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ABSTRACT
Legume root nodules host symbiotic rhizobia that are essential for nitrogen fixation but also harbor diverse non-rhizobial taxa 
that remain poorly characterized. Field pea (Pisum sativum) cultivars adapted to distinct seasonal growth (spring and winter) 
offer an opportunity to explore whether host genotype influences nodule-associated bacterial composition and function. This 
study investigates the taxonomic and functional profiles of nodule bacterial communities in seasonal field pea varieties. A field 
experiment with 6 field pea cultivars (three spring and three winter types) was conducted in South Dakota. Surface-sterilized 
root nodules were subjected to full-length 16S rRNA gene sequencing using Oxford Nanopore technology. Reads were quality 
filtered, organellar sequences removed, and taxonomic classification performed with the Emu pipeline. Microbial diversity, com-
munity structure, and core taxa were analyzed using R, with predicted functions inferred by FAPROTAX. The nodule bacterial 
community was dominated by Rhizobium, accounting for up to 98% of classified reads. After excluding Rhizobium, non-rhizobial 
diversity revealed a conserved core microbiome shared across cultivars, including cyanobacteria with potential phototrophic 
and diazotrophic traits. Minor seasonal differences were observed, with winter cultivars exhibiting higher evenness and specific 
associations. Field pea nodules harbor a stable, cyanobacteria-enriched core microbiome, largely consistent across seasonal cul-
tivars. Season-specific microbial patterns suggest potential host-genotype influences, warranting further validation.

1   |   Introduction

Plants have evolved close associations with soil microbes that 
contribute to nutrient uptake, enhance resistance to pathogens 
and abiotic stresses, and support expansion into new environ-
ments (Bever et al. 2012). Recent studies highlight the role of the 
plant microbiome in enhancing plant adaptability to changing 
environments by modulating phenotypic plasticity (Camargo 
et al. 2023). In this context, roots are the main point of contact 

between plants and soil, and in the rhizosphere, they support 
a diverse and dynamic microbial community. These commu-
nities are shaped by constant interactions between plants and 
microbes, as well as among microbes themselves. Many of 
these interactions are mediated by molecular signals, such as 
secondary metabolites, which can influence microbial compo-
sition, support beneficial microbes, or suppress harmful ones 
(Hacquard and Martin  2024). Understanding what drives the 
assembly of these microbial communities and how plants and 
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microbes adapt together can help guide efforts to improve crops 
and promote more sustainable agricultural practices (Zhang 
et al. 2017).

As an example of this, legume root nodules have tradition-
ally been studied as specialized organs for the fixation of 
symbiotic nitrogen, inhabited primarily by rhizobia such as 
Bradyrhizobium, Rhizobium, and Mesorhizobium. These sym-
biotic relationships have been shown to contribute signifi-
cantly to reducing the dependence on synthetic fertilizers (Zhu 
et al. 2023). In addition, high-resolution microbiome profiling 
has revealed that nodules contain more than rhizobia; they 
are microbiome-rich environments colonized by various non-
rhizobial taxa (Han et al. 2020; Hossain et al. 2023). Genera 
such as Pseudomonas, Enterobacter, and Bacillus have been 
identified in nodules, with roles that extend beyond nitrogen 
fixation, including the promotion of plant growth, suppres-
sion of disease, and improved resilience under environmen-
tal stress (Martínez-Hidalgo and Hirsch 2017; Yin et al. 2021; 
Carter et al. 2023).

Furthermore, the microbiome associated with the nodule is 
highly dynamic and strongly affected by the genotype of the 
host plant (Burghardt et  al.  2022). Even under uniform en-
vironmental conditions, different legume cultivars recruit 
different microbial communities. For instance, Glycine max 
cultivars exhibit variation in the abundance of non-rhizobial 
taxa such as Pseudomonadaceae and Enterobacteriaceae (Yang 
et  al.  2023). This characteristic suggests that host plants act 
as selective filters, possibly through root exudates (Zhalnina 
et  al.  2018), immune responses (Teixeira et  al.  2021) and 
signaling pathways that shape microbial compatibility (Reid 
et al. 2018). Moreover, some recent studies suggest that host 
genotypes not only influence microbial recruitment (Ishida 
et  al.  2022; Dilla-Ermita et  al.  2021) but also affect commu-
nity function, with consequences for nitrogen fixation effi-
ciency, community stability, and stress responses (Wendlandt 
et al. 2019; Crosbie et al. 2022).

Like other legumes, field pea (Pisum sativum) can form root 
nodules that fix atmospheric nitrogen through interactions with 
host-specific rhizobia in cultivated soils (Sujkowska et al. 2011). 
This crop is particularly valued for its protein-rich seeds and 
has attracted increasing interest due to its dual utility as both a 
cover crop and a source of high-quality protein for food applica-
tions (USDA 2010). Historically, winter-sown and spring-sown 
cultivars were selected based on their seasonal adaptability and 
agronomic functions. Winter peas offer early soil cover and ni-
trogen enrichment, while spring peas have been favored for seed 
production and food quality traits (USDA 2022). These groups 
also exhibit contrasting physiological traits, including cold tol-
erance, growth duration, and flowering time, which can influ-
ence root development and rhizosphere interactions (Vocanson 
and Jeuffroy  2008; Vann et  al.  2018). Such differences raise 
compelling questions about whether divergent domestication 
pathways have shaped distinct rhizobial recruitment strategies 
or microbiome assemblies between field pea cultivars (Yurgel 
and McGee 2025).

In this study, we focus on commercially available, food-grade 
field peas, with cultivars adapted to different seasonal growth 

conditions (spring and winter). Given the increasing recognition 
that non-rhizobial microbes can shape legume performance, we 
hypothesize that pea varieties recruit distinct nodule-associated 
bacteria that contribute to functional variation in symbiosis 
based on their growth habit. Using 16S rRNA metabarcoding, 
we characterized the taxonomic and predicted functional pro-
files of nodule-associated bacterial communities in six varieties 
of field pea. We identified both core and variable bacterial taxa 
associated with each seasonal group, offering new insights into 
host-microbiome interactions in legumes.

2   |   Materials and Methods

2.1   |   Field and Experimental Design

The field experiment was conducted at the West River Research 
Farm of South Dakota State University in Sturgis, South Dakota, 
located at 44°25′28.53″ N, 103°22′22.41″ W. The site is charac-
terized by a semi-arid climate (DBsk) with an average annual 
precipitation of 497 mm and a temperature of 8.4°C (Daly and 
Bryant  2013). The soil at the experimental site is classified as 
Nunn clay loam (NcA), with a pH in the top 30 cm of 6.4 and 
organic matter content of 27 g kg−1. This trial was established 
concurrently with annual field pea variety trials. Field peas 
were planted on October 3, 2022, for winter cultivars and April 
27, 2023, for spring cultivars at 25-cm row spacing with a no-
till grain drill (Model 750, John Deere Co., Moline, IL, USA) at 
a population of 86 pure live seedm−2. A commercial granular 
inoculant (Exceed, Visjon Biologics, Henrietta, TX, USA) was 
applied with the seed at manufacturers' recommended rates. No 
additional fertility was applied. For weed control, a premix her-
bicide of carfentrazone ethyl and sulfentrazone was applied as a 
postemerge application at a rate of approximately 365 mL ha−1. 
The experiment was carried out on plots that have not previ-
ously had field peas grown on them using a completely random-
ized block design with three replications, consisting of three 
cultivars of two seasonal groups of field pea varieties: spring 
(cv “Carver,” “Durwood,” and “Salamanca”) and winter (cv 
“Keystone,” “MS-20W3,” and “Vail”). Individual plots measured 
1.5 m × 9.1 m. accommodating six rows per plot.

2.2   |   Sampling, Surface Sterilization, and DNA 
Extraction

At anthesis, root nodules were carefully collected from the 
center two rows of each plot, targeting the crown region of five 
individual plants, resulting in five distinct clusters of nodules 
per replicate. Each cultivar was represented by three biological 
replicates, except for ‘Carver,’ for which only two replicates were 
obtained due to limited nodule formation. To remove adhering 
soil particles, the nodules were gently washed with sterile water. 
Following the sterilization protocol from Sharaf et  al.  (2019), 
surface sterilization was performed by rinsing the nodules three 
times with a 0.9% NaCl solution, followed by rolling them on 
lint-free wipes to remove any remaining soil. The nodules were 
then soaked twice for 5 min in a 1.65% (v/v) sodium hypochlo-
rite solution, with gentle inversion during each soak, and rinsed 
with sterile water between treatments. Finally, the nodules 
were rinsed three additional times with sterile water to ensure 
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complete removal of the sterilizing agent. After sterilization, the 
nodules were stored at −80°C until DNA extraction. DNA was 
extracted from pooled nodule samples for each cultivar using 
the DNeasy Plant Pro Kit (Qiagen) according to the manufactur-
er's instructions.

2.3   |   16S rRNA Full-Length Amplification, Library, 
and Sequencing

The composition of the microbial community was as-
sessed by amplifying the full-length 16S rRNA gene 
from 10 ng of DNA using the Bact26F forward primer 
(5′-AGAGTTTGATCMTGGCTCAG-3′) and the Univ1492R re-
verse primer (5′-GGTTACCTTGTTACGACTT-3′) (Galkiewicz 
and Kellogg  2008). Library preparation, including PCR, in-
dexing, quantification, normalization, pooling, and loading, 
was performed following the 16S Rapid Sequencing Barcoding 
Protocol (Oxford Nanopore Technologies, SQK-16S024). 
Sequencing was performed on the PromethION platform 
(Oxford Nanopore Technologies) at the South Dakota State 
University (SDSU) Genomics Core Sequencing Facility. PCR re-
actions were performed in a total volume of 40 μL, containing 
25 μL of LongAmp Hot Start Taq 2X Master Mix (NEB, M0533), 
10 μL of nuclease-free water, and 5 μL of template DNA (25 ng). 
The thermal cycling conditions were as follows: initial dena-
turation at 95°C for 1 min; 25 cycles of denaturation at 95°C for 
20 s, annealing at 55°C for 30 s, extension at 65°C for 2 min; and 
final extension at 65°C for 5 min. Following amplification, the 
PCR products were purified using AMPure XP beads (Beckman 
Coulter, A63881) according to the manufacturer's instructions 
and SQK-16S024 kit recommendations.

2.4   |   Amplicon Sequence Analysis

Raw sequencing reads in FASTQ format were first demulti-
plexed using the DORADO Fastq Barcoding workflow v3.10.4 
(Oxford Nanopore Technologies). The quality assessment of 
the raw reads was performed with NanoStat v1.6.0, followed 
by quality filtering using NanoFilt v2.8.0. Reads with a Phred 
quality score below 12 and sequences shorter than 1000 bp and 
longer than 1800 bp were discarded to ensure high-confidence 
data for downstream analysis. The reads were then screened 
for chloroplast and mitochondrial sequences using Kraken2 
v2.1.3 (Wood et al. 2019) with 0.6 of confidence using a cus-
tom Viridiplantae organelle database (RefSeq, May 5, 2025). 
Organellar reads were excluded prior to taxonomic classi-
fication. Subsequently, reads were processed through the 
Emu (expectation–maximization) pipeline (Curry et al. 2022) 
using default parameters, for taxonomic classification and 
estimation of relative microbial abundances. The taxonomic 
assignment was performed using an Emu pre-built database 
that integrates NCBI 16S RefSeq database (February 1, 2023). 
Taxonomic annotations were retained at the species, genus, 
and family levels to capture a broad, yet detailed, overview of 
the composition of the microbial community. Only taxa with 
a relative abundance ≥ 0.001 and that were detected in at least 
two independent replicates were retained for all downstream 
analyses. The functional profiles of bacteria were predicted 
using FAPROTAX (Functional Annotation of Prokaryotic 

Taxa) v1.2.11 (Louca et al. 2016) according to taxonomic as-
signments at the species level. The predicted functions were 
grouped as core, spring-specific, and winter-specific for com-
parative analyses.

2.5   |   Data Analysis

All bioinformatic and statistical analyses were performed in R 
(v4.1; R Core Team 2021). Sequencing depth normalization was 
tailored to each analysis type. Rarefaction was applied only to 
assess library completeness and to compute the Chao1 richness 
estimator from raw counts, while other alpha and beta diversity 
metrics were based on normalized or relative abundance data. 
Alpha diversity indices, including Shannon diversity, Simpson 
diversity, and Pielou's evenness, were calculated from relative 
abundance data using the vegan package (v2.5-7) (Oksanen 
et al. 2013). Beta diversity was assessed from variance-stabilized 
counts obtained using DESeq2's variance-stabilizing transfor-
mation (VST) (v1.34.0) (Love et  al.  2014), which corrects for 
library size differences without discarding reads. Bray–Curtis 
dissimilarity matrices were used to quantify community dis-
similarities, followed by principal coordinate analysis (PCoA) 
and non-metric multidimensional scaling (NMDS), with ordina-
tion plots visualized using 95% confidence ellipses. Differences 
in community composition were tested using PERMANOVA 
(Adonis2 function, vegan package) with 999 permutations. 
Taxonomic composition was analyzed at the species and family 
levels and grouped by seasonal cultivar (spring and winter). The 
core microbiome was defined as taxa present in at least > 2 cul-
tivars within each seasonal group, with a minimum of 500 reads 
and detection in at least two of three replicates (Neu et al. 2021). 
To minimize bias, only taxa present in all biological replicates 
of each cultivar were considered for the classification of the core 
microbiome. Venn diagrams and Euler plots were generated to 
compare taxa unique to winter and spring cultivars and those 
shared between groups. Pairwise differences in Rhizobium 
relative abundance were assessed using Wilcoxon rank-sum 
tests. Differential abundance analyses at the genus level were 
performed using DESeq2, with the Benjamini-Hochberg false 
discovery rate (FDR) correction applied to control for multiple 
tests (p < 0.05 threshold).

3   |   Results

3.1   |   Sequencing Output and Taxonomic 
Classification

A total of 11,453,755 full-length 16S rRNA reads were generated 
averaging 673,750 reads per sample, with a median read length 
(N50) of 1549 base pairs (bp). After basecalling, reads were fil-
tered for a minimum quality score of 12 and lengths between 
1000 and 1800 bp, retaining 10,714,816 high-quality reads. Host-
derived organellar contamination represented 0.1% of reads 
and was removed prior to downstream analysis. Emu-based 
classification then resolved dominant taxa to the species level, 
with unmapped and unclassified reads comprising no more 
than 0.0005% of the dataset (Table S1). In total, Emu identified 
197 unique species in 111 genera, 65 families, and six phyla 
(Table S2).
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3.2   |   Rhizobium Dominance in Field Pea Nodules

To compare the composition of the bacterial community be-
tween spring and winter pea cultivars, we analyzed the rel-
ative abundance profiles at different taxonomic levels. At the 
phylum level, the nodule-associated bacteria were dominated 
by Proteobacteria (approximately 96% of classified reads), 
followed by Cyanobacteria (approximately 3%). Other phyla, 
including Actinobacteria, Bacteroidetes, Firmicutes, and 
Synergistetes, together contributed less than 1% (Figure 1A). 
Having established the broad taxonomic landscape, we next 
assessed seasonal differences at the genus level. As expected 

from the nodular origin of the samples, Rhizobium was the 
most abundant genus, with a relative abundance ranging from 
0.84 to 0.98 (Figure  1B,C). Although its overall dominance 
was consistent, hierarchical clustering based on Rhizobium 
abundance revealed intra-seasonal variability across cultivars 
(Figure 1C). For instance, while some winter cultivars such as 
Keystone and Vail clustered at the high end of the abundance 
spectrum (> 0.96), spring cultivars showed higher variability. 
Given the incomplete season-based segregation observed in 
clustering, Rhizobium abundance appears to reflect a combi-
nation of cultivar-specific and other ecological/structural fac-
tors rather than the season alone.

FIGURE 1    |    Seasonal differences in the microbial community structure and Rhizobium dominance in field pea nodules. (A) Phylum-level compo-
sition of nodule-associated bacteria across seasonal cultivars. Stacked bar plots show the relative abundance (%) of bacterial phyla detected in individ-
ual nodule samples from spring (orange) and winter (blue) cultivars. Proteobacteria dominated the microbiome in all samples, while Cyanobacteria 
and Firmicutes were present at lower abundances. Sample names are labeled along the x-axis by cultivar and replicate. Bars are grouped by seasonal 
cultivar. (B) Genus-level taxonomic composition of nodule-associated bacteria across seasonal cultivars. Relative abundance (%) of bacterial genera 
detected in each nodule sample, grouped by seasonal cultivar. Rhizobium is the dominant genus in both groups. Genera are color-coded as indicated 
in the legend. Each bar represents one replicate. (C) Heatmap of genus-level relative abundances across samples. A heatmap displays the relative 
abundance of bacterial genera across spring and winter nodule samples. Rows correspond to individual samples (n = 18), and columns represent 
bacterial genera. The color gradient (purple to yellow) indicates an abundance of values. A dendrogram based on hierarchical clustering of genus 
profiles reveals patterns of similarity among samples. Colored side bars denote seasonal cultivars (orange = spring, blue = winter). (D) Comparison 
of Rhizobium abundance among seasonal cultivars. Boxplots depict the relative abundance of Rhizobium in spring (n = 8) and winter (n = 9) samples. 
Rhizobium was significantly more abundant in winter nodules (Wilcoxon rank-sum test, p = 0.046). Boxes represent the interquartile range (IQR), 
and individual data points are plotted.
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Finally, we formally tested whether the small seasonal differ-
ence in Rhizobium abundance was significant. A Wilcoxon test 
showed that winter cultivars harbored a modest but statistically 
higher median relative abundance of Rhizobium compared to 
spring cultivars (Figure 1D, p = 0.046), consistent with the clus-
tering result yet underscoring that the season only explains a 
small fraction of the overall variation. These results confirm 
Rhizobium as the dominant nodule taxon, with minor but poten-
tially meaningful differences between individual cultivars that 
could reflect genotype-driven modulation of symbiotic recruit-
ment, but this requires larger sample sizes for confirmation.

3.3   |   Microbiome Comparison Between Spring 
and Winter Cultivars

To evaluate potential seasonal effects on bacterial diversity, we 
first compared alpha diversity between spring and winter pea 
cultivars using Shannon and Simpson diversity indices, Pielou's 
evenness, and Chao1 species richness. While Chao1 richness did 
not differ significantly between seasonal cultivars, Shannon di-
versity was marginally higher in spring (p = 0.0543), and both 
Simpson's diversity and Pielou's evenness were significantly 
greater in spring compared to winter (p = 0.0433; Figure  2A). 
Next, we assessed beta diversity using Bray–Curtis dissimilar-
ity, visualized through PCoA and NMDS. The spring and winter 
cultivar samples did not form distinct groups in either ordina-
tion method, and PERMANOVA analysis confirmed no sig-
nificant difference in community composition between groups 
(p > 0.05) (Figure 2B,C).

To explore cultivar-level patterns in more detail, we analyzed 
the alpha diversity indices (Shannon, Simpson, Pielou, Chao1) 
with 95% confidence intervals for each cultivar (Figure  2D). 
Although the confidence intervals for spring and winter culti-
vars broadly overlap, consistent with the marginal significance 
observed in group-level comparisons, cultivar-specific patterns 
emerge. Salamanca (spring) exhibits notably high Pielou's even-
ness (mean approximately 0.22) and Shannon diversity (mean 
approximately 0.85), while Vail (winter) shows the highest 
Chao1 richness (mean approximately 70). Keystone (winter) 
demonstrates high Simpson's diversity (mean approximately 
0.45) and Shannon diversity comparable to Salamanca. The re-
maining cultivars, Durwood and Carver (spring) and MS-20 W3 
(winter), cluster at intermediate values across metrics. These 
cultivar-level variations, though not individually tested due to 
limited replication (n = 2–3 per cultivar), suggest substantial 
within-season diversity in nodule bacterial community struc-
ture, with the overall marginal trend toward higher diversity in 
spring driven primarily by Salamanca.

Finally, we evaluated differential abundance at the genus level 
using both DESeq2 and Wilcoxon rank sum tests. After multi-
ple testing corrections, no genera showed statistically signifi-
cant differences between spring and winter samples (Table S3). 
Although our hypothesis predicted seasonal cultivar-driven 
changes in the nodule microbiome, the lack of significant differ-
ences between diversity metrics and taxonomic profiles suggests 
a robust and conserved bacterial community structure, largely 
dominated by Rhizobium, with any genotype-specific effects 
potentially masked by high variability between samples. In 

addition, the dominance of Rhizobium in all samples may have 
reduced the sensitivity of diversity metrics to detect differences 
between taxa of lower abundance. This effect likely contributes 
to the uniformity observed in the alpha and beta diversity indi-
ces and highlights the importance of complementary analyses 
that account for dominant taxa.

3.4   |   Unmasking Microbial Diversity Beyond 
Rhizobium

In all nodule samples, Rhizobium was consistently the most 
dominant bacterial genus, accounting for 84% to 98% of the total 
classified sequences. This dominance significantly compressed 
the diversity space, lowering the alpha and beta diversity esti-
mates, which are highly sensitive to the evenness and distribu-
tion of taxa (Jousset et al. 2017; Willis 2019). To address this, we 
filtered the Rhizobium genus from the dataset and reanalyzed 
the bacterial profiles. This filtering step enabled a more detailed 
examination of the less abundant, non-rhizobial taxa associated 
with nodules.

At the genus level, several taxa that were previously masked 
by Rhizobium's dominance became more prominent, includ-
ing Crinalium, Tychonema, Rhodoligotrophos, Rickettsia, and 
Liberibacter (Figure  3A). These genera were present in spring 
and winter cultivars and contributed more significantly to 
the overall structure of the community in the filtered dataset. 
Next, we recalculated species richness (Chao1), overall diversity 
(Shannon, Simpson), and community differences (Bray–Curtis) 
after Rhizobium removal. No significant effect of Rhizobium re-
moval was observed on the total bacterial structure (p > 0.05; 
Figure S1). The only difference was in evenness (Pielou index; 
p < 0.05; Figure 3B), with winter-type cultivars showing a more 
balanced read distribution between species.

3.5   |   Core- and Specific-Associated Bacteria in 
Seasonal Field Pea Cultivars

To explore group-specific variation among bacteria, we character-
ized the core and specific bacterial composition of field pea nod-
ules from spring and winter cultivars at the species level after the 
removal of Rhizobium sequences. Core species were defined by 
absolute abundance–occurrence (see Section 2). We used raw read 
counts rather than relative abundance to minimize the impact of 
variable sequencing depths across samples, which can mask rare 
taxa and disproportionately emphasize dominant taxa. This clas-
sification revealed a structured bacterial composition between 
winter and spring cultivars (Figure  4A and Table  S4). A total 
of 19 species were classified as part of the core bacteria shared 
between both seasonal groups, suggesting a conserved bacteria 
community baseline in field pea nodules. Although these 19 taxa 
represented only 9.7% of the total species richness, they accounted 
for 83% of the total bacterial community abundance across all 
samples (Figure 4B). Most of these taxa belonged to cyanobacte-
rial lineages with known epibiotic lifestyles, including members 
of the Oscillatoriaceae, Nostocaceae, Hapalosiphonaceae, and 
Chroococcaceae families. Genera such as Anabaena, Fischerella, 
Tychonema, and Gloeocapsa are frequently associated with pho-
tosynthetic activity and have been observed in plant-associated 
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FIGURE 2    |     Legend on next page.
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environments (Table  1). The consistent presence of these taxa 
across cultivars suggests stable niche associations that can sup-
port or interact with nitrogen-fixing symbioses.

To better understand seasonal specificity, we further examined 
the non-Rhizobium core taxa unique to each cultivar group. The 
spring-specific core bacteria included six species, mainly epibi-
otic cyanobacteria such as Calothrix sp. 336/3, Cylindrospermum 
pellucidum, and Chroococcidiopsis thermalis. These taxa are 
known for their resilience in variable environments and poten-
tial roles in nitrogen dynamics (Johansen et al. 2014; Baldanta 
et  al.  2023; Uesaka et  al.  2024). An additional spring-specific 

species, Pleomorphomonas koreensis, is a nitrogen-associated 
free-living bacterium previously isolated from plant rhizo-
spheres, supporting its relevance in plant-microbe interactions 
(Im et al. 2006) (Table 1). The winter-specific core microbiome 
included five taxa, of which Emcibacter sp. (Meier et al. 2019), 
Insolitispirillum peregrinum (Balogová et  al.  2025), and 
Rhodothalassium salexigens (Madigan et  al.  2025) have been 
identified in soil or aquatic environments and can play roles 
in carbon or sulfur cycling (Table  1). Although their specific 
functions in nodules remain unclear, their consistent pres-
ence suggests a possible adaptation to winter conditions and 
a contribution to the seasonal microbial structure. Together, 

FIGURE 2    |    Seasonal cultivar effects on alpha and beta diversity of nodule-associated bacterial communities. (A) Alpha diversity indices of 
spring and winter cultivars at genus-level. Violin plots show distributions of four alpha diversity metrics across field pea nodule microbiomes from 
spring (orange) and winter (blue) cultivars: Chao1 richness, Shannon diversity, Simpson's diversity, and Pielou's evenness. Center lines denote me-
dians; box widths indicate interquartile ranges. (B) NMDS ordination of microbial community composition. Non-metric multidimensional scaling 
(NMDS) based on Bray–Curtis dissimilarity shows the similarity of genus-level community profiles among individual samples. Samples are colored 
by seasonal cultivar group (orange = spring; blue = winter), with ellipses representing 95% confidence intervals. (C) Principal Coordinates Analysis 
(PCoA) based on Bray-Curtis distance. PCoA illustrates variance in microbial composition across spring and winter samples. The first two principal 
coordinates explain 75.9% and 15.4% of variation, respectively. Dashed ellipses represent 95% confidence intervals for each group (n > 8 per season-
al cultivar). Differences in community composition were tested using PERMANOVA (Adonis2 function, vegan package) with 999 permutations. 
(D) Alpha diversity comparisons by cultivar. Mean ± 95% confidence intervals of four alpha diversity metrics (Chao1 richness, Shannon diversity, 
Simpson diversity, and Pielou's evenness) across individual cultivars. Each point represents the cultivar's mean index value, colored by season (or-
ange = spring; blue = winter).

FIGURE 3    |    Revealing microbial community composition and evenness after Rhizobium sequence removal from field pea nodules. (A) Genus-
level composition of non-rhizobial nodule microbiomes. Stacked bar plots show the relative abundance (%) of bacterial genera in field pea nodules 
after computational removal of Rhizobium sequences. Samples are grouped by seasonal cultivar: spring (orange) and winter (blue). Remaining taxa 
span diverse genera, including Anabaena, Crinalium, Liberibacter, Pantoea, and Rickettsia, with notable shifts in relative contributions across cul-
tivars. Bars represent individual biological replicates (n = 18 total), with each color corresponding to a specific genus as indicated in the legend. (B) 
Increase in community evenness after Rhizobium removal. Violin plots display Pielou's evenness index values for spring (n = 8) and winter (n = 9) 
samples following removal of Rhizobium. Evenness reflects how evenly taxa are distributed within each sample. Winter cultivars exhibited signifi-
cantly greater evenness than spring cultivars (Kruskal–Wallis test, p = 0.043). Each dot represents one replicate; center lines indicate median values, 
and boxes reflect interquartile ranges.
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these results reveal the presence of a dominant and stable non-
Rhizobium core microbiome in field pea cultivars, accompanied 
by seasonal differences in cyanobacterial and free-living taxa.

3.6   |   Functional Insights From the Core 
and Group-Specific Bacterial Community

To investigate the functional potential of bacterial communities 
in field pea nodules, we applied FAPROTAX to species-level 
taxonomic profiles and grouped the predictions by microbial 
classification: (1) shared core bacteria, (2) spring-specific taxa, 
and (3) winter-specific taxa. The shared core bacteria exhibited 
a clear dominance of phototrophic functions, including general 
phototrophy, photoautotrophy, and oxygenic photoautotrophy, 
which showed the highest mean abundances among all pre-
dicted traits (Figure 5 and Table S5). The functions associated 
with photosynthetic cyanobacteria and nitrogen fixation were 
also enriched in the core group, consistent with the presence of 
phototrophic and diazotrophic taxa, whereas traits such as in-
tracellular parasitism were detected at lower abundance.

In contrast, spring-specific taxa displayed a broader range of 
predicted functions, such as photoheterotrophy, methanotro-
phy, methylotrophy, and hydrocarbon degradation, but these 
occurred at lower relative abundance, suggesting a more func-
tionally diverse but less dominant microbial contribution. 
Meanwhile, winter-specific taxa were primarily associated with 
aerobic chemoheterotrophy and photoheterotrophy, also at low 
abundance, indicating a more constrained metabolic repertoire. 
Altogether, these results highlight that the functional potential 
in field pea nodules is largely driven by a conserved core com-
munity, while season-specific groups contribute additional, but 
limited, functional variability.

4   |   Discussion

The advent of long-read sequencing technologies has sub-
stantially enhanced our ability to resolve complex microbial 

communities, particularly by improving taxonomic resolution 
in 16S rRNA-based studies (Tedersoo et  al.  2021). However, 
each microbiome study presents unique characteristics that 
often require customized analytical workflows. This is espe-
cially relevant when considering the expected variability in 
microbial diversity between plant compartments. For example, 
the high microbial diversity typically found in the rhizosphere, 
phyllosphere, or floral tissues (Trivedi et al. 2020) contrasts with 
the lower diversity observed in specialized organs such as root 
nodules (Martínez-Hidalgo and Hirsch 2017; Sharaf et al. 2019; 
Yurgel and McGee 2025), which are often dominated by a single 
symbiotic taxon. In this study, we combined stringent filtering 
of host organellar reads and removal of Rhizobium sequences 
to disentangle the hidden diversity of the field pea nodule-
associated bacteria. This approach confirmed Rhizobium legu-
minosarum as the overwhelmingly dominant symbiont, while 
also exposing a structured assemblage of non-rhizobia taxa, in-
cluding cyanobacteria and proteobacterial lineages, that form a 
reproducible core across cultivars.

4.1   |   Dominant Rhizobium and Implications 
for Diversity Patterns

We leveraged species- and genus-level resolution to enhance the 
detection of rare microbial taxa. As expected, the bacterial pro-
files of the field pea nodules were overwhelmingly dominated 
by Rhizobium, consistent with its central role as the primary 
nitrogen-fixing symbiont in legumes (Mathesius 2022). The high 
abundance of Rhizobium (84%–98% of reads) reflects successful 
nodule colonization by compatible symbionts and is consistent 
with previous reports in peas and other legumes (Ji et al. 2017; 
Zhang et al. 2018; Yurgel and McGee 2025). This dominance ex-
plains why richness (Chao1) remained stable between cultivars, 
whereas indices sensitive to abundance distribution (Simpson, 
Pielou) captured differences in evenness. In spring cultivars, 
higher evenness suggests that secondary taxa achieve more 
balanced representation, while winter cultivars appear more 
strongly structured by Rhizobium dominance. Similar findings 
in mung bean indicate that host genotype often influences not 

FIGURE 4    |    Core and group-specific non-rhizobial microbiome composition in seasonal field pea cultivars. (A) Venn diagram summarizing the 
number of core taxa shared between spring and winter cultivars, as well as those exclusive to each seasonal group. (B) Pie charts showing the propor-
tion of core versus non-core (“other”) taxa by number of species (left) and total relative abundance (right). Although core taxa represent only 9.69% of 
species, they account for 83% of the total microbial abundance. Notes: Core taxa classification was based on prevalence (≥ 90% of samples in a group 
with ≥ 500 reads per taxon, with n > 2 replicates); relative abundances were averaged across all samples.
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the absolute number of taxa but their relative balance, highlight-
ing the selective filtering role of legumes (Favero et  al.  2021). 
Such patterns underscore that diversity metrics must be inter-
preted considering symbiont dominance and the ecological spe-
cialization of nodules.

4.2   |   Cultivar Effects on Nodule-Associated 
Bacteria Assemblage

Plant genetic variation exerts a significant influence on the as-
sembly of microbiomes across different plant compartments, 

TABLE 1    |    Taxonomic composition and relative abundance of core and seasonal-specific nodule-associated taxa.

Species Family Phylum
Relative 

abundance Classification
Number of 
cultivars

Aerosakkonema funiforme Oscillatoriaceae Cyanobacteria 0.011 (±0.004) Core 6

Anabaena cylindrica Nostocaceae Cyanobacteria 0.403 (±0.130) Core 6

Calothrix sp. PCC 7507 Calotrichaceae Cyanobacteria 0.002 (±0.001) Core 6

Candidatus Liberibacter 
africanus

Rhizobiaceae Proteobacteria 0.033 (±0.020) Core 6

Crinalium epipsammum Gomontiellaceae Cyanobacteria 0.138 (±0.048) Core 6

Cyanothece sp. PCC 7425 Cyanothecaceae Cyanobacteria 0.012 (±0.004) Core 6

Fischerella muscicola Hapalosiphonaceae Cyanobacteria 0.006 (±0.003) Core 6

Fischerella thermalis Hapalosiphonaceae Cyanobacteria 0.009 (±0.003) Core 6

Gloeocapsa sp. PCC 7428 Chroococcaceae Cyanobacteria 0.003 (±0.001) Core 6

Laceyella sacchari Thermoactinomycetaceae Firmicutes 0.010 (±0.006) Core 6

Loriellopsis cavernicola Symphyonemataceae Cyanobacteria 0.008 (±0.002) Core 6

Oscillatoria nigro-viridis Oscillatoriaceae Cyanobacteria 0.004 (±0.001) Core 6

Rhodoligotrophos 
appendicifer

Rhodobiaceae Proteobacteria 0.019 (±0.018) Core 6

Rhodoligotrophos jinshengii Rhodobiaceae Proteobacteria 0.079 (±0.044) Core 6

Rickettsia akari Rickettsiaceae Proteobacteria 0.004 (±0.003) Core 6

Rickettsia bellii Rickettsiaceae Proteobacteria 0.007 (±0.005) Core 6

Rickettsia endosymbiont of 
Bemisia tabaci

Rickettsiaceae Proteobacteria 0.030 (±0.021) Core 6

Sneathiella chinensis Sneathiellaceae Proteobacteria 0.005 (±0.004) Core 6

Tychonema bourrellyi Microcoleaceae Cyanobacteria 0.074 (±0.024) Core 6

Caldovatus sediminis Acetobacteraceae Proteobacteria 0.004 (±0.003) Only spring 3

Calothrix sp. 336/3 Calotrichaceae Cyanobacteria 0.002 (±0.001) Only spring 3

Chroococcidiopsis thermalis Chroococcidiopsidaceae Cyanobacteria 0.002 (±0.001) Only spring 3

Cylindrospermum 
pellucidum

Nostocaceae Cyanobacteria 0.002 (±0.001) Only spring 3

Kryptousia microlepis Tolypothrichaceae Cyanobacteria 0.002 (±0.001) Only spring 3

Pleomorphomonas koreensis Methylocystaceae Proteobacteria 0.002 (±0.001) Only spring 3

Emcibacter sp. MEBiC09520 Emcibacteraceae Proteobacteria 0.002 (±0.002) Only winter 3

Insolitispirillum peregrinum Rhodospirillaceae Proteobacteria 0.003 (±0.003) Only winter 3

Oceanibacterium 
hippocampi

Sneathiellaceae Proteobacteria 0.002 (±0.001) Only winter 3

Rhodothalassium salexigens Rhodothalassiaceae Proteobacteria 0.006 (±0.004) Only winter 3

Rickettsia japonica Rickettsiaceae Proteobacteria 0.003 (± 0.002) Only winter 3
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such as roots, nodules, and leaves (Singer et  al.  2019; Brown 
et al. 2020; Ishida et al. 2022). Distinct genotypes create unique 
biochemical and physiological environments through differ-
ences in root exudation, tissue chemistry, or immune signal-
ing, which in turn shape the recruitment, abundance, and 
persistence of specific microbial taxa (Zhang et al. 2023). This 
host-driven filtering effect helps explain why plants of the same 
species but with different genetic backgrounds often harbor con-
trasting microbial communities, even when grown under simi-
lar environmental conditions.

In our dataset, differences in Rhizobium abundance between 
cultivars were modest, but the consistent trend toward higher 
values in winter peas suggests genotype-associated recruitment. 
Parallel shifts also appeared in the non-rhizobial bacteria, plau-
sibly reflecting subtle variation in exudate chemistry, immune 
tone, or nodule developmental timing (Zhalnina et al. 2018; Reid 
et al. 2018; Teixeira et al. 2021). Similar to reports in Medicago 
truncatula, our results reinforce that genotype effects are gen-
erally stronger in the rhizosphere and roots than in nodules 
(Brown et al. 2020). Soybean studies (Han et al. 2025) likewise 
demonstrate significant genotype influences in the rhizosphere, 
highlighting that the strength of this effect depends on plant 
compartment (Brown et al. 2020).

Although the magnitude of cultivar effects in our study was 
statistically modest, they point to a degree of host-driven fil-
tering even within a single legume species, consistent with 

patterns observed across broader legume groups (Mutch and 
Young 2004; Hartman et al. 2017; Zhong et al. 2019). However, 
genotype-driven effects remain poorly documented in field pea, 
which crucially, nodules constitute a highly selective environ-
ment (Han et al. 2020), which likely compresses variation and 
makes cultivar effects more subtle.

4.3   |   Non-Rhizobial Core: Cyanobacteria 
and Functional Potential

We identified a conserved non-rhizobial bacterial core com-
prising primarily cyanobacteria (e.g., Anabaena, Tychonema, 
and Fischerella), which are well documented in soil, biofilms, 
and plant-associated environments (Peng and Bruns  2019; 
Evseev et  al.  2023). Their recurrent presence across cultivars 
suggests stable associations rather than sporadic colonization. 
Cyanobacteria possess traits such as oxygenic photosynthesis 
and diazotrophy that could complement nodule function, po-
tentially buffering microaerobic conditions or supplying ad-
ditional fixed nitrogen (Llamas et  al.  2023). Whether they act 
as true endosymbionts or persist as epibionts on inner surfaces 
remains unresolved, but their consistent detection following 
rigorous sterilization indicates at least a close and reproducible 
association. Functional predictions reinforce this, with photot-
rophy and nitrogen fixation enriched in the shared core, while 
seasonal-specific taxa contributed additional but less abundant 
functions such as methylotrophy or sulfur cycling.

FIGURE 5    |    Predicted functional profiles of the nodule-associated microbiome across seasonal field pea cultivars. Bubble plot shows the mean 
relative abundance of predicted microbial functions for three groups of taxa: Core (detected in all cultivars), Only spring (exclusive to spring culti-
vars), and Only winter (exclusive to winter cultivars). Functional predictions were inferred using FAPROTAX based on taxonomic profiles. Bubble 
size reflects mean abundance per group, with larger bubbles indicating higher relative abundance.



11 of 13Legume Science, 2025

Interestingly, several studies have demonstrated that cyano-
bacteria can directly interact with rhizobia within legume 
nodules through co-inoculation approaches. In chickpea, for-
mulations combining Anabaena spp. and Mesorhizobium ciceri 
enhanced nodulation, leghemoglobin content, nitrogenase ac-
tivity, and yield relative to rhizobial inoculation alone (Bidyarani 
et al. 2016; Prasanna et al. 2017). These effects were linked to 
higher microbial diversity within nodules, improved nutrient 
mobilization, and elevated soil enzymatic activity, suggesting 
synergistic interactions between phototrophic cyanobacteria 
and diazotrophic rhizobia. More recently, Andrade et al. (2024) 
reported that co-inoculation of Bradyrhizobium arachidis with 
Arthrospira platensis or Synechocystis sp. increased groundnut 
productivity by up to 19% under field conditions. These find-
ings indicate that cyanobacteria-rhizobium partnerships may 
enhance nodule functionality and plant performance, aligning 
with our observation of a cyanobacterial core in pea nodules.

Similarly, the identification of non-rhizobial core and group-
specific taxa with distinct predicted functional signatures, such 
as photoheterotrophy, methylotrophy, and hydrocarbon degra-
dation, indicates that nodule-associated bacterial communities 
may harbor functional diversity beyond canonical nitrogen fix-
ation (see review by Bulgarelli et al. 2013). These observations 
parallel reports in peanut and soybean nodules, where non-
rhizobial taxa extend the functional landscape beyond canoni-
cal symbiosis (Hossain et al. 2023; Han et al. 2020).

5   |   Considerations and Implications

While filtering strategies were effective in unmasking hidden 
diversity, limitations remain. Predictive functional profiling re-
lies on taxonomic inference and cannot confirm the associated 
traits. Moreover, distinguishing between internalized bacteria 
and persistent epiphytes is challenging without microscopy or 
culture-based validation. In addition, the modest sample size con-
strains power to detect fine-scale genotype effects. Addressing 
these issues will require integrating amplicon sequencing with 
metatranscriptomics, imaging, and targeted inoculation as-
says to validate functional contributions of non-rhizobial taxa. 
Furthermore, the discovery of a stable, cyanobacteria-enriched 
core suggests that nodule microbiomes may provide ecological 
functions complementary to nitrogen fixation, with potential 
implications for crop resilience. Understanding whether these 
taxa enhance stress tolerance, modulate oxygen availabil-
ity, or contribute to nutrient turnover could open avenues for 
microbiome-informed breeding or inoculant design. Future 
work should test whether core cyanobacteria confer measurable 
benefits to host performance and whether these associations are 
conserved across environments. Expanding comparative studies 
across legumes and seasonal ecotypes will clarify whether the 
observed patterns in field pea reflect a generalizable feature of 
legume symbioses.
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