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ABSTRACT

Introduction: The seed microbiome is essential for plant health, development, and adaptation. Little is known regarding the
constituents of seed microbiomes of Africa’s indigenous vegetables, which enables the vertical transmission of a specific
microbial heritage. Shedding light on this was the focus of the current study.

Methodology: Microbiome profiling using domain-specific amplicon sequencing was performed to examine the seed micro-
biome of five economically important vegetable crops in Nigeria. The selection included not yet studied Amaranthus hybridus,
Solanum macrocarpon, Corchorus olitorius, Celosia argentea, and Telfairia occidentalis.

Results: The seeds of the five plant species harboured a diverse microbiome comprised of 2877, 765, and 56 amplicon sequence
variants (ASVs), for bacterial, fungal, and archaeal communities, respectively. Plant species-specific seed microbial signatures
were found for bacterial and fungal communities, which were highly abundant (i.e., 10® to 10"* gene copy numbers for bacterial
and 10° to 10"! for fungal community). In contrast, there was no separation for the less abundant archaea across the different
plant species. The core seed microbiota was comprised by potentially plant-beneficial taxa including the archaeal genus
Methanobrevibacter and bacterial genera like Methylobacterium, Burkholderia-Caballeronia-Paraburkholderia, Bacillus, Paeni-
bacillus, Stenotrophomonas, Pseudomonas, Serratia, Pantoea, Shingomonas, and Lactobacillus; as well as fungal genera Asper-
gillus and Fusarium. Random forest classification revealed that the seed microbiome profiles can resolve plant species-specific
differences.

Conclusion: Our study shows that indigenous African vegetables harbour diverse and abundant microbial communities which
are potentially important for the sustenance of these plants, particularly in smallholder-dependent food production systems, like
in Sub-Sahara Africa. The research also provides the basis for conservation of these unique plant genetic resources.
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1 | Introduction

The world's population continues to grow, necessitating the
development of sustainable food production methods, particu-
larly in Sub-Saharan Africa, where the population has been
forecasted to increase (El Bilali et al. 2018; Kruk and Pate 2020).
Agricultural systems are mainly managed by smallholder
farmers in tropical countries, particularly in Sub-Saharan
Africa, including Nigeria, and are characterized by low pro-
ductivity due to global climate change leading to drought, pests,
diseases, and floods (Ibeawuchi et al. 2015). Such consequences,
however, could be partially mitigated by cultivating indigenous
vegetables, which have a short life cycle and are less susceptible
to irregular rainfall, making them reliable vegetable crops for
food security (Taffner, Laggner, et al. 2020); as well as playing a
role in addressing malnutrition in Africa.

These vegetables can be grown locally or gathered in the natural
habitat (Abukutsa-Onyango 2010). Classical examples include
African spinach (Amaranthus hybridus L.) (Akin-Idowu
et al. 2017), African eggplant (Solanum macrocarpon L.)
(Adeniyi et al. 2017), jute mallow (Corchorus olitorius L.), and
Lagos spinach (Celosia argentea L.). They are consumed for
their culinary and medicinal benefits, like their role as a source
of protein, micronutrients, vitamins; as well as their antioxidant
properties (Adeniyi et al. 2017). While the resilience of these
vegetables can be attributed to genetic traits that are unique to
these plants, the contribution of the plant microbiome in the
enhancement of plant health cannot be underestimated (Badri
and Vivanco 2009; Vandenkoornhuyse et al. 2015).

In Nigeria, malnutrition, undernutrition, and vitamin deficien-
cies are widespread due to poor diets associated with low eco-
nomic status. These nutritional challenges can be mitigated by
consuming indigenous vegetables (Icard-Verniére et al. 2015).
Moreover, the cultivation and local consumption of vegetables
offer an affordable, sustainable, and accessible means of im-
proving the intake of essential nutrients (Ejoh et al. 2021). More
recently it was found that edible plants are a potential source of
pre/probiotics and could be essential in restoring the lost mi-
crobiome (Blaser 2017; Wicaksono et al. 2023). The sub-Saharan
part of Africa is considered a hotspot for biodiversity which is
resilient to climate change, and therefore serves as a potential
source of novel probiotics which can enhance plant and human
health. Maintaining their own batches of seed material by local
farmers is a common practice that guarantees food security and
sovereignty and genetic resources conservation. Despite the
growing recognition of the nutritional and medicinal importance
of indigenous vegetables in Nigeria, limited data exists on their
microbial ecology—particularly in terms of the seed microbiome.
Seed microbiomes are generally less explored than other plant
compartments (Michl et al. 2023); however, for some plant spe-
cies they remain entirely untapped. This knowledge gap is cru-
cial, since understanding and harnessing plant- and seed
microbiomes is essential for sustainable agriculture and crop
improvement (Sulesky-Grieb et al. 2024; Garrido-Sanz and
Keel 2025).

The plant microbiome: bacteria, archaea, fungi, viruses, micro-
algae, oomycetes, and protozoa—is critical for plant develop-
ment, stress tolerance, and health (Pérez-Jaramillo et al. 2016;

Berg and Raaijmakers 2018; Sulesky-Grieb et al. 2024). Once
thought to be primarily soil-derived, it is now recognized that
seed endophytes are specifically acquired and maintained by
plants. They play essential roles in early plant development and
disease resistance (Shade et al. 2017; Berg and Raaijmakers 2018;
Matsumoto et al. 2021; Sulesky-Grieb et al. 2024). Besides their
role as a conduit for propagating plant genetic information, seeds
are reservoirs of diverse and highly specialized microbial com-
munities, which can highly vary between plant hosts (Simonin
et al. 2022; Lobato et al. 2024). The occurrence of seed microbes
is compartmentalized within seed tissues (endophytes) and on
seed surfaces (epiphytes) (Barret et al. 2016; Nelson 2018;
Abdelfattah et al. 2023); wherein endophytes constitute a major
portion of the vertically transferred seed microbiome (Johnston-
Monje et al. 2014; Abdelfattah et al. 2023), with a lasting impact
across plant generations (Sulesky-Grieb et al. 2024). However,
due to their cultivation-recalcitrant nature, many seed en-
dophytes elude traditional microbiological methods, and com-
prehensive community-level analyses have immensely benefited
from advances in next-generation sequencing technologies
(Wassermann et al. 2019a; Lobato et al. 2025). While the seed
microbiomes of many agriculturally important crops, including
plants in natural and pristine environments have been examined
(Johnston-Monje and Raizada 2011; Johnston-Monje et al. 2016;
Adam et al. 2018; Wassermann et al. 2019b, 2022; Lobato
et al. 2024), and while some studies already examined the mi-
crobiome of African green vegetables (Taffner, Laggner,
et al. 2020), research on the seed microbiomes of most African
crops remains scarce.

In this study, we examined the microbial community structure
and diversity in the seeds of five indigenous vegetables. Spe-
cifically, we aimed to establish how the seed microbial com-
munities (i.e., bacteria, fungi, and archaea) vary across plant
species, and what proportion of taxa are shared and ubiquitous
across them. Further, we examined if specific seed microbiota
constituents can delimit the studied plants. We hypothesized
that the seed microbiomes of the studied plants harbour distinct
microbial communities, with key taxa potentially contributing
to plant health and resilience. The overarching goal was to
provide foundational insights into the microbial communities
associated with the seeds of indigenous Nigerian vegetables,
using an amplicon sequencing approach. These insights could
be instrumental in improving crop varieties that can establish
beneficial microbial interactions, thereby enhancing produc-
tivity in resource poor- and climate- constrained smallholder
farming systems in Africa.

2 | Materials and Methods

2.1 | Experimental Design and Sample Materials
Seed samples (n=6) of each of the five indigenous African
vegetables including: (i) African spinach (Amaranthus hy-
bridus), (ii) African eggplant (Solanum macrocarpon), (iii) Jute
mallow (Corchorus olitorius L.), (iv) Lagos spinach (Celosia ar-
gentea), and (v) Fluted pumpkin (Telfairia occidentalis) were
used for experimentation. The samples were obtained from
Osun State Agricultural Matters retail seed shop (Ede, Osun
State) and Ede market seed shop (for seeds of Fluted pumpkin).
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The six biological samples were composed of seed portions that
were obtained from seed retailers and the market shop.

2.2 | Sample Processing

The seed microbiome samples (endophytes and epiphytes) were
processed using in-house protocols at the Institute of Environ-
mental Biotechnology, Graz University of Technology. Briefly,
seeds were gently agitated on a shaker for 30 min with 0.85%
NacCl buffer to facilitate the release of seed-associated micro-
biota, followed by crushing with a mortar and pestle using
liquid nitrogen, and the addition of 4 mL of 0.85% NaCl. After
thorough homogenization, the resulting microbial solution was
centrifuged at 16,000 rpm for 20 min to concentrate the micro-
bial communities into the resulting microbial pellets which
were stored at —70°C until DNA was extracted.

2.3 | Microbial DNA Extraction and Amplicon
Library Construction

The microbial pellets obtained from the seeds were aseptically
introduced into bead tubes from the FastDNA SPIN Kit for soil
(MP Biomedicals, Solon, United States), and microbial DNA
extracted according to the manufacturer's procedure. Briefly,
samples were mechanically disrupted using the FastPrep
Instrument (MP Biomedicals, Illkirch, France) for 30s at
6.0ms™", then transferred into kit-supplied tubes for down-
stream implementation of microbial DNA extraction proce-
dures. The quality of the DNA was examined using the
Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE,
United States) and stored at —20°C for domain-specific library
preparation.

The seed bacterial microbiome was profiled by high-throughput
amplicon sequencing targeting the V4 region of the 16S rRNA
gene, using the primer pair (515 F/806 R) (Caporaso et al. 2012),
carrying sample-specific tags. The PCR was performed in
combination with peptide nucleic acid (PNA) blockers (pPNA:
5’-GGCTCAACCCTGGACAG-3’; mPNA: 5-GGCAAGTGTTC
TTCGGA-3’) to reduce the co-amplification of plastid DNA
(Lundberg et al. 2013). The reaction mixture for the PCR (30 uL)
contained 1X Taq-&GO (MP Biomedicals, Solon, OH, USA),
0.2 uM of each primer, 0.75 uM each of pPNA and mPNA (PNA
Bio, Thousand Oaks, CA, USA), and 2 uL of template DNA
(96°C, 5min; 30 cycles of 96°C, 1min; 78°C, 5s for PNA
annealing; 54°C, 1 min; 74°C, 1 min; and elongation at 74°C,
10 min).

The fungal community was analysed by amplifying ITS frag-
ments using the primer pair ITS1f (5-CTTGGTCATTTA
GAGGAAGTAA-3’) and ITS2r (5- GCTGCGTTCTTCATCGA
TGC-3") (White et al. 1990). The first PCR step was performed
using ITS primers with attached linkers (to attach barcodes). The
first PCR consisted of an initial denaturation s (95°C, 5 min),
followed by 30 cycles of denaturation (95°C, 30s), primer
annealing (58°C, 355s), and elongation (72°C, 40s). The reaction
mixture was composed of 2 uL (5% Taq & Go), 1.2 uL (25 mM
MgCl2), 0.1 uL of each 10 uM (ITS1/ITS2 primers), and 5.6 uL
PCR grade water, and 1uL template each in 10 pL reaction.

The second PCR involved 15 cycles of denaturation (95°C, 305s),
primer annealing (53°C, 30's), and elongation (72°C, 30s). It was
performed using 2 uL of the first PCR product in 30 uL reaction
mixture, composed of 6 uL (5x Taq & GO), 1.2 uL each of 10 uM
(F/R barcode primers), and 19.6 uL. PCR grade water.

For archaeal community, a nested PCR using the archaeal-
specific primer pair 344 f/915r and Phusion polymerase (for the
first-step) was performed. This involved an initial denaturation
at 95°C for 2 min; 10 cycles of 96°C for 30s, 60°C for 30s, and
72°C for 1 min. This was followed by 15 cycles of denaturation
at 94°C for 25s, 60°C for 30s, and 72°C for 1 min; and a final
elongation at 72°C for 10 min. The second round of PCR was
performed using modified primers (3491{/519r) (Klindworth
et al. 2013), each with a 10-bp primer-pad (forward: TATGG-
TAATT; reverse: AGTCAGCCAG) and linker sequences
(forward: GT; reverse: GG), following the Earth Microbiome
Project (Walters et al. 2015). Thermal cycler conditions were:
initial denaturation at 95°C for 5 min; 25 cycles of 95°C for 40 s,
66°C for 2min, and 72°C for 1 min; and a final elongation at
72°C for 10 min. In the third PCR, sample-specific barcodes
were added using cycler conditions: 95°C for 2 min; 10 cycles of
95°C for 305, 56°C for 30, and 72°C for 30s; final elongation at
72°C for 10 min. Triplicate reactions were performed per sam-
ple. PCR products were verified by electrophoresis, purified
(Wizard SV Gel/PCR purification kit, Promega), pooled equi-
molarly, and sequenced on an Illumina MiSeq platform
(2 X300 bp sequencing by Eurofins Genomics, Germany).

2.4 | Quantitative Real-Time PCR

Microbial abundance across the five vegetable species was
quantified using quantitative PCR with primer pairs as follows:
For bacterial quantification, the Unibac-II-515f/806r primer
pair (10 uM; (Koberl et al. 2011)); for the archaea, 344 aF and
517uR (5 uM; Klindworth et al. 2013); and for fungal, ITS1f/
ITS2r (White et al. 1990).

Quantitative PCR was performed in 10 uL reactions containing
0.5uL each of forward and reverse primers, 5uL of KAPA
SYBR Green master mix, 3 uL PCR-grade water, and 1 of 1:10
diluted template. Amplification was carried out on a Rotor-
Gene 6000 real-time analyser (Corbett Research, Sydney,
Australia) using domain-specific thermal profiles: bacterial—
95°C for 5min; 40 cycles of 95°C for 20s, 54°C for 30s,
and 72°C for 30s; with melt curve analysis (72°C-96°C);
archaeal—95°C for 5 min; 40 cycles of 95°C for 15s, 60°C for
30, 72°C for 30s; with melt curve analysis; fungal—95°C for
5 min; 40 cycles of 95°C for 30s, 58°C for 35s, 72°C for 40s;
with melt curve analysis. Triplicate reactions were run per
sample, including domain-specific standards for estimating
the microbial quantities, as well as a negative control. As a
standard, 16S rRNA gene standards from Bacillus sp. and
Haloferax denitrificans were implemented for bacterial and
archaea community, respectively; as well as Penicillium sp. for
fungal ITS regions (Taffner, Bergna, et al. 2020a; Olimi
et al. 2022). Standard regression curves from serial dilutions
were used to calibrate qPCR assays. Gene copy numbers were
interpolated and normalised to yield microbial abundance per
gram of sample.
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2.5 | Bioinformatic Data Processing

Raw amplicon sequencing dataset were processed using QIIME2
(v2023.9.1) environment (https://qiime2.org; (Bolyen et al. 2019)).
Briefly, paired-end reads were demultiplexed and primers re-
moved using cutadapt (Martin 2011). Demultiplexed sequence
reads were quality checked using fastQC, followed by MultiQC-
based summarization (Ewels et al. 2016). The datasets were then
quality filtered, trimmed, denoised, merged, and chimeras re-
moved using DADA?2 v1.26.0 (Callahan et al. 2016), resulting into
amplicon sequence variants (ASVs) table. The DADA2 pipeline
for ASV-level resolution was run within the QIIME2 platform.
For the bacterial and archaeal communities, representative
sequences were assigned taxonomically by aligning against the
SILVA132 reference database (Quast et al. 2013; Yilmaz
et al. 2014), using VSEARCH algorithm (Rognes et al. 2016),
while fungal taxonomy was assigned using the UNITE database
v7.2 (release:2017-10-10) (Abarenkov et al. 2024); all implemented
using the g2-feature-classifier command (Bokulich
et al. 2018). An optimized, balanced configuration was applied,
using a confidence threshold of 0.7 (c=0.7) to ensure reliable
classification as earlier described (Bokulich et al. 2018).

2.6 | Statistical Analysis and Modelling
Downstream analyses were performed using R v4.2.2 (R Core
Team 2020) in RStudio v1.1.42, using the packages phyloseq,
vegan, tidyverse, ggplot2; and other dependencies are
specified in the publicly available script (https://github.com/
kaboyo/African-seed-microbiome). The feature table, taxonomic
information, and experimental metadata were imported into
RStudio using phyloseq (McMurdie and Holmes 2013) and
VEGAN v2.5.7 (Oksanen et al. 2020) packages. Filtering to exclude
non-target taxa, like unassigned sequences, chloroplasts, and
mitochondria was performed to retain the bacterial-, archaeal-, and
fungal-associated sequence reads. Further filtering using a threshold
prevalence of 0.25% of the total samples was performed to minimize
community inflation caused by low abundant ASVs, as earlier
described (Reitmeier et al. 2021). Sample reads were normalized by
rarefying (using rarefy even_depth function) to the
minimum sampling depths of 10000, 5500, and 500 reads per
sample for bacteria, fungal, and archaeal communities, respectively
(Figure 1A,E]D), for the subsequent alpha diversity analyses; fol-
lowed by css transformation of the non-rarefied PHYLOSEQ-
formatted microbiome datasets for beta diversity analyses.

Alpha diversity analysis involved computing various indices,
such as richness (observed ASVs) and Shannon index. Non-
parametric (ranked-based) Kruskal-Wallis tests were performed
to assess the statistical differences in alpha diversity indices
across plant species, followed by Dunn's post hoc tests (i.e.,
function:dunnTest(diversity indices, variable, method =
“bonferroni”), coupled with Bonferroni's correction of p-values
(p <0.05). The letters representing statistical significances were
obtained using the functions in the rcompanion package.
Spearman correlation was performed to relate the bacterial and
fungal community across the plant species.

Microbial (bacterial, fungal, and archaeal) community structure was
examined by computing Bray-Curtis dissimilarity matrices using

css-transformed microbiome datasets, followed by Principal Co-
ordinates Analyses (PCoA) for community structure visualization.
The Bray-Curtis dissimilarity matrices were further subjected to
permutational multivariate analysis (PERMANOVA, 999 permuta-
tions), using model adonis2(Bray-Curtis_dist. "
plant species, data=metadata, permutations=
999), that examines the effects of plant species on the seed
bacterial composition. To assess microbiome community composi-
tional spread, beta dispersion test was performed on Bray-Curtis
distances, using the function vegan: :betadisper (dist,
phyloseq::sample_data(pseq) $Splant species.
Taxonomic community composition across plant species was rep-
resented using stacked bar plots, representing the top 500 amplicon
sequence variants (ASVs), using the ggp Lot 2 package. The major
taxa contributing towards community separation were obtained by
linear discriminant analysis effect size (LEfSe) (Segata et al. 2011).

The core microbiome entailed determining the consistent mem-
bers of the seed microbiome across samples, and was computed
for 25% to 100% of the samples (as prevalence), and the minimum
detection ranging between 0.00001% to 10%. The core microbiome
results were represented using abundance-prevalence curves for
precise representation of the core taxa, including the representa-
tion of unique and shared microbiota using UpSet plots. Briefly,
abundance-prevalence curves were generated using the mi-
crobiome package for manipulating phyloseq objects, and
calculating community relative abundance and prevalence using
functions in phyloseq package. The upset_pdg(pyseq)
function was applied phyloseq-formatted datasets representing
the top100 taxa for UpSet plot visualisation.

RandomForest (RF) classification (i.e., set.seed: 57938),
ntrees = 500, and cores = 3), with unrestricted growth was im-
plemented on microbiome datasets and predictive microbial
features across plant species presented at genus level, using
RandomForest package (v.4.6.14) in R with default param-
eters (Breiman 2001; Liu et al. 2012). The classifier model was
fit on the microbiome data set with plant species as a variable,
to identify the features that are important delimiters of plant
species. Top 20 features, ordered according to mean decrease in
accuracy values (so-called MeanDecreaseGini) were presented.
The RF classification was applied using filtered datasets with
ASVs minimum average relative abundance 0.05.

The seed microbial community functional potential was ex-
amined using a taxonomy-based functional prediction approach
which was implemented using FAPROTAX v1.2.10 for pro-
karyotic functional predictions (Louca et al. 2016; Stilianos
et al. 2017), as well as FUNGuild for fungal community func-
tional potential predictions (Nguyen et al. 2016; Polme
et al. 2020). The functional counts data were normalised using
the total read depth followed by heatmap visualisation.

3 | Results

3.1 | Bacterial and Fungal Community Diversity
Varied Across Plant Species

After quality-filtering and removing chimeric sequences,
followed by the subsequent removal of reads that were either
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FIGURE1 | The seed microbial diversity and abundance across plant species of African vegetables. Panel A shows bacterial richness as a
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species (D). Panels (E-H) and (I-L) represent the same for the fungal and archaeal community, respectively. Global significance differences across
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median and interquartile ranges) for each of the plant species. The transparent jitters represent samples per group category. The colours on the
rarefaction curves represent the different plant species.

chloroplast and mitochondrial associated, the amplicon quality-filtered data set contained 765 fungal ASVs that were
sequencing data set for the bacterial community yielded 2877 obtained from 918,570 sequence reads, with the mean of 30,619
bacterial Amplicon sequence variants (ASVs). The bacterial ASVs reads per sample. The Archaeal community was comprised by 56
were associated to 1,018,244 bacterial sequence reads, with an ASVs which were generated from 51,646 reads with mean read
average of 33,942 reads per sample. For fungal community, the composition of 5224 reads per sample (Figure 1A,E,I).
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The seed bacterial and fungal community diversity varied across
plant species with the observed richness ranging between 20
and 610 bacterial ASVs, 20 to 120 fungal ASVs, and 2 to 8
archaeal ASVs (Figure 1B,F,J). The Shannon indices (H") ran-
ged from 1 to 5 and 1 to 3 for bacterial and fungal communities,
respectively (Figure 1C,G). The archaeal diversity was generally
similar across plant species, with richness ranging between 2
and 8 ASVs, and Shannon diversity estimated between 0.25 and
2 (Figure 1J,K). Significant differences in bacterial alpha
diversity were found across plant species (Kruskal-Wallis, KW:
richness; p=29X 107>, Shannon index; p=29x% 107%);
wherein Celosia argentea and Solanum macrocarpon were sig-
nificantly higher in bacterial richness as compared Amaranthus
hybridus and Telfairia occidentalis (Figure 1B); as well as a
significantly higher Shannon index when compared to Corch-
orus olitorius and Telfairia occidentalis. Further, significant
differences in alpha diversity (KW: richness; p = 0.04, Shannon
index; p = 0.02) were shown for the fungal community. For the
fungal community, significant differences in richness were
evidenced between Celosia argentea with Amaranthus hybridus
and Telfairia occidentalis; as well as significant variation in
Shannon diversity between Corchorus olitorius and Telfairia
occidentalis (Figure 1F,G); while no significant differences
across plant species were seen for the archaeal community
(Figure 1J,K).

Microbiome correlation was performed to deduce microbiota
relationship between the fungal and bacterial community
across the different plant species. The seed microbiome corre-
lations were species-specific, wherein negative correlation in
richness between bacterial and fungal community were
observed for Amaranthus hybridus, and Solanum macrocarpon,
and positive correlations for the other plant species. For Shan-
non diversity, positive correlations were observed for all plant
species, but Corchorus olitorus (Supporting Information S1:
Figure S1A).

Seed microbial abundance significantly varied across plant
species. Gene copy numbers of bacterial, archaeal, and fungal
marker genes per gram of seed were ranged between 10° to 10™*
for bacterial community, 10° to 10" (fungal community), and
10* to 107 (archaeal community), respectively (Figure 1D,H,L).
Overall, there was significant variations in bacterial (KW:
p=13x%x10"%), fungal (KW: p=0.001), and archaeal abun-
dance (KW: p=2.9x 10™°) across plant species. The bacterial
abundance was significantly high in Telfairia occidentalis as
compared to the rest of the plant species, except in Corchorius
olitorius. Significant difference in bacterial abundance was also
observed between Corchorius olitorius and Celosia argentea
(Figure 1D). The fungal abundance was significantly high for
Amaranthus hybridus and Telfairia occidentalis as compared to
Celosia argentea, but not significantly different from Solanum
macrocarpon and Corchorus olitorius (Figure 1H). For archaeal
community abundance, Telfairia occidentalis showed signifi-
cantly high abundance in comparison to Solanum macrocarpon,
Corchorius olitorius and Celosia argentea; but not significantly
different from Amaranthus hybridus (Figure 1L).

The seed microbial community structure was distinct across
plant species. Principal Coordinates Analysis (PcoA) demon-
strated that microbial assemblages were primarily differentiated

along plant species; in which plant species strongly influenced
the bacterial (Permanova: R2=0.703, p=0.001; dispersion:
Kruskal-Wallis, p=0.07), and fungal community structures
(Permanova: R%=0.625, p=0.001; dispersion: Kruskal-Wallis,
p=0.01). Beta dispersion analyses showed that the seed bac-
terial community across plant species only differ in composi-
tion; while for fungal community, variations were evident both
in community composition and spread (Figure 2C,D). In con-
trast, the archaeal community showed unclear plant species-
dependent clustering; albeit significant differentiation in com-
munity composition (RZ=0.234; p =0.012), no significant dif-
ferences in community spread (Dispersion: Kruskal-Wallis,
p=0.111; Figure 2E). These differences were further reflected
in microbiota taxonomic composition, where the bacterial tax-
onomic composition revealed distinct species-specific patterns
across the five African plant species.

The bacterial community was composed of 620 bacterial genera
distributed across 53 classes and 27 phyla. The predominant
phyla were Proteobacteria (79.9%), Firmicutes (11%), Actino-
bacteria (4.9%), and Bacteroidetes (3.5%). The dominant classes
were Gammaproteobacteria (74.9%), Bacilli (10.6%), Actino-
bacteria (4.9%), Alphaproteobacteria (5%), Bacteroidia (3.5%),
and clostridia (0.3%), respectively (Figure 2A). Plants species
including Corchorus olitorius and Telfairia occidentalis showed a
high presence of Gammaproteobacteria (~80%-85%), while
Celosia argentea exhibited balanced composition of Actino-
bacteria, Alphaproteobacteria, Bacilli, Bacteroidia, and Gamma-
proteobacteria. Major bacterial families were Enterobacteriaceae
(52.6%), Burkholderiaceae (10.3%), Pseudomonadaceae (6.9%),
Bacillaceae (6.7%), Xanthomonadaceae (3.4%), as well as Pae-
nibacillaceae, Rhizobiaceae, Sphingomonadaceae, Streptomyce-
taceae, and Weeksellaceae.

The fungal community was composed of 133 genera, 18 Classes,
and 9 Phyla. The dominant phyla included Ascomycota and Ba-
sidiomycota. Classes Eurotiomycetes (63%), Dothideomycetes
(19%), Sordariomycetes (14%), and Saccharomycetes (1.4%). The
dominant fungal families belonged to Aspergillaceae (61.9%), Cor-
ynesporascaceae (12.6%), Nectriaceae (10.1%), Botryosphaeriaceae
(4.1%), Trichomonaceae, Diaporthaceae, Pleosporaceae, and Myco-
sphaerellaceae. The archeael community was comprised by 20
genera, 5 classes, all distributed among 4 phyla. Contrasting pattern
in Eurotiomycetes composition was observed across plant species,
with a high presence in Celosia argentea and T. occidentalis
(~80%-90%), while Amaranthus hybridus generally showed higher
fungal composition (Figure 2B). Dominant seed archaeal classes
were Halobacteria, Nitrososphaeria, Bathyarchaeia, and Methano-
bacteria. The dominant families included Heloferaceae, Holomi-
crobiaceae, Halococcaceae, and Nitrospiraceae (Supporting
Information S1: Figure S1B). The highest bacterial abundance was
observed for Telfairia occidentalis and the least for Celosia argentea.

Assessment of domain-specific shared microbiota across plants
species revealed that Corchorus olitorius and Solanum macro-
carpon overlapped in microbiome composition; while Telfairia
occidentalis was composed of distinct bacterial members when
compared to other plant species (Figure 3A,B). The bacterial
genera including Pantoea, Bacillus, Rhizobium, Pseudomonas,
Bordetella, and Enterobacter were ubiquitous across the seeds
for different plant species (Figure 3B).
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Moreover, bacteria including Methylobacterium, Enterococcus,
Aquabacterium, unidentified Burkholderiaceae lineage, Aero-
monas, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
complex, Paenibacillus, and Variovorax also characterized the
core seed microbiota (i.e., prevalence =70%-90%) (Supporting
Information S1: Figure S2A).

The fungal community was dominated by orders such as Hy-
pocreales, Capnodiales, and Eurotiales which were observed
across plant species (Figure 3C). Specifically, fungal genera

including Aspergillus, Xeromyces, and Fusarium were ubiqui-
tous across the seed samples of the five plant species; while
unidentified Botryosphaeriaceae were host-specific and only
observed in Telfairia occidentalis (Figure 3D). A narrow core
fungal microbiome mainly composed of Aspergillus (=75%) and
Fusarium (=60%) was observed (Supporting Information S1:
Figure S2B). The archaeal community mainly harboured taxa in
order Halobacteriales; while members classified under Metha-
nobacteriales and Nitrososphaerales were host-specific
(Figure 3E-F). Moreover, some of the taxa that comprised the
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core seed microbiome were also differentially enriched across
plant species, both for bacterial and fungal communities,
respectively (Supporting Information SI1: Figure S2C and
Figure 2D). No differentially enriched members of the archaeal
community were observed.

3.2 | Identification of Seed Microbiome
Biomarkers to Differentiate the Five Indigenous
African Vegetables

To test if the seed microbiome can differentiate the different
plant species, a pre-trained random forest classifier was

deployed to rank seed microbiota in the order of importance in
delineating plant species. Specific plant-associated bacterial
genera, like Bacillus, Pseudomonas, Acinetobacter, Serratia,
Acinetobacter, and Enterobacter were important delimiters of
plant species (Figure 4).

Meanwhile, the presence of potential animal-associated bacteria
(including humans), like Staphylococcus in the seed micro-
biome data set were observed, representing potential influence
owing to postharvest seed management. The fungal seed mi-
crobiota such as ASVs associated to the genera Aspergillus,
Eremothecium, Xeromyces, Xerochrysium, and Fusarium were
found to delimit the different plant species. For the archaeal
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community, one genus (uncultured Halococcaceae) was a
strong delimiter of the different plant species.

3.3 | The Seed Microbiota Potentially Contributes
Crucial Roles in Plant Health

To examine the potential functions that can be contributed by
the seed microbiome, the taxonomy-based functional assign-
ment tools FAPROTAX v1.2.10 (Louca et al. 2016; Stilianos
et al. 2017) and FUNGuild (Nguyen et al. 2016; Pdlme
et al. 2020) were used for prokaryotic and fungal functional
annotation.

The dominant bacterial functions were linked chemohetero-
trophy which was observed among all plant species, with the

exception of Telfairia occidentalis (Figure 5A). Some of the
bacteria that were linked to chemoheterotrophy include Ste-
notrophomonas, Rhodanobacter, Pseudomonas, Acinetobacter,
Serratia, Pantoea, Escherichia-Shigella, Enterobacter, Methylo-
bacillus, Shingomonas, Bradyrhizobium, Ensifer, Mesorhizo-
bium, Methylobacterium, Streptomyces, Paenibacillus, and
Lactobacillus (Supporting Information S2: Supplementary
Data S1). The archaeal community functions were dominated
by methanogenesis related roles of archaea, like methanogen-
esis by CO, reduction with H2, and hydrogenotrophic metha-
nogenesis (Figure 5A). The archaeal functions were mainly
linked to Methanobrevibacter, Haloterrigena, and Halobaculum
(Supporting Information S2: Supplementary Data S2). The
fungal community was dominated by a high presence of func-
tional guild categories including endophytes, animal pathogens,
plant saprotrophs, plant pathogens and wood saprotrophs; these
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functions were particularly high in seed samples of Celosia
argenteaq.

4 | Discussion

In the present study, the microbial community of five indige-
nous African vegetable seeds was explored to provide insight
into their respective microbiomes. Their microbiomes likely
include beneficial constituents on which the resilience of these
vegetables is owed, and that have to be explored in more detail
in the future. The seed microbiomes were plant-species specific,
and were characterised by a high diversity and abundance of
bacteria and fungi; albeit with a less structured archaeal seed
community, which was also less diverse.

The host-specific variation of the seed microbiota composition
in the present study suggests that host genetics may influence
the seed bacterial and fungal community assembly, potentially
through seed chemistry, physical structure, or plant immune
responses that selectively favour or exclude certain microbiota.
Put into context, the examined plant species not only varied in
genetic make, but also in morphology and size. These findings
aligns with previous studies that also assessed the influence of
host genetics on seed microbiome composition of cultivated
(Wolfgang et al. 2020; Wentzien et al. 2024; Lobato et al. 2024;
Wassermann et al. 2022), and naturally occurring plant popu-
lations (Wassermann et al. 2019b).

The seed microbial (bacteria and fungi) diversity of the ex-
amined vegetables was high (i.e., up to 133 and 620 fungal and
bacterial genera), reflecting that seed as the basic unit of a
holobionts represent the essential fraction of the microbiota
needed for the plants' early establishment. Specifically for the
African indigenous vegetables, this microbiota may contribute
crucial roles in enabling their resilience. More so, the seed en-
vironment is characterized by specific niches that support var-
ious bacteria for the continuity of complex plant-microbe
interactions later after germination. Interestingly, the observed
high bacterial and fungal seed diversity of African vegetables
comparably ranks with some of the previously studied highly
diverse plant species (Simonin et al. 2022). Additionally, there
were major positive correlations between the fungal and bac-
terial seed diversity. Interestingly, plant species which were
associated with high microbial diversity had low microbial
abundance. Therefore, the seed microbial abundance might
inversely relate to diversity.

Genotype-specificity of seed microbiome composition as
observed in the present study was long observed by various
authors in the past (Simonin et al. 2022; Lobato et al. 2024). The
bacterial community across plant species included several
prevalent bacterial genera, like Pantoea, Methylobacterium,
Sphingomonas, Paenibacillus, Variovorax, Bacillus, Rhizobium,
Pseudomonas, Bordetella, and Enterobacter. These bacteria are
ubiquitous members of the seed microbiome as previously
shown (Wassermann et al. 2019b; Matsumoto et al. 2021;
Simonin et al. 2022; Abdelfattah et al. 2023; Sulesky-Grieb
et al. 2024; Lobato et al. 2024). These bacteria are also valuable
members of the plant microbiome which facilitate plant resil-
ience against various stress constraints (Jiang et al. 2019;

Matsumoto et al. 2021; Wassermann et al. 2022, 2023). Analysis
of the fungal community revealed the presence of ubiquitous
genera such as Aspergillus, Fusarium, and Penicillium which are
commonly found associated with seeds. Some of these genera
can be pathogenic, but others like Aspergillus were recently
shown to be beneficial for plant health (Fan et al. 2024). We also
observed the presence of certain bacterial and fungal genera,
like Staphylococcus and Candida which are majorly associated
with animals, including humans. This observation could be a
result of seed treatments or a specification of seeds grown in
this region of the world, or likely attributed to postharvest seed
management.

The archaeal community was lowest in alpha diversity, with
values ranging between 25 and 56 ASVs (species). This low
diversity might suggest that archaeal communities are not
typical components of seed microbiomes, but unspecifically
taken up during plant growth. This is in contrast to bacterial
and fungal communities that were shown to be well structured
in various crop plants (Taffner et al. 2020a; Michl et al. 2023).
Additionally, the low richness of archaea may reflect their
highly specialized metabolic requirements and restricted eco-
logical niches in plant-associated environments such as seed.
Therefore, specific environmental conditions can favour the
thriving of specific archaeal taxa.

Our results cannot address the exact role of the seed microbiota;
however, by using taxonomy-based functional predictions, we
provide insights into potential roles of the seed microbiota of
the five African vegetable plants. The potential functions were
mainly categorised into guilds, like heterotrophy, methano-
genesis, and endophytes, for bacterial, fungal, and archaeal
communities, respectively. While seed bacterial functions have
been fairly well studied (Torres-Cortés et al. 2018; Rodriguez
et al. 2020; Sulesky-Grieb et al. 2024; Garrido-Sanz and
Keel 2025), we are yet to understand the importance of seed-
associated archaea. In this study, seed archaeal community
functions were mainly dominated by methanogenesis, nitrifi-
cation, and nitrate reduction; with Methanobrevibacter, Halo-
terrigena, and Halobaculum as potential contributors to
methanogenesis. Previous research suggest that archaea might
be important in enabling microbial root colonization and the
emission of volatiles for activation of plant systemic immunity
and defence (Moissl-Eichinger et al. 2018; Taffner et al. 2018;
Jung et al. 2020).

5 | Conclusion

We found that the seed microbiome varied across host geno-
type, especially for bacterial and fungal community, more than
for archaeal community which was very unspecific. Given the
central role of seeds in ensuring plant generational continuity
and the transmission of seed microbiomes (Abdelfattah
et al. 2023), understanding the factors that shape the seed mi-
crobiota is crucial in designing sustainable crop improvement
programs that are environmentally safe (Simonin et al. 2022).
Moreover, there is increasing evidence regarding the role of
specific plant genes, so-called M genes, which are central for the
recruitment and maintenance of plant-beneficial microbes and
therefore could be key targets for sustainable crop breeding
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frameworks (Zhan and Wang 2024; Cernava 2024). Overall, this
study adds to the growing evidence that African indigenous
vegetables harbour diverse microbiota, offering both bior-
esource opportunities for the management of various crop
production stresses. However, further research is needed to
elucidate the functional roles of these diverse microbial com-
munities and their potential impacts on the growth, yield, and
resilience of these important vegetable crops.
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