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Abstract

Potato (Solanum tuberosum L.) is a vital food security and cash crop in Eritrea, yet bacterial and fungal
pathogens responsible for 15-30% yield losses remain molecularly uncharacterized across its
production systems. Here, we present the first nationwide amplicon-based metagenomic survey of
potato pathogen communities, sampling 81 farms across 14 sub-regions spanning four agroclimatic
regions during July—August 2024. High-throughput amplicon sequencing targeting the bacterial 165
rRNA V3-V4 region and fungal ITS1-ITS2 loci revealed pronounced geographic heterogeneity in
community composition and alpha diversity. Pseudomonas spp. were ubiquitous, with peak relative
abundance of 19.5% in Dekemhare. Dominant fungi included Alternaria spp. (14% in Berik), Fusarium
spp. (highest diversity 53.8% in Adi Kuala), Botrytis cinerea (37% in Adi Keih), and Rhizoctonia solani
(44.4% in Adi Tekeliezan). Bacterial Shannon diversity averaged 5.67; fungal, 4.70. Weighted UniFrac
PCoA accounted for 56.5% of bacterial community variance along PCl1, confirming distinct
geographic clustering. Critically, latent infections of Pseudomonas, Alternaria, Fusarium, and
Colletotrichum were detected in every asymptomatic sample examined, demonstrating the
inadequacy of visual-only disease surveillance. These findings establish the first molecular baseline
for potato pathogen diversity in Eritrea, providing the empirical foundation for region-specific
integrated disease management and evidence-based seed certification protocols.

Keywords: phytopathogen communities; 16S rRNA; ITS sequencing; asymptomatic infection;
Eritrean agriculture; Halhale-NARI; amplicon sequencing

1. Introduction

Potato (Solanum tuberosum L.) is an important food and cash crop supporting many populations
around the world for both income generation and ensuring food security. However, its production is
seriously challenged by several biotic and abiotic stresses, where bacterial and fungal pathogens are
the most economically important pathogens, leading to severe yield reductions up to 15% - 30% in
East African countries [1]. In Eritrea, potatoes are mainly grown in the highlands of Maekel and
Debub regions. The medium climatic conditions in these regions provide the optimal conditions for
crop growth, while the crops’ nature facilitates colonisation by pathogens that lead to disease and
spread from generation to generation. Understanding and managing disease requires full
information on the causative agents’ biology, genetic variation, and the spatial distribution patterns
in the specific production environments. Conventional disease surveillance methods have been
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heavily dependent on visual symptom identification and isolation by culture-based techniques [2].
However, such conventional methods can only give a pathogen profile of the already reported
pathogen diversity in the region using target primers or reference materials. This creates incomplete
information for pathogens that show similar symptoms, and pathogens that are not easily grown on
culture media are difficult to identify. Moreover, the absence of visible symptoms, such as the
emerging recombinant strains of PV [3], often leads to the omission or underestimation of important
yield reducing diseases.

Metagenomic methods facilitate a comprehensive, culture-independent analysis of complete
microbial communities, offering vast possibilities for revolutionising disease identification and
management [4,5]. Amplicon sequencing targets conserved marker genes to characterize bacterial
(165 rRNA) and fungal (ITS) communities, providing data on alpha and beta diversity [6]. The
culture-independent method enables the profiling of whole communities of microorganisms. This
approach permits the detection of multiple concurrent pathogens, the resolution of geographic
patterns of pathogen distribution, and hidden or cryptic infections in plants that may not show
symptoms or are classified as uninfected [7]. This is critical for understanding the composition and
spatial distribution of bacterial and fungal pathogens. In Eritrea, so far, no comprehensive
geographically based molecular systematic potato disease survey has been conducted across the
diverse production zones. The absence of molecular characterization constitutes a significant gap, as
such data are essential for comprehending pathogen evolution, dissemination, monitoring disease
spread, understanding inoculum sources, evaluating emerging strain risks, developing better control
strategies, and assisting in breeding initiatives. Characterizing pathogen populations in Eritrea will
provide a significant contribution to understand regional disease dynamics, identifying sources and
hotspots, and developing coordinated regional management strategies.

2. Materials and Methods
2.1. Study Areas and Sampling

The study was conducted in 14 potato growing sub-regions under four regions of Eritrea: Maekel
(Central), Debub (Southern), Gash Barka, and Anseba. The later two regions were represented by
Logo Anseba and Adi Tekeliezan sub-regions, respectively, where their agroecology resembles the
other first two major potato growing regions. In these sub-regions, 81 farms were selected
purposively to ensure comprehensive coverage of diverse agroecological zones during the growing
season of July-August 2023. Moreover, the sampling sites were selected based on inclusive criteria
that included major potato production areas, agroecological significance, historical disease incidence
records, fields that are used for seed and ware potato production, and areas where potato production
and agroecology intersected on existing maps. Additionally, clustered and pocket areas were
prioritized in consultation with local sub-region extension workers.
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Figure 1. Surveyed potato growing subregions of Eritrea and Agroecological zones represented by altitudinal
gradients.

Within each selected farm, a diagonal sampling technique was used to collect leaf, stem, and
tuber samples from symptomatic, diseased plants. Furthermore, representative samples were
collected from asymptomatic (visually healthy looking) plants from three potato production farms at
different sub-regions, namely Dubarwa (labelled as Asy Dubarwa), Adi Keih (labelled as Asy Adi
Keih), and Gala Nefhi (labelled as Asy Gala Nethi) to investigate latent infections.

The samples collected from each farm were then pooled into one sample. Similarly, for the
asymptomatic samples, one pooled sample was prepared per selected area. Each pooled sample
designated for DNA extraction was immediately placed in zip-locked plastic bags. Strict disinfection
protocols, including the use of ethanol and gloves, were followed for hands and tools between
sampling sites to prevent cross-contamination between farms and samples

2.2. Crude Sample Extraction

Leaf samples were ground using a pestle and mortar with liquid nitrogen at the National Animal
and Plant Health Laboratory of Eritrea (NAPHL). The ground crude samples were then sealed in 2
mL Eppendorf tubes, and DNA/RNA Shield (Zymo Research, Irvine, CA, USA) was added to
preserve nucleic acid integrity, and stored at 4 °C until further processing.

2.3. DNA Extraction

Total DNA was extracted following the protocol described by [8] with in-house modifications at
the Institute of Biotechnology Research (IBR) laboratory of JKUAT. The crude sample (300-400pL)
was washed with an equal amount of phosphate-buffered saline (PBS) by centrifuging at 13000rpm
for 5min to remove the DNA/RNA shield used for nucleic acid stabilization during transport. The
supernatant was discarded, and 0.15g of powdered activated charcoal (PAC), 500 uL of CTAB
(cetyltrimethylammonium bromide) buffer, 300 uL of SDS (sodium dodecyl sulfate) (10%), and
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finally 20 uL of proteinase K (20 mg/ml) were added to a 2ml centrifuge tube. The mixture was then
vortexed to homogenise and incubated in a water bath at 65 °C for 1 hour with intermittent shaking.
Following this, 30 uL of lysozyme was added, and samples were then transferred to a 37 °C water
bath for 45 minutes of incubation. The supernatant was collected after centrifuging at 12000 rpm
under 4 °C for 20 minutes. Half the volume of PEG 6000 (30% in 1 M NaCl) was added to precipitate
the DNA and left at room temperature for 1 hour. Thereafter, 1 ml of TE buffer (pH 8.0), 100 uL of
5M potassium acetate was added and incubated at 4 °C for 15min. An equal volume of phenol-
chloroform-isoamyl alcohol (25:24:1) was added, and the mixture stood at room temperature for 10
min, followed by centrifugation at 10000rpm for 10minutes under 4 °C. The aqueous layer was
transferred into a new tube, treated with 0.7 volume of isopropanol, and left for 1 hour at room
temperature. DNA was precipitated by centrifugation at 10000rpm for 10 min at 4 °C. The resulting
pellet was washed sequentially with 1 mL of 75% ethanol and 1 mL of anhydrous alcohol, each
followed by centrifugation at 10,000 rpm for 10 minutes under 4 °C and dried at room temperature.
The dried pellet was eluted in 60 pL of nuclease-free water and stored at -20 °C until further analysis.
The extracted DNA was then pooled into 17 (Based on 14 symptomatic +3 asymptomatic samples
during collection), representing the sampled potato growing sub-regions in the country [9].

2.4. Library Preparation and Sequencing

The construction of the amplicon library followed the protocols for 165 and ITS Metagenomic
Sequencing Library preparation, using the Nextera XT Index V2 Kit (Illumina Inc., Madison, WI,
USA). For bacterial community profiling, the V3-V4 hypervariable region of the 16S rRNA gene was
amplified, and for the fungal community, the internal transcribed spacer (ITS1 and ITS2) region was
targeted. The adapter and PCR primers utilised are described in Table 1. Paired-end sequencing (2 x
301 bp) was performed on an Illumina MiSeq (Illumina Inc., San Diego, CA, USA). A total of 34
libraries were sequenced, comprising 17 for 165 rRNA and 17 for ITS regions.

Table 1. Primers and adaptors used in sequencing on the Illumina MiSeq platform.

Type Read Type Sequence

Nextera kit adapters Forward CTGTCTCITATACACATCTCCGAGCCCACGAGAC
for both 16S and ITS adapter

amplicon Reverse adapter CTGTCTCTTATACACATCTGACGCTGCCGACGA
sequencing

16S V3-V4 Primers Forward primer CCTACGGGNGGCWGCAG

Reverse primer GACTACHVGGGTATCTAATCC

ITS1-ITS2 Primers Forward primer CTTGGTCATTTAGAGGAAGTAA
Reverse primer ~GCTGCGTTCTTCATCGATGC

2.5. Data Preprocessing and ASV Generation

After sequencing, Cutadapt(v3.2) [10] was utilized to remove adapter and primer sequences
from the raw data. Additionally, forward and reverse reads were trimmed to 250bp and 200bp using
Cutadapt(v3.2). Amplicon Sequence Variants (ASVs) were generated through error-correction,
merging, and denoising processes implemented in DADA2 (v1.18.0) [11]. Sequences with an expected
error rate of 2 or more were excluded. Erroneous reads were denoised based on an established error
model, and paired-end reads were merged by overlapping. Chimeric sequences were eliminated
using the consensus method with the removeBimeraDenovo function in DADA2. ASVs with lengths
shorter than 350 bp were filtered out using R (v4.0.3). For microbial community comparison analysis,
normalization was performed using QIIME (v1.9) [12], where subsampling was conducted based on
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the sample with the lowest read count among all samples to ensure comparability. The resulting
ASVs were utilized for downstream analysis.

2.6. Taxonomy Analysis and Community Diversity

Each ASV was aligned to the organism with the highest similarity in the corresponding reference
database (NCBI BLASTn). Then, using QIIME 2 [11], the taxonomic and community diversity were
analysed. Alpha diversity metrics—the Shannon index, Gini-Simpson index, and PD whole tree—
were calculated to represent species complexity within individual samples. Beta diversity (diversity
among samples within a group) was calculated based on Bray-Curtis, Weighted UniFrac, and
Unweighted UniFrac distances. Genetic relationships among samples were visualised based on
Principal Coordinates Analysis (PCoA) and Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) tree.

3. Results
3.1. Sequencing and ASV Output

Quality filtering retained 110,000-155,000 bacterial reads per sample, with final ASV counts of
50,000-110,000 reads per sub-region. Fungal sequences showed similar retention (40,000-90,000 final
reads), providing sufficient depth for diversity analysis. Asymptomatic samples (Asy Dubarwa, Asy
Adi Keih, Asy Gala Nefhi) showed lower read counts, reflecting lower microbial compositions. The
DADA?2 pipeline successfully denoised sequences and removed chimeras, generating high-quality
ASV tables. Bacterial communities yielded between 119 and 536 unique ASVs across locations
(median = 391 ASVs), while fungal communities contained 84 to 266 ASVs (median = 168 ASVs)

(Figure 2).
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Figure 2. Quality control read processing statistics for fungal ITS (A) and bacterial 165 rRNA (B) amplicon
sequencing. Bars represent read counts at three preprocessing stages: raw reads, after quality control, and final

non-chimeric reads across 17 samples.
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3.2. Geographic Distribution of Bacterial Pathogens

Taxonomic profiling of the samples revealed substantial geographic variation in bacterial
communities across the 14 sub-regions (Figure 3). Pseudomonas species were detected in all locations,
exhibiting varying relative abundances in the sampling sites. The highest Pseudomonas abundances
were observed in Dekemhare (19.5%), Dubarwa (19.0%), Adi Kuala (18.4%), Adi Keih (16.7%), and
Gala Nefhi (16.2%), while lower abundances were recorded in Logo Anseba (1.0%), Mendefera
(2.6%), Senafe (2.8%), and Emni Haili (3.2%).

Pectobacterium, the causal agent of economically important bacterial soft rot and blackleg
diseases, exhibited different geographic distribution patterns. Higher Pectobacterium abundances
were detected in Berik (3.5%), followed by Adi Tekeliezan (1%). The predominant species included
P. atrosepticum, P. carotovorum, P. quasiaquaticum, P. aroidearum, P. polaris, and P. betavasculorum.
Moreover, P. atrosepticum was observed to be more common in cooler highland locations in Adi Keih,
whereas P. carotovorum was more abundant in Berik. Ralstonia solanacearum, the bacterial wilt
pathogen, was detected at low abundance (1.35%) in the sub-region at the cooler highland (Senafe)
at one farm located at the border. Other bacterial genera detected at lower abundances included
Erwinia and Xanthomonas, all of which contain species capable of causing disease in solanaceous
Crops.

Top 20 Bacterial Genera — Abundance Across Sample Locations
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Figure 3. Geographic distribution of major bacterial genera across fourteen potato-producing sub-regions in

Eritrea.

3.3. Geographic Distribution of Fungal Pathogens

Fungal communities also showed pronounced geographic structuring across the sub-regions
(Figure 4). Alternaria species, the causal agents of early blight disease, were among the most abundant
fungal pathogens detected, with particularly high relative abundances in Berik (14%), Dekemhare
(10%), and Gala Nethi (9.7%). Lower Alternaria abundances were observed in Senafe (1%), Emni Haili
(6%), and Logo Anseba (6%). The multiple Alternaria spp. ASVs identified include A. solani, A.
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alternata, and A. tenuissima. Fusarium species, known to cause dry rot, wilt, and tuber decay in
potatoes, showed presence across all locations. Fusarium community composition varied
geographically, with the highest diversity observed in Adi Kuala (53.8%), Asmara (43.7%), and Emni
Haili (28.1%). Species-level analysis revealed sequences matching F. solani and F. oxysporum as
predominant in most locations.

Botrytis cinerea, the grey mould pathogen, was detected at higher abundance (37%) in Adi Keih,
a location characterised by higher humidity and cooler temperatures. Rhizoctonia, causal agents of
stem canker and black scurf, and Verticillium, causing potato early dying, were each detected in 10—
12 of the 14 locations at abundances ranging from 2-54%. However, meaningful abundance (>2%) of
Rhizoctonia occurs at only two sites: Mendefera (7.6%) and Adi Tekeliezan (44.4%), and Verticillium
was higher at Senafe (30%).

Top 20 Fungal Genera — Abundance Across Sample Locations
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Figure 4. Geographic distribution of major fungal genera abundance across fourteen potato-producing sub-

regions in Eritrea.

3.4. Alpha Diversity Patterns Across Geographic Locations

Alpha diversity analysis revealed substantial geographic variation in pathogen community
complexity (Figure 5, Table 2). Bacterial Shannon diversity indices ranged from 3.12 in the
asymptomatic sample from Gala Nefhi to 7.05 in the symptomatic sample from Emni Haili, with a
mean of 5.67 across the 14 diseased sample locations. High bacterial diversity was found in Emni
Haili (7.05), Adi Keih (6.91), Dubarwa (6.62), and Gala Nefhi (6.66). Conversely, lower diversity was
observed in Senafe (5.57), Serejeka (5.08), and Dekemhare (5.94). The three asymptomatic samples
showed lower diversity (mean Shannon index = 3.36).
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Figure 5. Alpha diversity patterns of bacterial (A) and fungal(B) communities across all seventeen samples.

Fungal diversity showed less geographic variation among diseased samples, ranging from 3.36
(Adi Kuala) to 5.49 (Mendefera), with a mean of 4.70. The highest fungal diversity was observed in
Mendefera (5.49), Logo Anseba (5.31), and Serejeka (5.41), while the lowest was in Adi Kuala (3.36)
and the asymptomatic sample from Dubarwa (3.85). Phylogenetic diversity (Table 2) patterns
generally paralleled Shannon diversity values, ranging from 12 to 40 for bacteria and 22 to 40 for

fungi.
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Table 2. Complete diversity index values for all samples.

Bacterial Fungal
Sub region Shann  Gini- PD whole AS Shann Gini- PD whole AS

on Simpson tree V  on Simpson tree \%
Dubarwa 6.62 0.97 38.21 499 4.52 0.89 28.09 168
Mendefera  6.59 0.97 34.00 463 549 0.97 26.21 85
Emni Haili  7.05 0.99 36.13 517 4.29 0.89 28.85 84
Adi Kuala 6.12 0.96 28.37 391 3.36 0.79 26.27 119
Senafe 5.57 0.93 37.75 411 5.00 0.90 35.49 199
Adi Keih 6.91 0.98 34.88 531 4.36 0.84 31.78 208
Segeneiti 6.05 0.97 27.73 365 4.54 0.92 28.47 134
Dekemhare 5.94 0.95 23.16 313 4.68 0.93 30.53 168
Gala Nefhi  6.66 0.98 24.65 391 4.98 0.92 35.56 230
Serejeka 5.08 0.82 36.07 536 5.41 0.96 40.09 266
Berik 5.89 091 40.43 519 4.75 0.92 33.27 197
Adi 6.73 0.98 24.65 390 4.37 0.90 28.02 174
Tekeliezan
Asmara 3.64 0.72 23.69 280 4.34 0.89 25.63 150
Logo 3.23 0.64 31.98 349 5.31 0.96 24.36 168
Anseba
Asy 3.44 0.82 1217 119 3.85 0.86 22.71 142
Dubarwa
Asy Adi 3.12 0.82 14.79 121 4.34 0.92 26.35 136
Keih
Asy Gala 3.16 0.66 22.45 195 4.18 0.88 30.24 171
Nefhi

3.5. Geographic Clustering of Pathogen Communities

Beta diversity analysis revealed distinct geographic structuring of pathogen communities
(Figure 6). Principal Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarity explained
27.91% (PC1) and 12.28% (PC2) of the variance in bacterial communities, and 16.97% (PC1) and
13.61% (PC2) in fungal communities. For bacterial communities, Senafe and Serejeka showed clear
separation from other locations along PC1, suggesting distinctive microbial community profiles in
these sub-regions. Berik, Gala Nefhi, and Dekemhare formed a loose cluster, possibly reflecting
similar environmental conditions or disease management practices. The three asymptomatic samples
clustered together and separately from most diseased samples. Weighted UniFrac PCoA, which
incorporates phylogenetic relationships, showed even stronger patterns, with PC1 explaining 56.5%
of bacterial community variance (Figure 6B). Fungal weighted UniFrac PCoA explained 29.25% (PC1)
and 23.73% (PC2) of variance (Figure 6A), displaying similar geographic clustering patterns.

UPGMA clustering based on Bray—Curtis dissimilarity produced dendrograms that reflected
geographic proximity. For bacteria, three main clades were identified, where Senafe was the most
divergent sub-region, joining all others last, while for fungi, Adi Kuala was the most divergent sub-
region (Figure 7). Distance matrix analysis revealed Bray—Curtis dissimilarities ranging from 0.22 to
0.90 among sub-regions for bacteria and 0.33 to 0.83 for fungi. The lowest dissimilarities were
observed between geographically similar sub-regions Adi Keih-Dekemhare (0.65) and between Adi

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Keih—Gala Nefhi (0.70) from Debub and Mekel Region, respectively, for bacteria, and for fungi,
Serejeka-Berik (0.51) and Emni Haili-Dekemhare (0.52) showed closer dissimilarity. The highest
dissimilarities occurred between geographically distant sub-regions, including Mendefera-Logo
Anseba (0.97) and Dubarwa-Logo Anseba (0.96) for bacteria, and Adi Kuala-Adi Keih (0.90) and Adi
Kuala-Asy Gala Nefhi (0.88) for fungi (Table S1).
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3.6. Pathogen Detection in Asymptomatic Plants

The samples collected from asymptomatic potato plants showed a consistent presence of
pathogenic taxa in all three asymptomatic samples, albeit at low abundances. Bacterial pathogens
detected in these asymptomatic samples included Pseudomonas, and similarly, fungal pathogens
identified included Alternaria, Fusarium, and Colletotrichum.

4. Discussion

The characterisation of microbial communities associated with diseased potato (Solanum
tuberosum L.) across the potato growing sub-regions of Eritrea provides a comprehensive and
ecologically grounded picture of the disease complex affecting potato production in the country. The
high-throughput amplicon sequencing approach identified a unique microbial landscape, revealing
significant geographic structuring and highlighting the need for advanced surveillance in disease
monitoring and seed systems. The widespread occurrence of Alternaria species, particularly A. solani
and A. alternata, indicates that early blight is a major and persistent threat to Eritrean potato
production. The low Bray-Curtis dissimilarity for Alternaria across sub-regions suggests an
established inoculum reservoir, implying that preventive, weather-based fungicide applications are
more effective than reactive treatments [13,14]. The geographic structuring of pathogen communities
is in agreement with a study conducted by Davies & Pedersen [15] where the pathogen communities
are influenced by the host range and geographical clustering. Where host relatedness is the best
overall predictor of whether two host species share the same pathogens, and geographical overlap
among neighbouring hosts is more important in determining host range [15]. The dominance of
Pseudomonas and Pectobacterium for major bacterial pathogens, while Alternaria and Fusarium species
for major fungal pathogens, is in line with their global significance to potato production [16,17]. In a
similar recent study of metagenomic characterization of bacterial abundance related to potato by
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Kiige and his team [18] found that Enterobacteriaceae and Pseudomonadaceae were the most dominant
bacterial families present in the rhizosphere. The identification of the spread of Pectobacterium species,
P. atrosepticum in cooler highlands and P. carotovorum in warmer highland sub-regions aligns with
the characteristics of the bacteria, where moist, cool (below 70 °F or 21 °C) conditions enhance
blackleg caused by P. atrosepticum, while warmer conditions (70 °F to 80 °F or 21-27 °C) are optimal
for soft rot caused by P. carotovorum [19]. This indicates that local climate is an important factor
contributing towards the distribution of particular pathotypes [20] and thus has potential
implications for the development of region-specific management strategies.

The detection of Verticillium dahliae in varying abundance is epidemiologically significant. The
pathogen infects roots, blocks vascular tissues, and leads to premature vine yellowing, wilting, and
thereby decreasing productivity. As a persistent soilborne pathogen causing severe early dying and
substantial yield losses, its dominance in the high altitude and cooler areas signals a potential long-
term field infestation. This necessitates vigilant follow-up, including soil sampling, tuber inspection,
and pathogenicity testing, to prevent further dissemination and implement effective control
measures like rotation of the potato crop with non-host crops. The co-occurrence of multiple Fusarium
species, including F. oxysporum and F. solani complex members, across various sub-regions
underscores the complexity of potato wilt and dry rot diseases. These combined inoculum
occurrences of the Fusarium species can cause a higher rotting of the infected tubers, as observed in a
study conducted by Tiwari [21] in Australia. The co-occurrence and synergistic interaction between
Fusarium and Verticillium, leading to more severe early dying, emphasize the need for integrated
management approaches targeting both pathogens. Similarly, the prominent detection of Rhizoctonia
solani at Adi Tekeliezan points to localized pressure from stem canker, warranting further
characterization of anastomosis groups for tailored management. The identification of Ralstonia
solanacearum, a devastating bacterial wilt pathogen, is relatively low but indicates the necessity of
continuous surveillance for plants, as even low inoculum can bring about serious disease outbreaks
under conducive conditions. This pathogen, responsible for bacterial wilt, is highly destructive and
adapted to cool highland environments [22,23].

The alpha diversity analysis revealed that pathogen community complexity varied greatly
among the locations, where diseased samples were generally more diverse than healthy ones. This
could indicate that disease development is dominated by a larger and/or more synergistic pathogen
community. The high microbial diversity in diseased plant tissue often reflects complex multi-
pathogen infections and secondary colonization rather than a healthy community [24,25]. The distinct
clustering of asymptomatic samples with lower diversity supports this, suggesting earlier-stage or
simpler early infections. A similar study conducted in microbial community composition associated
with potato plants in Canada and analysed through next-gen sequencing found that alpha diversity
of the bacterial communities in the healthy and diseased plants was different [26].

The high phylogenetic diversity observed at specific sites, such as Berik and Serejeka for bacteria
might suggest the existence of various pathogen lineages due to repeated introductions or local
evolution. Recent metagenomic work on potato cyst nematode fields confirms varied bacterial
richness tied to host-pathogen dynamics [18]. The decoupling of bacterial and fungal diversity
patterns, as seen in Logo Anseba (low bacterial, high fungal diversity) and Emni Haili (high bacterial,
low fungal diversity), highlights the competitive microbial interactions and distinct disease etiologies
[27,28]. Recent studies confirm that bacterial and fungal diversity often decouple across potato sites
due to niche-specific responses, competitive interactions, and disease pressures like potato early
dying (PED) due to Verticillium and others. In potato rhizospheres, bacterial communities respond
strongly to root proximity and growth stage, while fungal diversity peaks mid-season and is more
soil-driven or air-borne, showing distinct abundance patterns (e.g., bacterial shifts in rhizosphere vs.
fungal stability in bulk soil). Wilt of potato due to bacterial stress elevates fungal diversity in potato
endospheres but suppresses it in rhizospheres, creating inverse profiles akin to low bacterial/high
fungal or vice versa scenarios [29-31]. Potato monoculture gradients reveal bacteria shaped by
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cropping, while fungi respond differently, with Fusarium enrichment decoupled from broader
bacterial changes [30].

Results of the beta diversity analysis also supported that potato microbial communities,
including pathogens, cluster significantly by location due to spatial heterogeneity in highland
systems. Although some cluster patterns were associated more with zones of regional sample origin
(like Maekel and Debub), the contribution of other parameters, such as microclimatic differences,
local agricultural practices (e.g., rotation system), or seed potato multiplication sites, could not be
discounted. For example, sites with intensive irrigation or waterlogging may favor the presence of
waterborne pathogens, such as Pectobacterium, whereas sites with lower field maintenance or
decreased standards of phytosanitary requirements could experience increased populations of soil-
borne pathogens. This spatial heterogeneity in potato pathogens aligns with several studies, where
rotation, seed quality, cultivar, and microclimate drive variation [1,32,33]. It remains unknown how
much of the variation in pathogen community assembly is attributed to these factors, and further
studies should couple the information on environment (climatic conditions, for example) with more
detailed farm-level data.

5. Conclusions

This study has successfully elucidated the genetic diversity and geographic distribution of major
bacterial and fungal potato pathogen communities in Eritrea, revealing significant spatial structuring
and the widespread occurrence of latent infections. We identified key pathogens such as Alternaria
spp., Verticillium dahliae, Fusarium spp., Rhizoctonia solani, and Ralstonia solanacearum, revealing their
widespread presence and significant regional variations. The consistent detection of pathogens in
asymptomatic plants highlights the prevalence of latent infections and the limitations of visual
disease assessment. These findings underscore the necessity of moving beyond conventional
symptom-based surveillance towards molecular approaches for accurate pathogen detection and
monitoring. The baseline data generated here are invaluable for the development of robust, region-
specific disease management strategies, a strengthened pathogen surveillance system, enhanced seed
quality programmes, and ultimately contribute to improved potato production and food security in
Eritrea. Future studies could integrate quantitative PCR (qPCR) to estimate absolute pathogen loads
and employ whole-genome sequencing for strain-level differentiation, virulence factors, and
evolution tracking, enabling the development of more resilient potato production systems across East
African and similar climatic regions.
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