIR had n = 3 replicates per site, paired FTIR–taxa 
correlations were not performed; FTIR results are 
presented exploratorily to visualize cross-site bio-
chemical patterns.

3.  Results

3.1.  Site characteristics and agronomic context

Tosari District (Pasuruan Regency) and Sumber 
Brantas Village, Bumiaji District (Batu City) were 
selected as representative highland sites for potato 
plants showing late blight symptoms (Figure 1). In 
2023, Tosari was the largest potato-producing area  
in Pasuruan (4,370 ha; 3,529 ha in 2019), whereas 
Sumber Brantas covered 481 ha [21]. Tosari lies at 
∼1,700 masl in the Tengger Mountains; Sumber 
Brantas is located at 1,400–1,700 masl. Farmers grew 
“Granola Kembang” in Tosari and “Granola Lembang”  
in Sumber Brantas.

Both regions practice monoculture potato cultiva-
tion, with notable differences in reported manage-
ment. Farmers in Sumber Brantas frequently apply 
systemic fungicides (e.g., mancozeb, chlorothalonil, 
ametoctradin, dimethomorph), whereas farmers in 
Tosari report less intensive chemical use alongside 
plastic mulching and higher organic inputs (∼20 t 
ha−1 vs. ∼0.5 t ha−1). Soils differ as Andisols (Sumber 
Brantas) versus Inceptisols (Tosari), and pH ranges 
overlapped (Sumber Brantas 4.0–5.5; Tosari 4.5–5.5). 
These environmental and management contexts are 

descriptive (non-experimental) and are considered 
when interpreting cross-site patterns (Table 1).

3.2.  ITS amplicon sequencing overview

PCR amplification of the fungal ITS region yielded 
clear ∼400–500 bp products (Supplementary Figure S1). 
Oxford Nanopore ITS amplicon sequencing pro-
duced 66,160 quality-filtered reads for Tosari and 
50,864 for Sumber Brantas. Krona visualizations 
indicated a higher proportion of unclassified reads 
in Tosari (28,123; 43%) than in Sumber Brantas 
(14,126; 28%) (Figure 2). We note that a larger 
“unclassified” fraction may reflect database coverage 
and read characteristics, and is not necessarily evi-
dence of higher ecological complexity.

Because reads were derived from one site-level 
composite per location, sequencing-derived commu-
nity summaries are descriptive. Per-site feature tables 
were normalized to relative abundances before 
summarization.

3.3.  Cross-site community composition

At the phylum level, the Sumber Brantas composite 
was enriched in Mucoromycota, while the Tosari 
composite was enriched in Ascomycota (Figure 2). 
These phylum-level contrasts are coincident with 
differences in site, cultivar, soils, and reported man-
agement, and therefore are interpreted without causal 
attribution. Similar cross-site patterns have been 
noted in other crop systems where environmental 
and management variation is associated with shifts 
in dominant fungal taxa [22–30].

Richness estimators computed on the site-level 
composites suggested higher richness/evenness for 
Tosari than Sumber Brantas (Observed OTUs 312 
vs. 183; Chao1 572.33 vs. 361.25; Shannon 2.40 vs. 
1.18; Simpson 0.85 vs. 0.45) (Figures 3 and S2). 
Given the lack of molecular replication for sequenc-
ing, these indices are presented for baseline compar-
ison only. Heatmap summaries (Figure 4a) indicated 
higher genus-level relative abundances in Tosari. A 
Venn diagram based on taxon assignments (Figure 
4b) showed 312 and 183 assigned OTUs/taxa for 
Tosari and Sumber Brantas, respectively, with 117 
shared. We avoid interpreting these counts as species 
numbers and treat them as assigned OTUs/taxa from 
the composite profiles. While causality cannot be 
inferred here, prior studies note that shifts toward 
Ascomycota- or Mucoromycota-dominated assem-
blages can co-occur with environmental and man-
agement differences, with potential implications for 
decomposition traits and stress tolerance [22–32].

Table 1. C omparison of potato cultivation practices in Sumber 
Brantas and Tosari.
Parameter Sumber Brantas Tosari

Variety Granola Lembang Granola Kembang
Fungicide (Active 

Ingredient)
Mancozeb, chlorothalonil, 

ametoctradin, 
dimethomorph

Propineb, mancozeb, 
chlorothalonil

Use of Mulch Not used Plastic mulch
Organic Fertilizer Manure 0.5 ton/ha Manure 20 ton/ha
Chemical Fertilizer ZA 250 kg/ha, NPK 

250 kg/ha
Phonska 100 kg/ha

Soil pH 4-5.5 4.5-5.5
Soil type Andisol Inceptisol

https://doi.org/10.1080/12298093.2025.2610589
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Figure 2. C omparison of phyllosphere fungal assignments using krona and Sankey diagrams. (a,c) Sumber Brantas (SB); (b,d) 
Tosari (TS). Exports shown at ≥300 dpi with enlarged labels for readability.
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3.4.  FTIR spectral features

ATR-FTIR spectra from symptomatic leaves revealed 
site-differentiated biochemical signatures (Table 2). 
Each site was represented by three biological repli-
cates. Replicates from Sumber Brantas showed consis-
tent bands at 1641–1648 cm−1 (amide I), 2852–2853/ 
2915–2919 cm−1 (aliphatic C–H stretching), and 3200– 
3400 cm−1 (O–H/N–H), indicative of proteinaceous, 
lipid-associated, and hydroxyl-bearing constituents 
(Figure 5) [18,19]. The amide I region is sensitive to 
protein secondary structure [33]. The broad O–H/
N–H envelope (3200–3400 cm−1) can overlap with 
phenolic signatures potentially associated with host 
stress responses to Phytophthora infestans [18–20,33,34]. 

Band assignments across amide, carbohydrate, and 
carbonyl regions are consistent with ATR-FTIR re
ports for plant tissues and microbial matrices [35–38], 
and the presence of polysaccharide/organic-acid sig-
nals in the 1200–900 cm−1 region is in line with lit-
erature on leaf and soil constituents [39].

In the fingerprint region (600–1800 cm−1), Sumber 
Brantas showed peaks at 959 and 1009 cm−1 that 
were not evident in Tosari. These bands can involve 
polysaccharide C–O stretching and/or phosphodi-
ester/CH out-of-plane vibrations. Both sites shared 
prominent bands at 1076–1094 cm−1 (C–C/C–O/PO2

-), 
and amide III features near 1244–1246 and 1313–
1318 cm−1. A carbonyl band at 1726–1735 cm−1 is 

Figure 3.  Alpha-diversity of phyllosphere fungal communities in Tosari and Sumber Brantas (descriptive, composite samples). 
Shannon (H′) and Simpson (1–D) indices computed from Oxford Nanopore ITS amplicon data after quality filtering (NanoFilt, 
Q < 7 and length < 200 bp removed) and normalization to relative abundances. Each value represents one site-level composite 
(five symptomatic leaves pooled per location).
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Figure 4.  Heatmap of phyllosphere fungal abundance and shared taxa between Sumber Brantas and Tosari. (a) Heatmap 
showing relative abundance of fungal species (species names italicized) from Oxford Nanopore ITS amplicon reads classified 
with Centrifuge against the NCBI ITS RefSeq targeted-loci database. Columns correspond to site-level composites (Sumber 
Brantas; Tosari). The color scale indicates read abundance (log-like steps as displayed: ∼1, 16, 256, 4096). (b) Venn diagram 
indicating shared and unique OTUs/taxa between the two site-level composites.



128 A. L. ABADI ET AL.

consistent with esters (e.g., lipids/phospholipids) 
[18,19,34,40]. Overall intensity differences across 
amide and O–H/N–H regions suggest distinct leaf 
biochemical states between sites; however, we do not 
infer that these FTIR differences are caused by 
microbiome composition or management alone, as 
they most likely reflect host physiological responses 
to late blight infection.

3.5.  PCA of FTIR spectra

PCA of preprocessed FTIR spectra separated sites 
along PC1–PC2 (e.g., 48.1% and 31.7% of variance, 
respectively) (Figure 6). Sumber Brantas replicates 
clustered tightly (positive PC1), while Tosari occu-
pied negative PC1 space. Loadings highlighted con-
tributions from amide I (1641–1648 cm−1), O–H/N–H 
(3200–3400 cm−1), and 959/1009 cm−1 to Sumber 
Brantas separation, and contributions from 1076–
1094  cm−1 (carbohydrate-associated) and 2852–
2919  cm−1 (aliphatic C–H) toward Tosari. These 
ordinations visualize cross-site biochemical differ-
ences and are interpreted exploratorily (no paired 
FTIR–taxa correlations were performed due to 
sequencing composites). These findings are consistent 
with prior reports demonstrating the utility of FTIR–
PCA for discriminating sample groups based on bio-
chemical signatures under varying conditions [41,42].

4.  Discussion

Cross-site contrasts in the composite ITS profiles 
(Ascomycota-enriched in Tosari; Mucoromycota- 
enriched in Sumber Brantas) and FTIR spectra 
(amide/O–H/N–H prominence and 959/1009 cm−1 
features in Sumber Brantas) indicate differences in 
leaf-associated fungal assemblages and biochemical 
states under late blight pressure. These biochemical 
differences captured by FTIR are likely dominated 
by host metabolic responses to infection rather than 
by microbial composition per se. Because the study 
used one sequencing composite per site and involved 
different cultivars, soils, and management contexts, 
we interpret these patterns as associations rather 
than causal effects. Mechanistically, members of 
Ascomycota encompass diverse endophytes and sap-
rotrophs with enzyme portfolios linked to leaf-surface 
resource use, whereas Mucoromycota include taxa 
reported from stress-affected or disturbance-prone 
niches [31,32]. Such patterns in our composites are 
consistent with context-dependent assembly rather 
than single-factor control.

The descriptive richness/evenness indices for the 
composites were higher for Tosari than Sumber 
Brantas, consistent with literature showing that fre-
quent chemical inputs can coincide with lower fungal 
diversity, while organic amendments/mulching can 
coincide with richer microbial assemblages [43–50]. 

Table 2.  FTIR spectral peaks and functional group assignment.
Wavenumber (cm−1) Functional group/vibration Possible compound class Biological interpretation Citation

511 (Tosari) P–O bending/S–S stretching Phosphate minerals, disulfide 
bonds (proteins)

May indicate inorganic phosphate 
residues or structural disulfide 
bonds in proteins

536 (Sumber Brantas) PO₄3⁻ bending (symmetric) Phosphates, phospholipids, 
nucleic acids

Suggests phosphate accumulation, 
possibly microbial or 
plant-derived

959 (Sumber Brantas) C–O stretching/CH 
out-of-plane

Polysaccharides, nucleic acids Likely microbial metabolites or 
carbohydrate/nucleic acid residues

1009 (Sumber Brantas) C–O stretching, CH 
out-of-plane

Carbohydrates, nucleic acids Stress-induced carbohydrate 
signatures or DNA/RNA-related 
bands

1076–1094 C–O, C–C stretching; 
PO₂⁻ symmetric

Polysaccharides, DNA/RNA Structural polysaccharides, microbial 
cell wall, or nucleic acids

[19]

1244–1246 Amide III (C–N stretch + N–H 
bend); PO₂⁻ asymmetric

Proteins, nucleic acids Protein secondary structure, possible 
overlap with DNA/RNA

[19,31,32]

1313–1318 Amide III Proteins Proteinaceous compounds (peptides, 
enzymes)

[32]

1410 (Sumber Brantas) COO⁻ symmetric stretch Organic acids, pectin Carboxylate-rich metabolites, linked 
to stress metabolism

1547 (Tosari) Amide II (N–H bend + C–N 
stretch)

Proteins, peptides Protein structures, stress-related 
conformations

[24]

1641–1648 Amide I (C = O stretching) Proteins Protein backbone, α-helix/β-sheet 
balance

[25]

1726–1735 C = O ester stretching Lipids, pectin, phospholipids Membrane lipids, esterified 
polysaccharides

[20,32]

2852–2853 CH₂ symmetric stretch Lipids (fatty acids, 
phospholipids)

Lipid chains, cuticular waxes [18]

2915–2919 CH₂ asymmetric stretch Lipids (fatty acids, 
phospholipids)

Membrane lipid content [32,34,40]

3200–3400 O–H/N–H stretching Water, hydroxyls, amines Bound water, phenolics, protein 
hydrogen bonding

[41,42]
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These descriptive observations also align with stud-
ies reporting that fungicide applications can affect 
non-target fungal communities in the phyllosphere 
and soil and alter overall community structure  
[24–30]. In parallel, efficacy and usage patterns of 
specific active ingredients (e.g., ametoctradin– 
dimethomorph combinations) have been documented 
in other pathosystems, underscoring the need to bal-
ance disease control with potential community-wide 
effects [51]. Similarly, FTIR band patterns (amide I, 
O–H/N–H, carbonyl, and fingerprint peaks) reflect 
leaf biochemical differences that may involve host 
responses to Phytophthora infestans, microbial meta
bolites, and/or environmental inputs [18–20,33,34,40]. 
Without paired molecular replicates, we do not claim 
direct correspondence between specific taxa and 
FTIR bands.

Additionally, several studies report that specific 
cultivation/amelioration practices can shape phyllosphere 

communities via changes in microhabitats and 
resource availability [22,23]. More broadly, these 
observations align with the pivotal roles of phyllo-
sphere microorganisms at the plant–atmosphere 
interface and their interactions with other microbial 
guilds, which can shape host physiology and stress 
responses [52,53]. Collectively, the integrative (ITS–
FTIR) readouts provide a baseline for designing con-
trolled follow-ups (e.g., replicate ITS per plant, 
within-site gradients of fungicide/organic inputs, and 
healthy-leaf controls) and for testing targeted hypoth-
eses about management–microbiome–biochemistry 
linkages. Such designs would enable statistical infer-
ence (e.g., PERMANOVA with dispersion checks) 
and taxon–band association testing with appropriate 
correction. Future studies incorporating biological 
replication for both ITS and FTIR datasets will be 
required to statistically assess cross-modality 
associations.

Figure 5.  FTIR spectra are interpreted as exploratory biochemical profiles illustrating cross-site biochemical variation. Panels: 
(a) Sumber Brantas (three replicates); (b) Tosari (three replicates).
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