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Abstract

:

Lentil (Lens culinaris Medik.) is an essential legume crop providing healthy and nutritious food for people in low- to middle-income countries, worldwide. Lentil roots support symbiotic interactions with soil rhizobia species fostering nitrogen fixation; however, assemblage and diversity of the complete microbial rhizosphere community and the effect of seed genotype and origin remain largely unexplored. In this study we examined, via metagenomic analysis, the effects of seed origin on the rhizosphere’s communities in samples of the famous Greek lentil landrace, Eglouvis, derived from different local farmers and farming systems (including a Gene Bank sample), in comparison to a commercial variety. The landrace exhibited higher rhizosphere microbiome diversity compared to the commercial variety for all indexes. A core microbiome comprised of 158 taxa was present in all samples, while a greater number of unique bacterial taxa was recorded in the landrace samples compared to the commercial cultivar. Notably, landrace samples originated from organic farming had more than double the number of unique taxa compared to conventional counterparts. The study revealed a higher diversity of N2 fixers and archaea, Crenarchaeota and Thaumarchaeota, in landrace samples and particularly in those derived from organic farming, underpinning the distinct recruiting efficiency of beneficial soil microbes by the landrace.
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1. Introduction


Globally, lentil (Lens culinaris Medik.) is an important food source due to its rich content of proteins, minerals, and vitamins, with yields exceeding 5 million tons per year [1]. Lentil local landraces are of particular interest primarily as a highly nutritious pulse crop providing high-quality, fortified products designated often as PDO (Protected Designation of Origin) and as PGI (Protected Geographical Indication). These products can foster local societies and economies and avert land degradation and desertification. In Europe alone, PDO and PGI products represent a sales value exceeding EUR 57 billion (10 × 109). Secondly, they provide a genetic reservoir of traits and genetic alleles that currently remain untapped yet could provide valuable tools to improve crop resilience and climate change adaptation to safeguard food security. Thirdly, they represent a protein-rich crop grown in low-input and rainfed systems that promote sustainability. Archeological evidence in Peloponnese, Greece, indicated that lentil cultivation dates back to 11,000 BC. Subsequently, centuries of continuous lentil cultivation have led to the development of landraces as fundamental components of Mediterranean farming systems and diet. Lentil is a self-pollinated species and it is generally accepted that several landrace characteristics are co-shaped through the continuous exposure to abiotic and biotic factors of the local environment, including poor soil fertility or exposure to pathogens and farmers’ selection to meet local needs [2,3]. On the other hand, breeding programs have released commercial cultivars of legumes including lentil, achieving uniformity and better yields, which are both trends of contemporary agriculture.



The famous lentil landrace Eglouvis, also known as “Faki Eglouvis”, has been cultivated in the homonymous plateau since 1700 in Lefkada Island, Greece [2]. The Eglouvis landrace is a microsperma-type lentil that represents an excellent paradigm of local landrace on-farm conservation, through traditional cultivation. Landraces undoubtedly represent a vital bond of tradition, history, and local identity revealing landscape distinctiveness. Landraces often guarantee higher provisioning services under non-optimal farming conditions [4]. Thus, understanding the intrinsic link among lentil-associated rhizosphere microbiomes and agronomic characteristics is crucial to advance food quality of plant protein crops and security, as well as soil conditions and functioning, in an environment facing climate challenges.



Nowadays, mounting evidence from research indicates that the plant genome has a central and dynamic role in shaping the composition of the microbiome [5,6]. Awad and coworkers have shown that the phyllosphere microbiome in grapevine cultivars is governed by the cultivar genotype in a collection of grapevine cultivars grown in the same orchard [7], thus, demonstrating that the plant genotype is key player of the above-ground plant microbiome. Lentil, as a member of the Fabaceae family, maintains symbiotic associations with rhizobia species that are responsible for biological nitrogen fixation. Studies have shown that crop, genotype, and field environmental conditions contributed to the seed-associated microbial assemblage, demonstrating that the seed microbiome is also vertically transmitted in lentil, wheat, and canola crops [8]. Plant-associated microorganisms can be acquired indirectly from the surrounding environment or directly from the parent, in a vertical transmission pathway for microbial inheritance. Therefore, it is thought that the seed-associated microbiome may impact the development of the developing plant microbiome.



Studies have shown that legumes cultivation, particularly of pulse crops such as lentil, promotes soil fertility and enhances the productivity of sequential crops [9]. It is evident that plant genotype is an important factor not only from a breeding aspect, but equally for obtaining baseline information at microbial level to improve sustainable agricultural production. Lentil crops were shown to partially influence the microbial rhizosphere dynamics of sequential crops, particularly for microbial species that interceded N and P nutrient uptake [9,10]. The enrichment of distinct root microbes is not limited only to legumes. Wheat landraces have been shown to regulate the structure and diversity of rhizosphere microbiomes and, in turn, influence plant physiological traits [11]. To date, most of the lentil rhizosphere studies have been performed on commercial cultivars under various field conditions. Whether there are differences in the lentil rhizosphere microbiome among lentil cultivars and landraces under the same field and environmental conditions still remains unexplored. In a recent study it was shown that irregular high precipitation events resulted in a higher number of specific bacterial taxa identified in the rhizosphere of a lentil landrace compared to the commercial cultivars [12]. Nonetheless, whether a landrace maintains a distinct rhizosphere microbiome signature in comparison to modern varieties under the same field and environmental conditions remains unknown.



The so-called “rhizosphere effect” model describes the interactions and complex functions of the plant root and the surrounding soil environment [13,14]. The model simulates the influence sphere of the root’s local environment, depicting the interactions of plant genotype, root exudates, solutes, substrates, and microorganisms that govern nutrient uptake, cycling of resources, and plant health. Thus, the “rhizosphere effect” label was coined to describe the interplay of genotype-specific signaling molecules that support microbial proliferation and are also responsible for the formation of distinct microbial assemblages between the soil and the rhizosphere, as well as the interactions of the environment, soil type, microbiome, and plant growth and health [15]. It is becoming clear that the soil type and environment affect the legume rhizosphere microbiome [12,16]. Additionally, time of sampling and sampling compartments further impact the microbiome, often resulting in obscuring the genotype effect, which appears more profoundly in the rhizosphere microbiome of wheat genotypes [17]. Studies of the lentil microbiome are scarce and centered in lentil cultivars, in comparison to other legumes and crop species under normal and or erratic climate conditions [12,18].



Until now, research into the lentil rhizosphere microbiome has been based on bred cultivars (usually exhibiting genotypic uniformity) commonly known as modern varieties. It has been documented that lentil cultivar, generation, soil type, and their interactions are important factors controlling the lentil rhizosphere microbiome [8]. To obtain a further insight into the role of the genotype, seed origin, and storage conditions in the formation of the rhizosphere microbiome, we examined root microbiome communities formatted under the same field and environmental conditions in roots of the landrace Eglouvis, the seeds of which originated from different sources. The landrace Eglouvis has a polygenotypic germplasm composition [2] and seeds are selected and stored by individual farmers based on their experience and diligence. Thus, samples from different farmers were included in the study to provide indications of the importance of farmer intervention. Further, crop cultivation conditions may vary among different farmers who may follow conventional or organic farming systems. One sample from organic farming was included to assess the implication of the farming system. One Gene Bank sample was included to detect storage effects under standard Gene Bank operational procedures. To evaluate the effects of the above-described factors on microbiome assemblage, we used 16S rRNA gene and ITS high-throughput amplicon sequencing and characterized the rhizosphere bacterial and fungal microbiota across Eglouvis landraces of different origins and compared its microbiomes to a commercial cultivar.




2. Materials and Methods


2.1. Plant Material


Lentil germplasm sources consisting of four Eglouvis samples and a modern commercial cultivar were used in this study. Three Eglouvis seed samples were collected from local farmers from Lefkada Island, Greece. Two of them originated from conventional farming systems and one from an organic farming system. Additionally, a conserved Gene Bank sample of Eglouvis (GRC 1015) and a commercial lentil variety Demetra were acquired from the Institute of Plant Breeding & Genetic Resources (IPB&GR), Thessaloniki, Greece (Table 1).




2.2. Experimental Design and Cultivation


Lentil field cultivation was carried out at IPB&GR, Thessaloniki, Greece (22°59′6.17″ E, 40°32′9.32″ N) during the growing seasons of 2020–2021. Lentils were sown directly in a randomized complete plot design (RCBD), which was part of a bigger lentil field trial (December 2020). Practically, seeds from each sample were grown scattered throughout the experimental field with the exact location and origin of each plant marked and recorded for following analyses. Lentil cultivation followed a rainfed system, without any additional fertilization or pesticide application. During cultivation, visible weeds were removed manually. Weather data including rainfall and air temperature were recorded on site. Field soil properties at 0–30 cm are summarized in Table 2.




2.3. Sampling


Rhizosphere soil and plant samples were collected at the mid-blooming stage (April 2021). About 10–12 random plants were carefully removed from random locations of the RCBD excluding boundary rows. Lentil plants were separated into two parts, above-ground shoot and rhizosphere. Lentil roots with the adhered soil were placed in plastic bags and quickly transported to the laboratory, while being cooled (icebox). Then rhizosphere soil was separated from roots using a soft brush. Approximately 5 g of pooled rhizosphere soil was collected in sterile tubes (Falcon 15 mL) and stored at −20 °C until further processing. Roots were rinsed clean with distilled water, and subsamples were prepared and preserved for further analyses.




2.4. Plant Morphological Traits


The above-ground plant samples were used to assess shoot biomass dry-weight (SB) and height (SH). Root samples were used to assess root length (RL), root biomass dry-weight (RB), rhizobial nodules, and arbuscular mycorrhiza fungal colonization (AMF). Specifically, rhizobia nodulations were determined microscopically. AMF colonization (counts) per plant was determined macroscopically using the ink–vinegar method, as previously described [19] with some modifications. Specifically, roots were rinsed with deionized water and cleared with 10% KOH for 10 min at 80 °C. After rinsing with deionized water, roots were placed in a 1% HCl solution for 20–30 min to neutralize the pH and subsequently were stained with an ink–vinegar solution (57 mL Black Parker Quink in 1000 mL vinegar) for 5–10 min at 80 °C. Finally, roots were rinsed with deionized water and stored in 50% glycerol. Twenty-five root fragments were mounted on a microscope slide and the presence of vesicles, arbuscules, and hyphae counted at four different points along each root piece (100 intersections in total) with a light Leitz Laborlux S microscope (Ernst Leitz GmbH, Wetzlar, Germany).




2.5. DNA Extraction


DNA was extracted from soil rhizosphere samples (500 mg) using a NucleoSpin Soil kit (Macherey-Nagel, Düren, Germany) following the SL1 solution extraction protocol according to manufacturer’s instructions. DNA concentration was quantified using Qbit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and visualized in 1% agarose gel electrophoresis. Samples were stored in −20 °C until further analyses.




2.6. Sequencing and Bioinformatic Analyses


Library preparation and high-throughput sequencing was performed at the Sequencing Facility of the Laboratory of Genetics and Plant Breeding, School of Agriculture, Aristotle University of Thessaloniki, Greece, following a similar approach as in [7] with modifications. Briefly, instead of using a Thermo 16S metagenomics kit, we amplified bacterial (V4) and fungal (ITS2) targets using the Platinum™ II Hot-Start PCR Master Mix (Thermo Fisher, USA) (see Supplementary Table S1 for primers and PCR protocols). Subsequently, equimolar concentrations of 16S and ITS2 amplicons of each sample were pooled and barcoded (Ion Xpress™ Barcode Adapters kit, Thermo Scientific, Waltham, MA, USA). Barcoded samples were quantified and pooled (Ion Library TaqMan™ Quantitation kit, Thermo Scientific, USA), resulting in an enriched library for sequencing using an Ion Studio S5 sequencing platform (Ion 520™ and Ion 530™ Kit-OT2 kit, Ion 520 chip, Ion Studio S5 Thermo Fisher, USA). Sequenced reads were demultiplexed and QC-, adaptor-, and barcode trimmed using Ion Torrent Suite prior to MG-RAST [20] deposition under project number mgp98852 (https://www.mg-rast.org/linkin.cgi?project=mgp98852, accessed on 31 October 2023). Taxonomy was assigned using SILVA SSU database (version 138.1) at 97% identity (e value 10−5) using standard MG-RAST quality control (dynamic error removal (DRISEE), dynamic trimming (DYNAMICTRIM), denoising, and normalization (FASTQ-MCF)).




2.7. Statistical Analyses


Assessed lentil morphological measurements were analyzed using Multivariate Analysis of Variance (MANOVA) to detect statistically significant differences among the measured variables, according to Wilks’ Lambda test. Correlation analysis of morphological traits (shoot biomass, root biomass, shoot height, root length, root/shoot, nodules, and AMF) assessed were calculated using Pearson’s coefficient and depicted with a heatmap using the “GGally” package. The aforementioned analyses were performed in R Studio using R version 4.3.2 [20].



The lentil rhizosphere microbiome was evaluated statistically for relative abundance (phylum level) and diversity indices (genus level; Chao1, Shannon (H), and Simpson (D) indices), using the phyloseq package of R Studio [20] for similarity between samples (β diversity), using a Bray-Curtis dissimilarity distance matrix that was depicted with PCoA (Principal Coordinate Analysis), using the phyloseq package as mentioned above. Furthermore, the number of common species among the samples was depicted with Venn diagrams [21], and rarefaction curves were calculated and depicted with the vegan package [22]. Illustrations were prepared using ggplot2 package [23]. All statistical analyses were performed in the R Studio environment. All p values < 0.05 were considered statistically significant.




2.8. Network Correlation and Analysis


Microbial co-occurrence network analysis was preformed using the Spearman’s correlation method to identify pairwise associations as previously described [24]. Entries that had an absolute Spearman correlation (ρ) threshold lower than 0.85 and a prevalence less than 5 were removed. This resulted in a correlation adjacency matrix of an equivalent core microbiome of 158 taxa, with 158 nodes sharing 1078 links. Network properties were calculated using the igraph package [25] of the R Studio.





3. Results


3.1. Assessment of Plant Morphological Characters


The Eglouvis landrace samples exhibited, on average, 30% lower above-ground biomass compared to the commercial cultivar Demetra. Subsequently, Eglouvis samples had, on average, 35% lower shoot height than Demetra. These differences were statistically significant; Figure 1a. Interestingly, Eglouvis root length and root-to-shoot ratio were, on average, greater than those of Demetra, and those differences were statistically significant, as depicted in Figure 1a. Furthermore, Eglouvis root-related indexes, including nodules and AMF, were greater and statistically significant compared to Demetra, respectively.



Correlation analysis of morphological traits assessed in plants of all samples, Eglouvis 1–4 and Demetra, revealed very strong correlations among root traits. Thus, further analysis followed, from which segregating data of Eglouvis and Demetra plants unveiled a more comprehensive comparison. The highest positive correlations were observed between root length–root/shoot (0.99), root length–AMF (0.99), and AMF–nodules (0.99). Following were the correlations of root/shoot–AMF (0.98), R/S–nodules (0.97), and RL–nodules (0.97). Interestingly high correlations were also observed between RB–AMF (0.96), followed by RB–nodules (0.95), RB–R/S (0.95), and RB–RL (0.95). Shoot height was also strongly correlated with shoot biomass (0.94), indicating that root traits are key drivers of AMF and nodulation in lentil and governed by root–shoot interplay.




3.2. Sequence Analyses


3.2.1. Microbial Diversity among Genotypes


Out of 288,462 sequence reads (approx. 58,000 reads per sample), 836 different operational taxonomic units (OTUs) were identified excluding singletons. Because of ITS’ high sensitivity, several eukaryotic organisms such as plants, nematodes, and mammals were also identified. Therefore, the following phyla were excluded from the analysis: Arthropoda, Nematoda, Streptophyta, and Chordata. From the remaining OTUs (803), upon applying 97% cut-off, we used 733 OTUs from the most abundant phyla for further statistical analysis. The overall microbiome consisted of 87% bacteria, 9% eukaryota including fungi, and 4% archaea. The most abundant bacterial phyla were Actinobacteria (30%), followed by Proteobacteria (19%) and Firmicutes (18%) (Figure 2). Archaeal phyla consisted of Crenarchaeota and Thaumarchaeota, which were identified with 4502 total reads. For all samples, rarefaction curves reached a plateau after approximately 15,000 reads, indicating sufficient sequencing depth (Figure S1) for further diversity analysis of the obtained datasets. Eglouvis 3 displayed the most abundance, while Demetra, which was used as control, displayed the least. Eglouvis 1 and Eglouvis 2 displayed almost the same abundance, with almost 300 species.



The presence of Kabatiella microsticta, a plant pathogen also known as Aureobasidium microstictum (Bubák), was interestingly noticeable only in sample Eglouvis 4, identified by a large number of reads (12,640). Members of Kabatiella spp. belong to fungal phylum Ascomycota, which is reported to cause leaf streak on maize and ornamentals plants (Hemerocallis spp.). Recent studies reported the presence of this pathogen in China and in Norway [26]. Due to the extremely large number of Kabatiella spp. reads in Eglouvis 4, this pathogen was excluded from the analysis (relative abundances including Kabatiella spp. are presented in Figure S2). Furthermore, our sequencing analysis revealed several important pathogens known to infect legumes. Verticillium dahlia, which is a soil-borne pathogen that causes verticillium wilt, was detected in all samples at 7% on average. More plant pathogens were found, including Aspergillus niger (approx 0.02%), Davidiellatassiana (in Eglouvis 3; 0.01%), Myrothecium spp. (M. verrucaria, M. roridum, and M. gramineum; approx. 0.12%), and Phytophthora spp. (P. infestans, P. ramorum, P. sojae; approx. 0.16%) (Figure S3).



We observed diverse microbiomes associated with the rhizospheres of Eglouvis samples and Demetra. Among all targeted rhizosphere microbiomes, Eglouvis 3 had the greatest α diversity: 467, 4.590, and 0.979 for Chao1, Shannon, and Simpson indices, respectively (Figure 3). Eglouvis samples had, on average, greater α diversity indices than the control Demetra (Figure 3). Chi-square test analysis was conducted to assess the independence of samples, indicating that significant differences exist among relative abundances of samples at a significance level of p = 0.05. Further α diversity indices are reported in Table S2. Differences in β diversity at phylum level (Bray-Curtis) were illustrated with PCoA analysis (Figure 4). The first two PCoA axes explained approximately 73% of the total variation within the rhizosphere microbiome. Eglouvis samples (1–4) were ordinated distant to Demetra and clustering analysis separated the microbiome dataset into three groups: group a consisted of Eglouvis 3 and 4, group b of Eglouvis 1 and 2, and group c of Demetra. Furthermore, we assessed whether differences in β diversity were associated with plot distance (sampling distance) and typical physiological plant traits, including shoot and root biomass, root length, thousand seed weight, arbuscular mycorrhiza fungal colonization, and rhizobia nodules abundance, using Μantel correlation and redundancy analyses, respectively. Plot distance explained approximately 35% of the variation in rhizosphere diversity; thus this correlation was not significant (Mantel r = 0.345, p = 0.17), whereas the correlation between explanatory variables (plants traits) and response variables (rhizosphere microbiome) was strong (Mantel r = 0.81), and this association was marginally significant (p = 0.09).



Besides the clear differences in α and β diversity among the lentil Eglouvis landrace samples and the control cultivar Demetra, we mined our datasets for common species that could be part of a core microbiome (Figure 5). The Eglouvis 3 and 4 (indicated as Group a) shared ~28% of the detected OTUs and ~20% with Demetra (Group c). The Eglouvis 1 and Eglouvis 2 (comprising Group b) shared ~24% of the detected OTUs, with ~19% of them being common with Group c (Demetra). In both groups the Eglouvis samples had high portions of unique OTUs: 28% and 23% in group a, and 23% and 24% in group b, whereas Demetra had a portion of 11% unique OTUs in group a and 19% in group b. Tables of relative abundances for the two groups at phylum level are presented in the Supplementary Material (Table S3).




3.2.2. Unique Microbial Taxa


Unique bacterial and fungal taxa were identified in higher numbers in landrace samples compared to the modern cultivar. Specifically, the unique bacterial taxa present in the Eglouvis 1–4 rhizosphere microbiome samples ranged within 38–88, with the Eglouvis 3 sample exhibiting 88 bacterial taxa, in comparison to Demetra presenting 25 (Table 3). On the other hand, far fewer fungal taxa were identified as unique in all samples, with a range of 0–2. Thus, the total number of unique taxa identified in all samples ranged within 37–90, with the Eglouvis 3 sample hosting the largest number (90) of unique taxa and Demetra the smallest (26).



Subsequently, the partitioning of major free-living N2-fixing bacterial taxa was assessed among samples at the genus level. The percentage of each N2-fixing bacterial genus detected in the rhizosphere microbiome of each sample is depicted in Figure 6. Interestingly beyond the Rhizobium and Bacillus genera present in high amounts, a number of other key nitrogen fixers were also identified, with most of them present in the landrace samples. More specifically, the commercial variety had less nitrogen-fixing taxa (942) than Eglouvis 1–4 (1433–3890), comprising nearly 8 to 15% of the sequenced taxa. A roughly two-fold greater abundance of Nitrospira, Paenibacillus, Rhodococcus, and Variovarax spp. was found in rhizosphere samples of Eglouvis 1 relative to Demetra. The abundance of Azospirillum, Flavobacterium, and Pseudomonas spp. was approximately two-fold less in Eglouvis 1 compared to that in Demetra rhizosphere samples. For Eglouvis 2, Arthrobacter, Paenibacillus, and Stenotrophomonas spp. were 50% more abundant than in Demetra. A 50% reduction was observed for taxa belonging to the genera of Nitrospira, Pseudomonas, Rhizobium, and Rhodococcus spp. when compared to Demetra rhizosphere samples. For Eglouvis 3, the abundance of Arthrobacter, Methylobacterium, Nitrospira, Paenibacillus, and Stenotrophomonas spp. was greater than 50% when compared to Demetra. Interestingly, Azotobacter spp. were identified only in the Eglouvis 3 sample. Lastly, in the rhizosphere sample of Eglouvis 4, greater abundance (≤50%) was observed for Paenibacillus, Rhodococcus, and Variovorax spp., and there was a noticeable reduction in Azospirillum, Burkholderia, Flavobacterium, and Methylobacterium spp. compared to in Demetra. The abundance of Bacillus spp. remained unchanged through all samples and comprised about 50% of the nitrogen-fixing taxa.




3.2.3. Co-Occurrence Network Analysis


Network co-occurrence analysis indicated a linkage density of 6.8, a connectivity value of 0.086, and an average path of 3.14. Degree centrality analysis indicated that the top 10% of the key species (31/158) that were particularly important for the network hold between 18 and 20 links (Table S4). Closeness centrality indicates species that are grouped closely to each other; therefore, those nodes are considered more central; the top 10% (16/158) are listed in Table S5. Betweenness centrality is a measure of frequency for the top 10% of species (15/158) acting a “bridge” between two other nodes; betweenness ranged from 424 to 631 links (Table S6). The core microbiome co-occurrence network at the phylum level is illustrated in Figure 7.






4. Discussion


Landraces are defined as dynamic populations of a cultivated plant that has a historical origin and distinct identity and lacks formal crop improvement; they are also often genetically diverse, locally adapted, and associated with traditional farming systems [27]. Studies of lentil landraces reported a high level of genetic diversity in Greek germplasm when compared with germplasm from other Mediterranean countries with other agro-climatic environments [28,29,30]. The lentil Eglouvis is a landrace with a high level of genetic variation and unique genetic background that does not overlap with that of Demetra when examining individuals, or even bulk samples, using molecular markers [2]. As studies on the rhizosphere microbial diversity among legume species and cultivars are emerging, our understanding of how the landrace genotype may impact this diversity remains scarce. Furthermore, seeded material may act as a source of vertical transmission of the microbiome [8] in modern cultivars. However, little is known about landraces and the impact of these dynamic genetic populations of genotype(s) on the rhizosphere’s microbial diversity. Thus far, studies in crops and legume species have shown that soil type, environment, and genotype may impact the rhizosphere microbiome diversity [12,15,29,30]. In our design we assessed the rhizosphere microbial community of the lentil landrace Eglouvis samples originating from three distinct systems: (a) as seed material obtained from conventional and (b) organic farming systems, and (c) a Gene Bank sample, all assessed under the same field and environmental conditions during the same cultivation period. The commercial modern cultivar Demetra was used as a reference to discern the plant genotype effect on the rhizosphere microbiome structure, thereby enabling a direct and uniform evaluation.



Studies have shown that the plant rhizosphere comprises diverse and distinct microbial communities regulating plant growth, survival in varying environmental conditions, and resistance to plant pathogens. In this study, we used the 16S rRNA gene and ITS2 regions to uncover the impact of landrace origin and farming system on the rhizosphere microbiome structure and diversity. To exclude any masking effects of environmental attributes, samples were cultivated in proximity under the same field conditions during the same cultivation period following agronomic practices of non-chemical inputs including fertilizers and pesticides. We observed significant differences in plant traits and rhizosphere microbiomes among the studied genotypes, indicating that genotype and seed origin could act as an important factor regulating plant–soil microbial interactions.



4.1. Plant Traits Impact Microbial Diversity


We found differences in commonly measured physiological traits such as root length, rhizobial nodulation, and arbuscular mycorrhizal fungal colonization. The Eglouvis landrace root length was 25% longer than the commercial cultivar in all samples assessed. Root morphology could be regulated by environmental conditions, i.e., climate and soil fertility [31,32,33]. Under drought or nutrient-limiting, conditions lentils may develop longer root systems to scavenge available soil moisture or nutrients [34,35]. Considering that all lentil genotypes were cultivated under the same conditions in proximity, the landrace Eglouvis samples, which exhibited a longer root system, could withstand longer drought conditions and tolerate nutrient-poor soils. Another aspect of root morphology is linked to nitrogen fixation. Roots provide the ground plant surface for rhizobial nodulation and AMF colonization, contributing to nutritional benefits for legume growth. Thus, genotypes with longer root systems exhibit a two-fold potential, primarily for accessing relatively more soil nitrogen and secondly for hosting more rhizobial and mycorrhizal species per root length. In this study, soil nitrogen was initially low, and no nitrogen was applied during the cultivation period, following local agricultural practices. Therefore, all nitrogen used by the lentil plants is thought to come from nodules’ activity and from nitrogen uptake. Specifically, it was observed that the Eglouvis landrace possessed more rhizobia nodulation and mycorrhizal colonization than the commercial cultivar Demetra. It is suggested that root morphology may additionally influence rhizosphere microbiome, other than via root nodulation and colonization [36,37,38]. In our study, we observed that the longer root system of the Eglouvis landrace influenced the assembly of rhizosphere microbes. A moderate correlation was found between nodules and N2-fixing taxa, indicating that other parameters may govern the rhizosphere microbial networks, which should be further explored. Thus, the influence of root morphology within landraces should be further investigated in a holistic approach, considering the temporal effects on a large set of root morphology traits.




4.2. Microbial Diversity


Research studies have demonstrated that different plant species host distinct rhizosphere microbiomes communities [8,39]. Changes in the rhizosphere microbiome were also evident in cropping systems under cereal–legumes rotation [40,41]. In previous studies, significant interactions of environment × crop and crop × generation were found [18,31,41]. However, a considerable part of the variation remains unexplained, and it was attributed to unmeasured environmental variables or genetic attributes such as genotype/cultivar [18,38,39,41]. Recently, the role of genotype as an important factor shaping the rhizosphere microbiomes has been appreciated for legumes [32], as well as for non-legumes such as wheat [17]. Studies showed that lentil crops select their rhizosphere microbiome from the surrounding soil, allowing endophytes to colonize roots, stems, and seeds, which in turn may inherit or re-inoculate a crop-specific microbiome. Similarly, from these and other studies [42,43,44], we unearthed microbial taxa belonging to Actinobacteria, Proteobacteria, Firmicutes, and Chloflexi that are involved in the biological N2-fixation and nitrogen cycle (Rhizobiales, Arthrobacter, Nitrosospira spp., etc.) and in the phosphorus-cycling and organic matter decomposition process (Firmicutes and Cloroflexi spp., etc.). Proteobacteria and Bacteriodetes are classified as copiotrophic groups [45] and are commonly detected in the rhizosphere [24]. Ascomycota prevail in fungi phyla. Similar findings were observed in the rhizosphere of legumes [18,34], and non-legumes [46].



Lentil, as a legume species, exhibits an active close association with nitrogen-fixing bacteria, including the well-known rhizobia species, as main inhabitants of the legume nodules orchestrating the symbiotic N2 fixation. Besides the typical rhizobia inhabitants, legume nodules may harbor also other nitrogen fixers [47]. Recent studies of the leguminous Dalbergia odorifera have shown that non-rhizobial bacteria were detected in the host’s nodules representing 32 genera. Notably, these non-rhizobial bacteria were predominant in the N-omitted potting mix, with a relative abundance of 56–87%. Thus, it is advocated that legume nodules could be inhabited by a high diversity of non-rhizobial species, which play a critical role in nodulation and N2 fixation of the leguminous host. This diversity of nodule dwellers includes Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and the genus Rhodococcus from the phylum Actinobacteria [48]. In our findings, the order Rhizobiales (Alphaproteobacteria), classes Alphaproteobacteria (including unclassified), Betaproteobacteria, and Gammaproteobacteria, and the genus Rhodococcus were most abundant in the Eglouvis samples and may influence the formation of mycorrhiza and nodules assessed in these samples compared to the commercial cultivar.



Remarkably, genus Stenotrophomonas was present only in Eglouvis samples. The genus is a Gram-negative bacteria and member of the Xanthomonadaceae family. Stenotrophomonas maltophilia was recently recognized for its plant growth-promoting rhizobacterial (PGPR) ability and bioactivities against biotic and abiotic stress in sedge species Cyperus laevigatus and wheat [49]. Recent studies in peanut (Arachis hypogea), a legume species, have demonstrated that S. maltophilia increased plant growth, antioxidant levels, scavenging, and stress tolerance under N2-deficit conditions, underscoring its role as an efficient PGPR for growing agricultural crops [50].



Furthermore, Eglouvis samples exhibited a higher number of Variovorax spp., bacteria known for their growth-promoting effect on plants due to the presence of two enzymatic systems, nitrilase/and nitrile hydratase/amidase, which convert indole-3-acetonitrile (IAN) to the important plant hormone indole-3-acetic acid (IAA), and to the presence of nitrogen fixation ability [51]. The latter is further enhanced in Eglouvis samples by the presence of Azotobacter spp., a PGPR member, which is widely known for its alternative nitrogenases along with the presence of conventional nitrogenase, distinguished by the nif genes complex, as well as for its ability to release siderophores [52,53].



It is important to highlight the presence of archaea in the lentil rhizosphere, which is often overlooked, and specifically those archaeal groups involved in nitrogen and carbon cycling. Here, we observed members of Crenarchaeota and Thaumarchaeota in relative greater abundance in Eglouvis 3, 4, 1, and 2 than in the commercial cultivar. It is understood that archaea hold an important role in promoting plant health, but little is known about the mechanisms of such interaction [54,55]. It is speculated that archaea contribute to functions such as auxin production, protection against biotic and abiotic factors, interaction with fungi, and production of secondary metabolites, which protect plants against pathogens. Even though there is limited evidence in support of this theory [42], emerging studies, including the current research, prompt further investigation of the active role of archaeal populations in the lentil rhizosphere, as well as that in other crops.



Inter-species variation in the host plant genome has been found to have a relatively small effect on the associated microbial communities compared with other factors such as environmental variation [6,50,51,56,57]. In this work, we found that the rhizosphere bacterial communities of Eglouvis samples were divergent compared to Demetra regarding the amounts of participating N2-fixing bacteria. The observed differences in partitioning underscore a vital role of nitrogen-fixing bacteria in shaping the lentil rhizosphere that requires further investigation, as some species are present only in the Eglouvis samples, such as Acinetobacter, Azotobacter, and Stenotrophomonas, while others exhibit higher partitioning in Eglouvis samples compared to Demetra, such as Arthrobacter, Bacillus, Paenibacillus, and Rhizobium. We therefore further propose that differences in rhizosphere bacteria between the landrace and varieties could be derived from differences in recruitment (either actively or passively) of local bacteria. However, the molecular mechanisms that orchestrate the recruiting of rhizosphere microbiota, as well as how the genetic variation of the landrace governs the microbiome variation, are unknown. In this work, seeds were expected to have nominal quantities of bacteria associated with them (since reads were dominated by host DNA). Whether such differences may impact microbiota recruitment beyond the host’s exudates remains to be thoroughly characterized. Undoubtedly, differences in root architecture were noted between the landraces and the commercial cultivar, underpinning one mechanism that might differentiate their associated microbial communities; however, the implication of other mechanisms that may impart the observed differences was also reported for other crops such maize [6,31]. Legumes initiate plant–microbe interactions in the rhizosphere through communication pathways involving root-exudates known as flavonoids, which trigger the production of nodulation by compatible rhizobia symbionts. Mounting evidence indicates that these flavonoids not only initiate symbiosis with rhizobia, but also play a central role in shaping the legume rhizosphere community structure [16,58]. Whether this quorum sensing of rhizosphere microbiota assemblages is also regulated by intra-bacterial communication networks remains to be explored, as studies have shown that the lentil crop influences nutrient acquisition in subsequent crops [10,53]. Nutrients are generally known to be more abundant in the rhizosphere than in bulk soil. Thus, the favored development of bacterial phyla near lentil roots is detected as the result of microbial consortia of communicating patterns that are becoming apparent.



The core microbiome network in this set of data has low connectivity and only 8.6% of the possible links are realized. However, further analysis indicates key species that hold a high degree of centrality, closeness, and betweenness. At phylum level we can observe a central role in the network construction with higher relative abundance of Ascomycota and Proteobacteria, while a higher number of species (nodes) is observed in Actinobacteria and Firmicutes. Remarkably, species in these phyla play multiple roles in carbon and nitrogen cycles, and their high numbers indicate their significance in the structure of the lentil rhizosphere. Interestingly, Crenarchaeota and Thaumarchaeota species involved in nitrification constitute a single node in the network, indicating that the cluster may collapse following a possible loss of this node.




4.3. Lentil Microbial Pathogens


Although no visual symptoms were detected in the field trial, the sequencing analysis revealed potential pathogenic taxa of less than 2% relative abundance. Specifically, members of Verticillium, Aspergillus, Davidiella, Myrothecium, and Phytophthora spp. were found. This could possibly indicate that landraces have developed resistance to those pathogenic microbes or that pathogens remained dormant. The presence of pathogens within the lentil rhizobiome is not uncommon. Sequencing of lentil genotypes in Canada and India also revealed several potentially pathogenic taxa within the rhizosphere microbiome [12,15]. Since no visual symptoms were observed, it is important to decipher whether the presence of the identified pathogens is circumstantial or associated with certain lentil genotypes’ ability to suppress the pathogens [59,60].



On the other hand, the presence of Aureobasidium microstictum in the rhizosphere of the Eglouvis 4 sample obtained from Gene Bank raises important questions and concerns. Specifically, its presence highlighted an important parameter of seed storage quality that is becoming apparent with the use of new technologies such as the high-throughput sequencing (HTS) techniques [8]. Standard methods and protocols of seed evaluation are generally macroscopic, often aided using a stereoscope. On the other hand, most of the pathogens are transmitted through seed, while others pre-exist in the field. Seed-borne or soil-borne pathogens can survive for long periods [61]. Because the seeds were not disinfected, and no pesticides were applied to the field, certain pathogens could potentially have been enriched. However, the fact that the presence of the particular pathogen was only detected in the sample obtained from Gene Bank emphasizes the need for further research in deciphering the presence of seed-associated microbiomes through high-throughput sequencing.




4.4. Practical Implications


The “rhizosphere effect” is a commonly accepted model of understanding microbial assemblage and diversity within the plant’s rhizosphere. It is assumed that plants may be selecting certain microbial taxa through chemical signals to meet specific host needs, including nutrient acquisition and pathogen suppression. Thus, plants modulate and regulate the structure and composition of their microbial communities, shaping specialized ecological niches for microbial assemblages that might have positive (mutualistic), neutral (commensalistic), or deleterious (pathogenic) effects on plant fitness [62].



However, to decipher the molecular mechanisms that regulate and select for microbial abundance requires further investigation. Earlier studies in the lentil rhizobiome indicated that genotype and generation are important parameters for understanding the interaction of plant–soil systems [15,18,30]. In this study, we demonstrated that the landrace germplasm is also an important factor determining or regulating the above interaction. Furthermore, we illustrated that landrace seed origin is also essential in understanding and deciphering the complex rhizosphere effect, as the organic farming system seems to imbue the seeds with better ability to recruit beneficial bacterial taxa than the counterpart of conventional farming.



Today, most crops produced in agriculture are established by seed sowing. This process conceals that transmission of the microbiome via the seed may take place, as a driver of a root-associated microbiome in a seed-established plant crop. Studies have shown that seeds are major players of microorganisms’ vertical transmission from one plant generation to another and consequently act as a primary source of inoculum for crops [63]. The primary interest in this seed vertical transmission was gained by plant pathogens due to their detrimental impacts on crop yields and quality. However, seeds transmit a variety of microorganisms that represent transient colonizers of the seed’s soil habitat or are alternatively transmitted to the newly developed plantlet, influencing seedling-associated assemblages. Undoubtedly, crop fertilization and chemical inputs in agriculture crops have ensured profitable crop yields, which inevitably led to overlooking the role of seeds’ transmittal ability on soil rhizosphere-associated microbes. In this study, we showed evidence of landrace-associated attributes (seed origin, organic and conventional farming systems) affecting root microbiomes of lentil. Interestingly, a strong correlation between lentil physiological traits and the rhizosphere microbiome was observed, indicating an interplay among the root rhizobiome and landrace plant traits that remains to be elucidated.



This primary study demonstrated significant differences in rhizosphere microbial diversity that was linked to the Eglouvis landrace, under the same environment, soil type, and agricultural practices. Building upon our findings, further research is needed to dissect how the dynamic diversity enclosed in lentil landraces may affect soil attributes, including soil microbial diversity and nutrient cycles, to sustainably support soil services and function and food safety.





5. Conclusions


Metagenomic profiling of the lentil rhizosphere microbiome under the same field conditions unveiled a 30% common microbiome among samples of the landrace Eglouvis and the modern commercial cultivar Demetra, indicating the presence of a core rhizosphere for lentil plants under the same environmental conditions. Remarkably, distinct differences unveiled for all diversity indices among samples of the Eglouvis landrace and the commercial cultivar Demetra support the hypothesis that a landrace sustains higher microbiota diversity, consistent with its dynamic genetic diversity, compared to a modern improved cultivar.



Within the landrace, it was evident that the origin of the sample affects microbiome diversity, suggesting an important role of the farmer practices and farming system conditions. Higher microbiota diversity was unveiled in the landrace sample derived from organic farming, suggesting that organic cultivation could be a fundamental tool for conservation of microbial genetic resources, expansion of valuable soil microbiota, and crop fortification, especially in soils degraded due to intensive monoculture and heavy fertilization of contemporary agriculture. A Gene Bank sample that was included in the study displayed high numbers of a plant pathogen, suggesting that special care should be taken in Gene Bank standard operational procedures to avoid seed contamination.



As soil biodiversity and agriculture sustainability are closely intertwined with food safety, the study results underscored key drivers of soil × landrace interactions, highlighting their vital role in biodiversity, in both landraces as a dynamic genetic pool and in the soil microbial assemblages, for maintaining water and nutrient availability for plants in a changing climate.
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Figure 1. Lentil plant morphological properties: shoot height (SH), shoot biomass (SB), root biomass (RB), root length (RL); root shoot ratio (R/S); nodules, arbuscular mycorrhizal fungi (AMF). (a) Barplots of shoot height, root length, nodules, and AMF. Values that share no common letter are significantly different according to Tukey’s HSD (p < 0.05). (b) Pearson’s correlation plot of the morphological measurements for segregated Eglouvis and Demetra plants (** p < 0.01). 
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Figure 2. Rhizosphere microbiome relative abundance at phylum level, illustrating the 12 most abundant phyla of the targeted lentil soil microbiomes. 
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Figure 3. Metrics of α diversity (a) Chao1, (b) Shannon, and (c) Simpson index, for the commercial cultivar (Demetra) and Eglouvis landrace (Eglouvis 1–4). 
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Figure 4. PCoA of lentil genotypes constructed using the Bray-Curtis dissimilarity matrix. 
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Figure 5. Diagrams showing the relations based on microbial OTUs among samples; (a) Venn diagram of shared taxa, and (b) donut diagram of shared (core) and unique microbiomes. 
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Figure 6. Distribution and partitioning of major N2-fixing species among the five lentil rhizosphere samples identified by 16 rDNA gene sequencing. Pie sector size indicates the relative abundance of species. 
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Figure 7. The co-occurrence network of the lentil rhizosphere microbiome. Core microbiome co-occurrence network at the phylum level. Red links indicate negative and blue links indicate positive correlation. Node size indicates the average relative abundance of microbial species. 
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Table 1. Details on the collection sites and origin, genotype, and sample source of the seeded material.
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	Accession
	Genotype
	Collection Site/Origin
	Cropping System





	Eglouvis 1
	Landrace
	Eglouvis region, Lefkada Island, Greece
	Conventional



	Eglouvis 2
	“
	“
	Conventional



	Eglouvis 3
	“
	“
	Organic



	Eglouvis 4
	”
	GRC1015, IPB&GR, Greece
	Conventional



	Demetra
	Commercial cultivar
	IPB&GR, Greece
	Conventional










 





Table 2. Soil properties of the lentil experimental field.
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	Soil Property (Units)
	Value





	Soil type
	Loam



	Silt (%)
	42



	Clay (%)
	20



	Sand (%)
	36



	pH
	7.8



	EC (mS/cm)
	0.6



	SOM (%)
	1.6



	NO3-N (kg ha−1)
	63.2



	P (kg ha−1)
	17.2



	K (kg ha−1)
	538.5










 





Table 3. Number of unique bacterial and fungal taxa.
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	Sample
	Bacterial
	Fungal
	Total





	Eglouvis 1
	41
	2
	43



	Eglouvis 2
	37
	0
	37



	Eglouvis 3
	88
	2
	90



	Eglouvis 4
	62
	2
	64



	Demetra
	25
	1
	26
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