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Abstract

Domestication and breeding have substantially altered the genetic and phenotypic 
traits of multiple plant species. To date, however, the impact of domestication on the 
taxonomic and functional diversity of microorganisms colonizing plant tissues remains 
largely unexplored for the majority of plant species. Here, we examined the bacterial 
microbiome associated with roots of eight wild and domesticated tomato genotypes 
grown in three distinct soil management gradients, ranging from native and agri-
cultural soils from the tomato’s center of origin in Ecuador to a soil from a tomato 
greenhouse in The Netherlands. Our findings revealed a higher taxonomic diversity in 
Ecuadorean agricultural soils than in native and greenhouse soils. Soil was the primary 
factor governing tomato microbiome assembly, followed by the root compartment and 
plant genotype. Root microbiomes of tomato grown in native Ecuadorian soils had 
a higher abundance in Acidobacteriota, Proteobacteria, Bacteroidota, Chloroflexi, and 
Myxococcota, whereas Actinobacteriota, Cyanobacteria, Firmicutes, and Patescibacteria 
dominated the root microbiome of tomato grown in agricultural and greenhouse soils. 
Also, we found significant differences in the root microbiome of the different tomato 
genotypes, with enhanced abundance in Bacteroidota, Proteobacteria and Chloroflexi 
on roots of wild tomato genotypes, and Actinobacteriota, Firmicutes and Cyanobacte-
ria on roots of domesticated tomato genotypes. Representative metagenome assembled 
genomes (MAGs) of bacterial taxa of wild tomato genotypes grown in native Ecua-
dorean soil were enriched in genes associated with motility and chemotaxis, carbon 
metabolism, and stress response, while MAGs from the microbiome of domesticated 
tomatoes grown in agricultural and greenhouse soils were enriched for genes involved 
in metabolism of nitrogen, iron, amino acids and vitamins. This study highlights the 
pivotal role of habitat domestication and genetic changes of tomato in microbiome 
assembly, with alterations in the abundance of functional microbial traits associated 
with plant growth and health.
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Introduction

Plant domestication represents an evolutionary process where wild ancestral species 
were adapted to human needs, ultimately leading to our modern-day crop cultivars 
(Purugganan & Fuller, 2009). For most crops, this process was targeted at desirable 
traits such as larger fruit size, palatability, nutritional quality, reproductive timing or 
stress resistance (Bergougnoux, 2014). While favoring certain alleles during this process 
of artificial selection and breeding for these desired traits, many modern crop cultivars 
show a reduced genetic diversity as other (overlooked) genes were lost (Fernie & Yan, 
2019). This phenomenon is referred to as the “domestication syndrome” and was first 
described for cereals in the 1970s by Harlan et al. (1973). The domestication syndrome 
not only comprises genetic changes caused by human artificial selection but also unin-
tentional effects arising from agricultural practices to grow the domesticated crops, also 
referred to as habitat domestication (Barnes et al., 2024; Fernie & Yan, 2019; Soldan 
et al., 2021). Thus, domesticated species are notably different from their wild relatives, 
with altered morphology, physiology and ecological interactions, including those affect-
ing microbiome assembly (Barnes et al., 2024; Cordovez et al., 2019; Hassani et al., 
2020; Martínez-Romero et al., 2020; Sarango Flores et al., 2023). 

Plant-associated microbiomes play essential roles in plant growth and health due to 
their contribution to nutrient acquisition and stress tolerance, thereby supporting 
and expanding the host plant’s functional capabilities (Adedayo et al., 2023; Ling et 
al., 2022; Pérez-Rodriguez et al., 2020; Santhanam et al., 2015; Shivega & Aldrich-
Wolfe, 2017; Zuluaga et al., 2021). Several factors influence the assembly of the plant 
microbiome, including abiotic factors (e.g. soil types, climatic conditions, agricultural 
management practices), plant genotype, and the diversity of local microbial pools in 
the surrounding habitat (Abdullaeva et al., 2022; Berg & Smalla, 2009; Hewitt et al., 
2023; Ofek-Lalzar et al., 2014). Traits such as root architecture, exudate composition 
and nutritional requirements in domesticated plants significantly affect the composition 
and diversity of their microbiomes, which in turn may affect their functional benefits 
to the plant host (Abbamondi et al., 2016; Dennis et al., 2010; Gutierrez & Grillo, 
2022; Soldan et al., 2021). Plants recruit specific microbial taxa by specific constituents 
in root exudates that act as chemical signals and orchestrate the surrounding micro-
bial communities to take advantage of the outsourced functions (Barnes et al., 2024; 
Nakayasu et al., 2023; Walker et al., 2003; Wen et al., 2023). Furthermore, prevailing 
soil types, changing climatic conditions and agricultural management practices, also 
modulate plant microbiome assembly (Cao et al., 2024; Flemer et al., 2022; Wang et 
al., 2022; Xue et al., 2018). For instance, domesticated plants rely on fertilizers and 
pesticides and much less on their microbial alliances, which may also limit crop adapt-
ability to future adverse environmental conditions such as drought. This network of 
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different factors driving microbiome assembly creates complex dynamics that can vary 
across plant genotypes and growth conditions (Mo et al., 2024; Pérez-Jaramillo et al., 
2018; Soldan et al., 2021).

Tomato (Solanum lycopersicum L.) is an iconic example of plant domestication, which 
started in the center of origin in the Andean region in South America (Knapp & Per-
alta, 2016; Razifard et al., 2020). The domestication journey of tomato began with the 
wild tomato relative S. pimpinellifolium, which provided the early traits selected and 
crossed by indigenous people into the landrace S. lycopersicum var. cerasiforme. This 
variety eventually spread beyond its center of origin and continued its domestication 
process in Central America (Blanca et al., 2012, 2022; Razifard et al., 2020). This pro-
cess has continued for thousands of years outside of the native tomato habitat, to meet 
regional phenotypic preferences and cultivation management practices worldwide, 
which in turn resulted in many modern cultivated tomato varieties of S. lycopersicum 
(Mata-Nicolás et al., 2020; Sarango Flores et al., 2023; Sim et al., 2011).

Examples of notable phenotypic changes in domesticated tomato cultivars include 
larger fruits with a reduced seed number, uniform shapes and colors, as well as spe-
cific metabolic pathways to prioritize sweetness (or reduce bitterness) that are linked to 
changes in secondary metabolite composition (Bai & Lindhout, 2007; Bergougnoux, 
2014). As a consequence of the domestication syndrome, modern cultivated tomatoes 
suffered a genetic bottleneck which caused a narrowed gene pool compared to their clos-
est relatives, making them more vulnerable to pests, diseases and abiotic stresses (Aflitos 
et al., 2014; Gao et al., 2019; Kahlon et al., 2020). This loss of genetic variation may 
also have reduced the modern tomato’s ability to effectively select for and interact with 
the microbial communities surrounding the plants tissues, which in turn can reflect 
on plant performance (Chen et al., 2022; Huang et al., 2022; Malacrinò et al., 2022; 
Nerva et al., 2022; Yue et al., 2023). This was exemplified in our previous elaborate 
analysis of the microbiome of a tomato recombinant inbred line (RIL) population by 
Oyserman et al. (2022), which revealed significant differences in microbiome assembly 
across 100 tomato lines and identified specific genetic associations between loci in the 
tomato genome and in the microbiome metagenome. Additionally, work by Smulders 
et al. (2021) suggested that tomato wild relatives establish more beneficial interactions 
with their rhizosphere microbiome than domesticated cultivars.
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Building on the findings of Chapter 2, which explored the rhizosphere microbiome 
of wild tomato Solanum pimpinellifolium in its native Andean habitats, we identified a 
conserved microbial signature dominated by Proteobacteria. While these results revealed 
how wild tomatoes interact with their native microbiome, they did not address how 
tomato domestication process and agricultural management may have impacted plant-
microbiome associations. To further explore the taxonomic and functional changes in 
tomato rhizosphere and endosphere microbiomes, we cultivated eight tomato geno-
types, representing different stages of the tomato domestication trajectory, in native and 
agricultural soils from the center of origin in the South of Ecuador, and in a contrasting 
greenhouse production soil from The Netherlands. In this chapter, we analyzed the 
bacterial community composition of the rhizosphere and root endosphere by 16S 
rRNA gene amplicon sequencing and by shotgun metagenomics. We hypothesized that 
habitat domestication has the largest impact on microbiome assembly, influencing both 
the taxonomic and functional diversity of the root microbiome.

Results

Soil and genotype drive the taxonomic diversity of  the tomato 
rhizosphere microbiome
No significant differences (Kruskal-Wallis test, p > 0.05) were found in alpha diversity, 
represented by Shannon’s diversity index, for the rhizosphere bacterial communities 
from the tomato genotypes grown on the different soil types (Figure 1). However, the 
beta diversity revealed significant differences among soil origin (PERMANOVA, p = 
0.0001), soil type (PERMANOVA, p = 0.0001) and tomato domestication degree 
(PERMANOVA, p = 0.024) (Figure 2a). Soil origin and type explained 64% and 39% 
of the total variability in the rhizobacterial community composition, respectively.
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More detailed analysis by soil origin showed significant effects of the eight different 
tomato genotypes, ranging from 37% of the total variation in Ceiba and Limones na-
tive soils from the center of origin, 37-38% in the Ceiba and Limones agricultural soils 
from the center of origin, and 44% in the Dutch greenhouse production soil (Figure 
2b–f ). Significant differences were not observed between the wild and intermediate 
groups but were significant between the four intermediate-wild and four domesticated 
tomato genotypes (Adonis test, p < 0.05, Supplementary Table S4).

Figure 1. Shannon diversity index of the rhizosphere microbiome of tomato plants grown in Ecuadorian 
native and agricultural soils, and Dutch greenhouse soil. Boxplots show no significant difference (Kruskal-
Wallis test, p < 0.05, n = 10) of Shannon diversity index between tomato genotypes. SHA: S. habrochaites; 
SPE: S. peruvianum; SPI and LPI: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Sola-
rino; TRO: Trovanzo; KIV: Kivu; MON: Moneymaker.



89

Changes in taxonomic diversity and functional traits of  the tomato root 
microbiome along a domestication trajectory

Ch
ap

te
r 

3

Figure 2. Rhizosphere bacterial community structure of different tomato genotypes grown in Ecuador-
ian native and agricultural soils, and Dutch greenhouse soil. Principal Coordinate Analysis (PCoA) of 
rhizosphere bacterial communities of wild (n = 2), intermediate (n = 2) and domesticated (n = 4) tomato 
genotypes (a) PCoA by soil type; (b) – (f ) PCoA by tomato genotype per soil type. (Agr = agricultural soil, 
Nat = native soil).
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Subsequent differential abundance analysis revealed that soil type impacted the differen-
tial enrichment and depletion of ASVs in the rhizosphere of tomato. We first compared 
ASV abundance in the rhizosphere of tomatoes grown in native and agricultural soils 
from the South Andes in Ecuador. In native soils, a total of 490 ASVs were significantly 
more abundant in wild-intermediate tomato genotypes (cluster C3) and 1028 ASVs 
in the four domesticated tomato genotypes (cluster C4); in the agricultural soils, 1279 
ASVs were significantly more abundant in wild-intermediate tomato genotypes (clus-
ter C1) and 1121 ASVs in domesticated tomato genotypes (cluster C2) (Figure 3a). 
We next compared the differential abundance in the rhizosphere of tomato between 
the Ecuadorean agricultural soils and the Dutch greenhouse soil. In the Ecuadorean 
agricultural soils, 1286 ASVs were significantly more abundant in wild-intermediate 
tomato genotypes (cluster C5), and 2296 ASVs in domesticated tomato genotypes 
(cluster C4). In the Dutch greenhouse soil, 1148 ASVs showed higher abundance in 
wild and intermediate tomatoes (cluster C3), but only 109 ASVs were more abundant 
in domesticated tomatoes (cluster C2) (Figure 3b).
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Figure 3. Differential abundance of the tomato rhizosphere amplicon sequence variants (ASVs) in pairwise 
comparisons of different soil types. (a) Heatmap of ASVs in the rhizosphere of tomatoes grown in Ecuador-
ian native and agricultural soils; clusters C1 = 1279; C2 = 1121; C3 = 490; C4 = 1028 ASVs. (b) Heatmap 
of ASVs in the rhizosphere of tomatoes grown in Ecuadorian agricultural and Dutch greenhouse soils; clus-
ters C1 = 178; C2 = 109; C3 = 1148; C4 = 2296; C5 = 1286 ASVs. Significant ASVs identified from the 
DESeq differential abundance analysis were hierarchically clustered using Ward’s method as the clustering 
algorithm. SHA: S. habrochaites; SPE: S. peruvianum; SPI and LPI: S. pimpinellifolium; and tomato varieties 
of S. lycopersicum: SOL: Solarino; TRO: Trovanzo; KIV: Kivu; MON: Moneymaker.
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By grouping the significantly abundant rhizosphere ASVs from each cluster at phylum 
and genus level (Figure 4), we observed that the rhizosphere of tomato plants grown 
in soils from the center of origin, i.e. native and agricultural soils, had a higher relative 
abundance of Actinobacteriota, Bacteroidota, Cyanobacteria and Proteobacteria when 
compared with tomato plants grown in the Dutch greenhouse soil, which were more 
abundant in Chloroflexi, Firmicutes, Gemmatimonadota, Myxococcota, Patescibacteria 
and Planctomycetota (Figure 4a). At genus level, the rhizosphere of tomatoes grown in 
native soils from the center of origin had a higher relative abundance of Brevundimonas, 
Cellvibrio, Dyadobacter, Ohtaekwangia, Pseudomonas, Rhizobacter and Sphingomonas. In 
contrast, tomatoes grown in agricultural soils had an increased relative abundance of 
Actinoplanes, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Massilia, Nostoc 
and Streptomyces, whereas tomatoes grown in the Dutch greenhouse soil showed greater 
abundance of Bacillus, Devosia, Edaphobaculum, Mesorhizobium, Paenibacillus and 
Sericytochromatia. 

The tomato domestication degree was also linked to changes in specific rhizobacterial 
taxa. For instance, in native soils, wild and intermediate tomato genotypes had higher 
relative abundances of Chitinophaga, Dyadobacter, Ohtaekwangia (Bacteroidota) as well 
as Cellvibrio and Rhizobacter (Proteobacteria). In contrast, Nocardioides (Actinobacteri-
ota) were enriched in the rhizosphere of domesticated tomato genotypes grown in the 
Ecuadorean native soils. In the two Ecuadorean agricultural soils, wild and intermediate 
tomato genotypes showed higher relative abundance of Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium (Proteobacteria) whereas domesticated tomatoes harbored 
more Actinoplanes (Actinobacteriota). In the Dutch greenhouse soil, differences among 
tomato genotypes were observed in Bacillus and Paenibacillus (Firmicutes), which were 
more abundant in wild and intermediate tomatoes, while Devosia (Proteobacteria), 
Mesorhizobium (Proteobacteria) and Sericytochromatia (Cyanobacteria) were more 
abundant in domesticated tomatoes. In all three soil types, Pseudomonas and Massilia 
had higher abundance in wild-intermediate tomatoes, whereas members of the genera 
Sphingomonas (Proteobacteria) and Streptomyces (Actinobacteriota) showed greater rela-
tive abundance in domesticated tomatoes in all five soils (Figure 4b).
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Figure 4. Rhizosphere bacterial community composition of tomato genotypes grown in native and agri-
cultural soils. (a) Relative abundance of bacterial phyla in rhizosphere of different tomato genotypes grown 
in Ecuadorian native and agricultural soils and Dutch greenhouse soil; “Other” category corresponds to 
grouped phyla with relative abundance < 0.01; (b) Relative abundance of most abundant genera found in 
rhizosphere of different tomato genotypes. ASVs with significant differential abundance between soils and 
tomato genotypes were grouped according to their phylum or genus level and plotted as stacked bar and 
bubble charts, respectively. SHA: S. habrochaites; SPE: S. peruvianum; SPI and LPI: S. pimpinellifolium; 
and tomato varieties of S. lycopersicum: SOL: Solarino; TRO: Trovanzo; KIV: Kivu; MON: Moneymaker.
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Effects of  domestication on functional traits of  the tomato 
rhizosphere microbiome 
Following shotgun metagenomics of the rhizosphere samples, 127 MAGs (high quality 
bins completeness >70%, contamination <10%) were obtained. Of these, 12 MAGs 
with the highest quality were selected for functional analysis based on their taxonomic 
consistency with amplicon sequencing results. Thus, functions annotated by SEED 
Subsystems from selected MAGs related to habitat and the domestication degree of the 
tomato genotypes revealed significant shifts in microbial functionality. For example, 
MAGs taxonomically delineated as Bacteroidota (Chitinophaga, Fluviicola) or Proteo-
bacteria (Cellvibrio, Pseudomonas, Rhizobacter and Rhizobiaceae) were more abundant 
in wild-intermediate tomatoes in native and agricultural soils, showed a higher abun-
dance of genes associated with motility and chemotaxis, as well as metabolism of car-
bohydrates and stress response. On the other hand, MAGs taxonomically delineated as 
Micromonosporaceae, Bacillaceae, Cyanobacteria, Sphingomonas and Streptomyces, rep-
resentative taxa of domesticated tomatoes grown in agricultural and greenhouse soils, 
exhibited a higher number of genes associated with iron acquisition and metabolism 
of nitrogen, amino acids and derivatives; and cofactors, vitamins, prosthetic groups, 
pigments (Figure 5).
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Figure 5. Heatmap of SEED Subsystems with the highest gene abundance (≥ 5 genes) in rhizosphere bac-
terial MAGs selected from tomato genotypes across different soil types. The number of protein-encoding 
genes present in each Subsystem per MAG is shown within the cells. Chitinophaga_bin783, Fluviicola_
bin952, Rhizobacter_bin515 and Cellvibrio_bin319 belong to wild-intermediate tomatoes grown in native 
soils; Rhizobiaceae_bin844 belongs to wild-intermediate tomatoes grown in agricultural soils; Pseudomo-
nas_bin721 belongs to wild-intermediate tomatoes grown in any soil type. Micromonosporaceae_bin929 
and Cyanobacteria_bin643 were representatives of domesticated tomatoes in agricultural soils; Bacillace-
ae_bin96 and Sericytochromatia_bin549 correspond to domesticated tomatoes grown in greenhouse soil. 
Sphingomonas_bin651 and Streptomyces_bin494 belong to domesticated tomatoes grown in any soil type.
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Tomato endosphere microbiome assembly is soil type dependent
The bacterial communities detected in the root endosphere displayed a similar Shan-
non diversity index across tomato genotypes and soils, differing only among the eight 
tomato genotypes grown in native Ecuadorean soil (Kruskal-Wallis test, p = 0.0044). A 
higher diversity index was observed for domesticated tomato genotypes compared to 
wild-intermediate tomato genotypes. Interestingly, a same yet statistically insignificant 
trend was observed for agricultural and greenhouse soils, i.e. a minor yet progressive 
increase of bacterial alpha diversity along the tomato domestication trajectory (Figure 
6).

Overall, PCoA of the root endosphere showed significant differences between soil origin 
and soil types (PERMANOVA, p = 0.0001), but surprisingly there were no significant 
differences between tomato genotypes or domestication groups (PERMANOVA, p > 
0.05) (Figure 7a). When the tomato endosphere microbiome composition was analyzed 
per soil type (i.e. native, agricultural, greenhouse), significant differences were observed 
between tomato genotypes and domestication degree. This variation observed in the 
PCoA plot appeared to be primarily driven by the broader dispersion of wild tomato 
genotypes across the different soils. Although some dispersion is observed in domes-
ticated tomato genotypes, wild genotypes exhibited greater variability. This variation 
likely contributed to the significant differences found between domesticated tomatoes 
and both intermediate and wild tomato genotypes (Adonis test, p < 0.05, Supplemen-
tary Table S4). Specifically, tomato genotype showed 21% of the total variation in 

Figure 6. Shannon diversity index in tomato root endosphere grown in Ecuadorian native and agricultural 
soils and Dutch greenhouse soil. Different letters above boxplots show significant difference (Wilcoxon 
test, p < 0.05, n = 10) of Shannon diversity index between tomato genotypes. SHA: S. habrochaites; SPE: S. 
peruvianum; SPI and LPI: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Solarino; TRO: 
Trovanzo; KIV: Kivu; MON: Moneymaker.
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Ceiba agricultural and native soils and in Limones native soil, while 22% was observed 
in Limones agricultural and greenhouse soils. The domestication effect, i.e. variation 
in endosphere microbiome composition between wild, intermediate and domesticated 
tomato groups, showed 7% of the total variation per soil. This percentage of variation 
represents a marked decrease compared to the variation observed in the rhizosphere 
microbiome of 20% (Figure 7b–f ).

Figure 7. Principal Coordinate Analysis (PCoA) of bacterial communities in tomato root endosphere 
grown in different soil types. (a) PCoA by soil type and (b) – (f ) PCoA by tomato genotype in each soil.
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Furthermore, the differential abundance analysis of bacterial ASVs by DESeq (Wald 
test) through pairwise comparison between native and agricultural soils revealed no 
significant differences between the tomato domestication groups. The observed ASV 
clusters (Figure 8a) also suggest that the differences were mainly attributed to the soil 
type in which the tomato genotypes were grown. Similar results were found when agri-
cultural and greenhouse soils were compared (Figure 8b).

Figure 8. Differential abundance of the tomato root endosphere amplicon sequence variants (ASVs) in 
pairwise comparisons of different soil types. (a) Heatmap of ASVs in the endosphere of tomatoes grown 
in Ecuadorian native and agricultural soils; clusters C1 = 129; C2 = 304 ASVs. (b) Heatmap of ASVs in 
the endosphere of tomatoes grown in Ecuadorian agricultural soils and Dutch greenhouse soil; clusters C1 
= 466; C2 = 602 ASVs. Significant ASVs identified from the DESeq differential abundance analysis were 
hierarchically clustered using Ward’s method as the clustering algorithm. SHA: S. habrochaites; SPE: S. 
peruvianum; SPI and LPI: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Solarino; TRO: 
Trovanzo; KIV: Kivu; MON: Moneymaker.
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The significantly different ASV clusters in the tomato root endosphere from native 
and agricultural Ecuadorean soils showed increased abundance of the phyla Actino-
bacteriota, Bacterioidota, Cyanobacteria, Firmicutes and Proteobacteria. In contrast, 
Actinobacteriota and Firmicutes were predominantly more abundant in the endosphere 
of tomato plants grown in Dutch greenhouse soil (Figure 9a). At genus level, the en-
dosphere microbiome of tomato plants grown in native soils showed higher abundance 
of Ammoniphilus, Bacillus, Domibacillus, Fictibacillus, Lysinibacillus, Pseudomonas and 
Rhizobacter, than that of plants grown in agricultural and greenhouse soils. On the 
other hand, agricultural and greenhouse soils, i.e. managed soils, showed higher abun-
dance of Clostridium, Cohnella, Massilia, Paenibacillus, Streptomyces and Tumebacillus. 
Particularly, greenhouse soil increased the abundance of Tumebacillus, Paenibacillus 
and Cohnella in tomato endosphere. Although soil was shown to be the main driver 
of the root endosphere microbiome composition, domestication appeared to impact 
the abundance of Actinoplanes, Cohnella, Massilia and Streptomyces, which had higher 
abundance in the root endosphere of domesticated than of wild-intermediate tomato 
genotypes, especially when grown in agricultural soil (Figure 9b). Considering the sub-
stantial interference of plant DNA in shotgun metagenomic sequencing of endosphere 
samples, no data on functional genes and traits of the endophytic tomato microbiome 
were obtained. 
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Figure 9. Root endosphere bacterial community composition at phylum and genus level of tomato geno-
types in different soil types. (a) Relative abundance of bacterial phyla in root endosphere of different tomato 
genotypes grown in Ecuadorian native and agricultural soils and Dutch greenhouse soil; “Other” category 
corresponds to grouped phyla with relative abundance < 0.01; (b) Relative abundance of highest abundant 
genera found in root endosphere of different tomato genotypes. ASVs with significant differential abun-
dance between soils and tomato genotypes were grouped according to their phylum or genus level and 
plotted as stacked bar and bubble charts, respectively. SHA: S. habrochaites; SPE: S. peruvianum; SPI and 
LPI: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Solarino; TRO: Trovanzo; KIV: Kivu; 
MON: Moneymaker.
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Discussion

Domestication not only evolved specific traits of wild plant species to favor human 
needs, it also led to substantial changes in their habitats, moving from environmentally 
harsh, native ecosystems to heavily managed agricultural soils. Additionally, human 
migration and extensive exchanges of plant germplasm worldwide have further con-
tributed to the vast genetic variation seen in modern tomatoes (Blanca et al., 2022). 
Agricultural environments can also deplete putative plant growth-promoting rhizobac-
teria in modern crop accessions (Reid et al., 2024). In this study, we used tomato as a 
‘model’ plant to decipher the impact of domestication on microbiome assembly. To this 
end, we selected different genotypes and soils, including wild and domesticated tomato 
genotypes and native and managed soils from the center of origin (Ecuador), as well as 
greenhouse soil from the center of production (Netherlands) (Supplementary material 
Tables S1, S2). In this study, we used the same two parental tomato lines (S. pimpinel-
lifolium and S. lycopersicum cv. Moneymaker) and greenhouse tomato soil as used in our 
earlier study on microbiome assembly of a tomato RIL population with approximately 
100 genotypes (Oyserman et al., 2022). It should be noted that the number of tomato 
genotypes (n = 8) and soils (n = 5) used in this study is limited to make solid conclu-
sions on the impact of domestication on microbiome assembly. However, the results 
obtained can serve as a stepping stone for more elaborate screenings and to generate 
hypotheses that can be experimentally validated on larger sets of plant genotypes and 
soils. 

Our findings revealed that selective filtering of the soil microbiome was stronger in 
the tomato rhizosphere than in the endosphere (Figures 2, 7). Significant variations in 
rhizosphere microbiome composition were observed per soil, with wild-intermediate 
tomato genotypes clustering separately from the domesticated tomatoes (Figure 2). 
This was further supported by the differential abundance analysis which revealed a 
similar clustering pattern of the ASVs and whose separation was driven by soil type and 
the degree of tomato domestication (Figure 3). Soil plays a predominant role in plant 
microbiome assembly due to its properties, especially nutrient content and the diversity 
of the microbial ‘seed bank’ (Cordovez et al., 2019; Ling et al., 2022; Philippot et 
al., 2024). Particularly, soil amendments such as organic matter, N, P and K, have 
been shown in several studies to considerably alter the tomato bacterial community 
assembly in the rhizosphere (Cheng et al., 2020; Dixon et al., 2024; Garcia et al., 2024; 
Naumova et al., 2022; Zhang et al., 2022). On the other hand, plant genotype can 
act as a microbiome filter due to the quantitative and/or qualitative differences in root 
exudation composition, which selects for and enhances the proliferation of specific taxa 
within the microbiome, as reported in previous studies (French et al., 2020; Poudel 
et al., 2019). Our results suggest that the differentiation in rhizosphere microbiome 
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assembly occurred later in the domestication trajectory, likely during breeding and 
genetic improvement. Based on this, further examination of the differences in tomato 
root exudate composition per tomato genotype and the effect of soil amendments on 
the rhizosphere microbiome will be needed to decipher genotype-specific signatures in 
rhizosphere microbiome assembly. 

When summarizing the impact of tomato and habitat domestication on rhizosphere 
assembly (Figure 4), our results show that: i) Bacteroidota and Proteobacteria had a 
higher relative abundance in the rhizosphere microbiome of tomatoes grown in native 
Ecuadorian soils, ii) Actinobacteriota and Cyanobacteria were more abundant in the 
rhizosphere microbiome of tomatoes grown in Ecuadorean agricultural soils, and iii) 
Firmicutes were more abundant in the rhizosphere of tomatoes grown in the Dutch 
greenhouse soil. At genus level, Chitinophaga, Dyadobacter, Fluviicola, Ohtaekwangia 
(Bacteroidota), as well as Brevundimonas, Cellvibrio and Rhizobacter (Proteobacteria) 
were more abundant in wild-intermediate tomato genotypes, while Lysobacter (Pro-
teobacteria) and Nocardioides (Actinobacteriota) were more abundant in domesticated 
tomato genotypes grown in native soil. In contrast, in agricultural soil, wild-interme-
diate tomatoes were more abundant in Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium (Proteobacteria), while domesticated tomatoes showed increased genera 
such as Actinoplanes, Nocardioides (Actinobacteriota) and Nostoc (Cyanobacteria). For 
greenhouse soil, Bacillus, Paenibacillus (Firmicutes) were significantly more abundant in 
wild-intermediate tomatoes, while Sericytochromatia (Cyanobacteria) was more abun-
dant in domesticated tomato genotypes. Interestingly, across all soils, Pseudomonas and 
Massilia (Proteobacteria) were more abundant in wild-intermediate tomato genotypes, 
while Streptomyces (Actinobacteriota) and Sphingomonas (Proteobacteria) progressively 
increased along the tomato domestication trajectory (Figure 4). 

Several Pseudomonas species are known as plant growth-promoting rhizobacteria 
(PGPR) due their versatile abilities in root colonization, nutrient acquisition, anti-
oxidant activities, pathogen suppression, and stress adaptation (Alattas et al., 2024; 
Mekureyaw et al., 2022; Sah et al., 2021; Zboralski & Filion, 2020). Massilia exhibits 
copiotrophic behavior and effective attachment to biological surfaces, including fungal 
hyphae, filamentous algae and Cyanobacteria (Ofek et al., 2012; Salomon et al., 2003; 
Scheublin et al., 2010), which can make it a successful root colonizer. In our earlier 
studies, Massilia together with Rhizobium was also abundant in successively planted 
wild tomato (Cordovez et al., 2021). Whether these beneficial traits are also prominent 
for the Pseudomonas and Massilia species we detected in wild-intermediate tomato 
genotypes remains to be further investigated. 
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Our results on the enrichment of Streptomyces in the rhizosphere of domesticated to-
matoes are consistent with findings from other studies. First and foremost, our results 
confirm and extend the results of our earlier study on the microbiome of a tomato RIL 
population, conducted with the same Dutch greenhouse soil and the same parental 
lines S. pimpinellifolium and S. lycopersicum cv. Moneymaker (Oyserman et al., 2022). 
We observed similar patterns of abundance of specific rhizosphere bacteria, especially 
the significant abundance of Streptomyces in the rhizosphere of domesticated tomatoes 
in any soil type. In our previous study, the increased abundance of Streptomyces was as-
sociated with a ‘modern allele’ on chromosome 6 (Oyserman et al., 2022). Also in other 
studies, similar patterns were reported. For example, Allard (2016) observed higher 
abundance of members of the Streptomycetaceae family in domesticated tomato (S. 
lycopersicum BHN602) grown in greenhouse conditions. Similarly, Dixon et al. (2024) 
found that modern (ca. 2020) and traditional tomatoes (ca. 1900) had a greater rela-
tive abundance of Actinobacteriota than wild tomatoes, especially in P-fertilized soil. 
In addition, Chen et al. (2022) demonstrated differential recruitment of rhizobacteria 
based on tomato fruit color phenotype, with Actinobacteriota being more abundant in 
tomatoes with yellow fruit compared to those with red fruit. Furthermore, Actinobac-
teriota can be competitive for root exudates and micronutrients, such as iron, as well as 
for antibiotic production (Nazari et al., 2023; Oyserman et al., 2022; Pérez-Jaramillo 
et al., 2016, 2018; Zhao et al., 2018), which may facilitate the successful coloniza-
tion of Streptomyces in domesticated tomato rhizosphere. The observed enrichment of 
Sphingomonas in the rhizosphere of domesticated tomatoes is also confirms and extends 
the study by Lee et al. (2019) who proposed Sphingomonas as one of the indicators 
of the rhizosphere of domesticated tomato genotypes sampled from different green-
houses. Interestingly, we also observed an increase in Cyanobacteria genera, such as 
Nostoc and Sericytochromatia in domesticated tomato genotypes grown in agricultural 
and in greenhouse soils, respectively. This suggests that these bacterial genera are likely 
responding to nutrient availability, particularly N and P (Xu et al., 2017), and possibly 
to the reduced use of organic fertilization in agricultural soils, as observed by Zou et al. 
(2024).

Our profiling of the microbial traits of key tomato rhizosphere bacteria, in relation to 
genotype and habitat domestication, provided a better understanding of the interac-
tions between these bacteria, their different tomato hosts, and the soil types (Figure 5; 
Supplementary Table S6). Unfortunately, we did not find MAGs assigned as Massilia 
or the Oxalobacteraceae family, which were abundant taxa in the rhizosphere of wild 
tomatoes across the soil types tested. We found a higher number of genes associated 
with the SEED subsystems Motility and Chemotaxis in rhizosphere MAGs of wild 
tomato genotypes grown in native soil and taxonomically delineated as Bacteroidetes, 
Cellvibrionales, Pseudomonadales and Rhizobiales. This observation aligns with find-
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ings by Sun et al. (2021), who found that the root microbiome of wild rice accessions 
exhibited a greater abundance of bacterial chemotaxis genes than the microbiomes of 
their domesticated counterparts. Moreover, abundance of these bacterial taxonomic 
lineages was associated by Yin et al. (2020) with plant protection against pathogens. 
They found a higher abundance of Bacteroidetes, Pseudomonadales and Rhizobiales 
in tomato cultivars that resisted bacterial canker caused by Clavibacter michiganensis. 
In addition, the higher number of genes associated with flagellar motility observed in 
these MAGs, particularly in Pseudomonas, Cellvibrio and Rhizobiacea, can be linked to 
enhanced rhizosphere colonization and increased carbohydrate metabolism as revealed 
in other studies (Barajas et al., 2020; de Weert et al., 2002; Liu et al., 2024; Ramoneda 
et al., 2024; Zuluaga et al., 2021). Moreover, carbohydrate metabolism also showed a 
higher number of genes in MAGs associated with the microbiomes of the wild tomato 
genotypes, consistent with findings by Zboralski & Filion (2020). Additionally, the 
higher abundance of microbial functions associated with stress response found here 
may align with the observation that the wild tomato rhizosphere has a greater capacity 
to adapt to environmental challenges, such as oxidative or osmotic stress, as reported in 
several studies (Alzate Zuluaga et al., 2021; Anjum et al., 2025; Schmitz et al., 2022). 

MAGs associated with the rhizosphere of domesticated tomato genotypes, especially 
in agricultural and greenhouse soils, exhibited a higher abundance of genes involved in 
amino acid metabolism, cofactors and vitamins, as well as genes related to N, P and Fe 
metabolism. Specifically, the increased abundance of genes related to ammonification, 
allantoin utilization, and siderophore biosynthesis, suggests that the microbiome associ-
ated with domesticated tomatoes may respond to fertilizer inputs with both macro- and 
micronutrients, as indicated in other studies (Adedayo et al., 2022; Dixon et al., 2024; 
Garcia et al., 2024; Smulders et al., 2021; Terra et al., 2021; Zhang et al., 2022).

With respect to the endosphere tomato microbiome, soil type was the primary 
determinant of the community assembly (Figures 8, 9). This effect was particularly 
pronounced in the phylum Firmicutes with Bacillus remaining consistent across soils, 
while Ammoniphilus, Domibacillus, Fictibacillus and Lysinibacillus showed a progressive 
decline in abundance from Ecuadorean native to Dutch greenhouse soil. Conversely, 
Cohnella, Paenibacillus and Tumebacillus exhibited a progressive increase in abundance 
from Ecuadorean native to Dutch greenhouse soil. Collectively, these results suggest 
that soil management influenced microbiome assembly of the tomato root endosphere. 
Other taxa exhibited genotype-specific differences for Ecuadorean native and agricul-
tural soils. For example, Brevundimonas, Pseudomonas, Rhizobacter (Proteobacteria) were 
more abundant in the endosphere of wild-intermediate tomatoes grown in native soils, 
while Actinoplanes, Streptomyces (Actinobacteriota) and Tolypotrix (Cyanobacteria) were 
more abundant in the endosphere of domesticated tomatoes grown in agricultural soil. 
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Further investigation is needed to understand how root exudates and soil management 
practices influence the selective enrichment of these endosphere taxa and their ability 
to withstand plant defense responses, as well as to adapt to the specific environmental 
conditions associated with different tomato genotypes and soil types.

In conclusion, our results highlight the significant impact of the tomato domestica-
tion process on its microbiome, with habitat domestication playing a pronounced 
role in root microbiome assembly. Our results suggest that the major differentiation 
in rhizosphere microbiome assembly occurred later in the domestication process, i.e. 
during the breeding and genetic improvement stages. Additionally, we observed that 
wild tomatoes grown in native soils exert strong selective pressure on the rhizosphere 
microbiome, favoring bacteria enriched in genes associated with motility, chemotaxis 
and stress response. In contrast, domesticated tomatoes establish microbiome associa-
tions with bacteria that exhibit functional adaptations to agricultural and greenhouse 
environments, presumably fertilizer inputs. Our study emphasizes the importance of 
understanding microbiome shifts driven by both genotype and habitat domestication. 
These insights are essential for integrating microbiome management strategies into to-
mato cultivation and considering the microbiome as a complementary feature in breed-
ing programs. Future research should focus on the identity and role of specific root 
exudates in microbial assembly for both wild and domesticated tomatoes. Additionally, 
the effects of soil amendments (organic and synthetic fertilizers) and other agricultural 
practices on tomato genotypes should be further explored. It is also important to assess 
the phenotypic response of tomatoes to rhizobacterial inoculation, specifically in terms 
of plant growth, resistance to (a)biotic stresses, and yield, with an emphasis on the 
genetic background of different tomato cultivars to maximize the efficiency of micro-
bial interventions. Such studies could provide valuable insights to promote sustainable 
farming practices through the integration of agricultural techniques with microbial 
management.

Materials and Methods

Greenhouse experiment
Native and agricultural soils from the tomato’s center of origin were collected in 
June 2021 from two locations in the province of Loja in Southern Ecuador (Ceiba 
4°18’07.6”S, 80°13’16.7”W and Limones 4°23’09.2”S, 80°20’50.7”W, Zapotillo, Loja, 
Ecuador). Native soils were collected from a natural vegetation close to the agricultural 
locations. Agricultural soil from Ceiba was sampled from a field that was cultivated 
with onion (vegetative growth stage), whereas the agricultural soil in Limones was 
sampled from a local rice field (grain filling stage). All four soils were air dried at room 
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temperature and subsequently sieved (2 mm diameter sieve mesh) and shipped to the 
greenhouse facility at the Netherlands Institute of Ecology (NIOO-KNAW) in Wa-
geningen, The Netherlands in compliance to the permit approved by the Ecuadorian 
Ministry of Environment. A Dutch greenhouse used for tomato seed production in 
South-Holland, (51°57’47”N, 4°12’16”E, collected in June 2017), provided the green-
house soil from the center of production (Supplementary material Table S1). The five 
soils of interest were coded as follows: Ceiba native (CN), Ceiba agricultural (CA), 
Limones native (LN), Limones agricultural (LA) and, Dutch greenhouse soil (GH) 
(Figure 10).

A total of 8 tomato genotypes were selected and included in this experiment, and 
given the following abbreviations: two wild tomato species S. peruvianum (SPE), and 
S. habrochaites (SHA); two accessions of the closest ancestor S. pimpinellifolium (LPI 
and SPI); and four modern S. lycopersicum tomato varieties Solarino (SOL), Trovanzo 
(TRO), Kivu (KIV) and Moneymaker (MON) (Supplementary material Table S2).

To facilitate the analysis of soils and tomato genotypes, they were grouped in soil 
types and tomato domestication degree. Hence, Ceiba and Limones native soils were 
catalogued as “native soil”, and Ceiba and Limones agricultural soils were named as 
“agricultural soil”. Also, tomatoes S. peruvianum and S. habrochaites were considered 
as “wild”, the two S. pimpinellifolium accessions were named as “intermediate”, and 
varieties of S. lycopersicum (Solarino, Trovanzo, Kivu and Moneymaker) were termed as 
“domesticated” tomatoes (Figure 10).
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Prior to the greenhouse experiment, the soil samples were conditioned during seven 
days by adding 20% (v/w) of sterile demi-water to the soil bags. The bags were then 
kept under greenhouse conditions in the shade (25 ºC day; 18 ºC night). After the 
conditioning phase, 5% (w/w) of each soil was mixed with 95% moistened sterile fine 
sand (0.4–0.8 mm), and 500 g of the mixture was transferred into polyethylene pots 
(10 × 10 × 11 cm).

Tomato seeds were surface sterilized by adding 5 ml of 80% ethanol and shaking for 2 
min. The ethanol was then removed, and 5 ml of 1.5% (v/v) sodium hypochlorite was 
added. The seeds were shaken for 10 min, after which the solution was discarded. To re-
move any residual solution, seeds were rinsed five times with 5 ml of sterile demi-water, 
vortexing for 2 min during each cycle and discarding the water after each rinse. Follow-
ing the sterilization, seeds were placed on a wet filter paper in a Petri dish containing 
5 ml of sterile demi-water and incubated at 25 ºC for three days. One pre-germinated 
tomato seed (radicle length ~1 cm) was sown in the center of the pot. Pots were cov-
ered with a plastic film for three days to maintain the humidity until the cotyledons 
emerged. The experiment consisted of eight tomato genotypes (SPE, SHA, SPI, LPI, 

Figure 10. Soil origin (left panel) and genetic diversity of tomato genotypes (right panel) used in the 
experiment. Genetic diversity of the eight selected tomato genotypes was based on DArT genotyping data 
(17,855 SNP). The scale bar indicates the Jaccard distance to measure the dissimilarity between tomato gen-
otypes based on SNP presence/absence. Hierarchical clustering was performed by unweighted pair group 
method with arithmetic mean (UPGMA). Tomato genotypes were grouped according to the domestication 
trajectory in wild, intermediate, and domesticated tomatoes. SHA: S. habrochaites; SPE: S. peruvianum; SPI 
and LPI: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Solarino; TRO: Trovanzo; KIV: 
Kivu; MON: Moneymaker.
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SOL, TRO, KIV, MON) and five soils (four Ecuadorian soils: CA, LA, CN, LN, and 
one Dutch tomato greenhouse soil GH), with a total of 239 pots [5 soils × 8 tomatoes 
× 5 replicates + 24 control (8 tomatoes in sand × 3 replicates) + 15 bulk soil (5 soil-sand 
mix × 3 replicates)] randomly distributed.

Plants were grown under greenhouse conditions set at 25 °C/18 °C (±1 °C) day/night; 
with 16 h light and 60% relative humidity. The watering regime was adjusted to the 
plant’s requirements during the growth period, starting with 5 ml of sterile demi-water 
per day and gradually increasing to 100 ml per day. Additionally, a 50% Hoagland 
nutrient solution was applied twice per week throughout the growth period (Supple-
mentary material Table S3).

Rhizosphere sampling
Plants were sampled at their 6th true leaf stage (25–35 days after planting the germi-
nated seeds). The shoots were cut and the root was carefully removed from the pot. 
Loosely attached soil was shaken off, leaving the tightly attached soil (i.e. rhizosphere 
soil). A 5 g sample of each root system and 5 g of each bulk soil sample were collected 
in 15 ml-tubes, immediately frozen in liquid nitrogen and stored at -80 ºC until further 
processing.

Before DNA extraction, samples were defrosted at 4 ºC and 5 ml of sterile demi-water 
was added and vortexed at maximum speed to remove the soil particles attached to the 
roots (rhizosphere). The roots were transferred to a new 15 ml-tube. Both rhizosphere 
soil suspension and frozen bulk soil samples were freeze-dried to remove the excess wa-
ter. The roots were surface sterilized by vortexing with 5 ml of 75% ethanol at medium 
speed (~2000 rpm) for 2 min. The ethanol solution was discarded and 5 ml of 1.5% 
(v/v) sodium hypochlorite were added. The roots were vortexed at medium speed for 
5 min and after that, the hypochlorite solution was removed, followed by addition of 
5 ml of sterile demi-water. Tubes were vortexed for 2 min, after which the water was 
carefully discarded. This washing process was repeated five times. Finally, the surface-
sterilized roots were freeze dried to remove any remaining water.

Soil and root DNA isolation and sequencing
The rhizosphere soil samples were prepared by weighing 0.5 g of freeze-dried soil. For 
roots, 30 mg of freeze-dried roots were transferred into 2 ml-microtubes and the roots 
were homogenized with three metal beads (⌀ ⅛ inch) in the TissueLyser (Qiagen) at 
maximum speed (30 Hz, 1800 oscillations per minute) for 2 min. The resulting root 
powder was used for endosphere DNA isolation.
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The Qiagen DNeasy® PowerSoil® Pro Kit was used to extract genomic DNA from soil 
and roots according to the manufacture’s protocol. DNA samples were sent to Genome 
Québec (Canada) for amplicon library preparation and subsequent sequencing of 
the V3-V4 regions of the 16S rRNA gene using the universal bacterial primers 341F 
(CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATCTAATCC). 
Paired-end sequence reads (300 bp length) were generated using the Illumina NovaSe-
qX Plus platform. In addition, 24 rhizosphere samples corresponding to two genotypes 
(LPI and MON) grown in three soils (LA, LN and GH) representing four replicates 
were subjected to library preparation and shotgun sequencing by Novogene Co, Ltd. 
(Canada) to provide pair-end reads of 150 bp by Illumina NovaSeq 6000.

Amplicon data analysis
The compressed sequence reads contained in FASTQ format files were processed by the 
DADA2 v1.16.0 pipeline (Callahan et al., 2016) in RStudio environment (RStudio 
Team, 2020) to obtain the ASV abundance and taxonomy tables. The modeling of 
error rates associated with the sequencing process was adjusted to appropriately process 
NovaSeq data using the DADA2 pipeline, as suggested by Holland-Moritz (2021). 
The SILVA 16S ribosomal RNA gene reference database (v138) (Quast et al., 2013) 
was used for bacterial taxonomy assignment. ASVs present in control samples, i.e., 
plants grown in pure sand, were filtered out from all the samples before the analysis. 
The statistical analyses were performed using R software version 4.3.1 (R Core Team, 
2023). Packages such as vegan (Oksanen et al., 2020), phyloseq (McMurdie & Holmes, 
2013), DESeq2 (Love et al., 2014) and ggplot2 (Wickham, 2016) were used for alpha 
diversity, beta diversity (Bray–Curtis distance, PERMANOVA with 9,999 permuta-
tions), and differential abundance analyses, while the tidyverse package (Wickham 
et al., 2019) was used for formatting and visualization. Significant differences in the 
Shannon diversity index were determined by Kruskal-Wallis test and Wilcoxon post 
hoc test, while differences of beta diversity between tomato groups in pairwise com-
parisons were evaluated using the Adonis test. The abundance data were normalized by 
CSS (Cumulative Sum Scaling) for Principal Coordinates Analysis (PCoA) which was 
performed with the cmdscale function from the vegan package and the Bray–Curtis dis-
tance calculated previously. Differential abundance analyses were performed using the 
model “Soil_class + Tom_gen”, specified in the design formula of the DESeq function, 
where Soil_class refers to the soil type, i.e. Native, Agricultural, or Greenhouse and 
Tom_gen represents the tomato genotype (eight genotypes). Pairwise contrasts were 
tested between Native vs. Agricultural soil, and Agricultural vs. Greenhouse soil. To 
account for varying sequencing depths, size factors were estimated using a geometric 
mean approach from the counts data. ASVs resulted from differential abundance analy-
sis were visualized in a heatmap using the R package pheatmap (Kolde, 2018). Clusters 
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were identified through hierarchical clustering, using correlation as the distance metric 
and Ward’s method for the clustering algorithm.

Metagenome data analysis
To gain knowledge about the potential functionality of specific members of the rhi-
zosphere tomato microbiome, bins were produced to be annotated further. First co-
assembly of all samples was done using Megahit (Li et al., 2015). Read mapping against 
contigs was performed using Bowtie2 (Langmead & Salzberg, 2012) and binning was 
done using MaxBin2 (Wu et al., 2016) and Metabat2 (Kang et al., 2019). Results from 
both binning approaches were processed with DAS Tool to obtain refined bins (Sieber 
et al., 2018). Bins were taxonomically annotated using GTDB-tk (v2.4.0) (Chaumeil 
et al., 2020). 

The quality of the resulting bins was assessed using CheckM (Parks et al., 2015). After-
wards, 11 out of 127 bins with completeness higher than 70% and contamination less 
than 10%, were considered representative metagenome-assembled genomes (MAGs) 
of the bacteria associated with tomato and soils, consistent with the amplicon results 
(Supplementary Table S5). These MAGs were submitted to the RAST server (Rapid 
Annotation using Subsystems Technology) (Aziz et al., 2008) for annotation of func-
tional genes (Supplementary Table S6).

Acknowledgements

We thank Dr. Sonia Zapata and Juan Mosquera (Universidad San Francisco de Quito–
USFQ) for their support with the research permit procedures. We would also like to 
express our gratitude to Junnior Lalangui, José Luis Solano and Pablo Arévalo for their 
significant assistance with the collection of native and agricultural soils in Loja, Ecua-
dor. 

Author contributions

SSF: methodology, investigation, data curation; writing - original draft, review & 
editing; VC: supervision, writing - review & editing; data curation; BOO: review & 
editing; LMAG: metagenomic data analysis; review & editing; NS: conceptualization; 
methodology; supervision; data curation; JMR: conceptualization; supervision; fund-
ing acquisition, writing - review & editing; PVTH: supervision; review & editing. All 
authors contributed critically to the drafts and gave final approval for publication.



111

Changes in taxonomic diversity and functional traits of  the tomato root 
microbiome along a domestication trajectory

Ch
ap

te
r 

3

Funding

This research was supported by the Dutch Research Council Grant/Award Number: 
024.004.014, the Ecuadorian National Secretary of Higher Education, Science, Tech-
nology and Innovation–SENESCYT with scholarship number: CZ07-000440-2018. 
Universidad San Francisco de Quito–USFQ supported this work through Chancellor 
Grant and COCIBA research funds to the HUBI project ID: 10093 entitled “Going 
back to the roots: Root microbiomes of tomato relatives”. The funders had no role 
in the study design, data collection, analysis, decision to publish, or preparation 
of the manuscript. This work was performed, in part, in collaboration with the Mi-
CRop Consortium program, Harnessing the second genome of plants (grant number 
024.004.014), funded by the Dutch Research Council (NWO/OCW), using its net-
work and infrastructure.

 Plant research permit

This study was carried out under the Genetic Resource Permit N° MAE-DNB-
CM-2018-0085, issued by the Ministry of Environment of Ecuador to USFQ.



112

Chapter 3

Supplementary material

Supplementary Figures

Figure S1. Bacterial community structure of tomato genotypes grown in native, agricultural and green-
house soils. Principal Coordinate Analysis (PCoA) of rhizosphere bacterial communities showing distinct 
separation between soils from center of origin and the center of production, as well as differentiation of 
bacterial communities between tomato rhizosphere and endosphere.
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Figure S2. Shannon diversity index in tomato (a) rhizosphere and (b) endosphere grown in native, agri-
cultural and greenhouse soils. Different letters above boxplots show significant difference (Wilcoxon test 
p < 0.05) of Shannon diversity index between tomato genotypes (n = 5). SPE: S. peruvianum; SHA: S. 
habrochaites; SPI and LPI: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Solarino; TRO: 
Trovanzo; KIV: Kivu; MON: Moneymaker.
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Table S3. Hoagland solution composition.

Hoagland solution stock M (g/mol) Molarity g/l Stock 1 liter 1/2X

Macroelements:

Calcium nitrate Ca(NO3)2.4H2O 236.16 0.5 M 118.08 5 ml

Potassium nitrate KNO3 101.11 1.0 M 101.11 2.5 ml

Potassium phosphate KH2PO4 136.09 1.0 M 136.09 0.5 ml

Magnesium sulfate MgSO4.7H2O 246.47 0.5 M 123.24 2 ml

Microelements: 1 ml

Boric acid H3BO3 61.83 46.3 mM 2.86

Manganese chloride MnCl2.4H2O 197.91 9.1 mM 1.81

Zinc sulfate ZnSO4.7H2O 287.54 0.77 mM 0.22

Copper sulfate CuSO4.5H2O 249.68 0.32 mM 0.08

Sodium molybdate Na2MoO4.2H2O 241.95 0.52 mM 0.126

EDTA ferric salt C10H12FeN2NaO8.3H2O 421.1 98.6 mM 41.52

Note. For preparing 1000 ml of Hoagland solution stock: Dissolve the components (g/l Stock) in 1000 ml 
of sterile demi water and store at room temperature in the shade. Stock solution of microelements can be 
prepared in 500 ml in an amber bottle or covered with aluminum foil to protect it against light. 

For preparing 1000 ml of Hoagland 1/2X concentration: Autoclave 989 ml of demi water and add the 
volume of each Hoagland component by filtration (Whatman cellulose syringe filter 0,2 µm).



117

Changes in taxonomic diversity and functional traits of  the tomato root 
microbiome along a domestication trajectory

Ch
ap

te
r 

3

Table S4. Pairwise analysis by Adonis test in tomato rhizosphere and endosphere.

Plant Compartment Soil Pairs R2 p.adj sig.

Rhizosphere Ceiba_Agr W × I 0,0653 0,0615

Rhizosphere Ceiba_Agr W × D 0,1366 0,00015 *

Rhizosphere Ceiba_Agr I × D 0,1283 0,00015 *

Rhizosphere Ceiba_Nat W × I 0,0633 0,0742

Rhizosphere Ceiba_Nat W × D 0,1818 0,00015 *

Rhizosphere Ceiba_Nat I × D 0,1737 0,00015 *

Rhizosphere Limones_Agr W × I 0,0698 0,0442 *

Rhizosphere Limones_Agr W × D 0,1693 0,00015 *

Rhizosphere Limones_Agr I × D 0,1491 0,00015 *

Rhizosphere Limones_Nat W × I 0,0662 0,0605

Rhizosphere Limones_Nat W × D 0,1554 0,00015 *

Rhizosphere Limones_Nat I × D 0,1799 0,00015 *

Rhizosphere Greenhouse W × I 0,0608 0,1914

Rhizosphere Greenhouse W × D 0,2344 0,00015 *

Rhizosphere Greenhouse I × D 0,2104 0,00015 *

Endosphere Ceiba_Agr W × I 0,0558 0,1893

Endosphere Ceiba_Agr W × D 0,0509 0,0123 *

Endosphere Ceiba_Agr I × D 0,0403 0,12  

Endosphere Ceiba_Nat W × I 0,064 0,0506

Endosphere Ceiba_Nat W × D 0,0468 0,0306 *

Endosphere Ceiba_Nat I × D 0,0485 0,0306 *

Endosphere Limones_Agr W × I 0,0585 0,0966

Endosphere Limones_Agr W × D 0,0631 0,0021 *

Endosphere Limones_Agr I × D 0,0458 0,0461 *

Endosphere Limones_Nat W × I 0,0583 0,1749

Endosphere Limones_Nat W × D 0,0506 0,0663

Endosphere Limones_Nat I × D 0,0381 0,1749  

Endosphere Greenhouse W × I 0,0542 0,3477

Endosphere Greenhouse W × D 0,0545 0,0108 *

Endosphere Greenhouse I × D 0,0459 0,0402 *
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Changes in taxonomic diversity and functional traits of  the tomato root 
microbiome along a domestication trajectory

Ch
ap

te
r 

3

Ta
bl

e 
S5

. H
ig

h 
qu

al
ity

-b
in

s a
ss

em
bl

ed
 fr

om
 rh

izo
sp

he
re

 to
m

at
o 

gr
ow

n 
in

 d
iff

er
en

t s
oi

ls 
(c

on
tin

ue
d)

B
in

_I
d

M
ar

ke
r_

lin
ea

ge

C
om

-
pl

et
e-

ne
ss

C
on

ta
m

i-
na

ti
on

K
in

g-
do

m
Ph

yl
um

C
la

ss
O

rd
er

Fa
m

ily
G

en
us

Sp
ec

ie
s

bi
n.

27
3

k_
_B

ac
te

ria
 

(U
ID

29
82

)
93

.3
4

5.
14

Ba
ct

er
ia

Ve
rr

uc
om

i-
cr

ob
io

ta
Ve

rr
uc

om
ic

ro
-

bi
ae

O
pi

tu
ta

le
s

O
pi

tu
ta

ce
ae

D
id

em
ni

tu
tu

s

bi
n.

73
7

c_
_D

el
ta

pr
ot

eo
ba

ct
e-

ria
 (U

ID
32

16
)

93
.1

2
3.

25
Ba

ct
er

ia
M

yx
oc

oc
co

ta
Po

ly
an

gi
a

Po
ly

an
gi

al
es

bi
n.

31
9

c_
_G

am
m

ap
ro

te
o-

ba
ct

er
ia

 (U
ID

44
44

)
92

.9
8

2.
39

Ba
ct

er
ia

Pr
ot

eo
ba

c-
te

ria
G

am
m

ap
ro

te
o-

ba
ct

er
ia

Ps
eu

do
m

on
ad

-
al

es
C

el
lv

ib
rio

na
-

ce
ae

C
el

lv
ib

rio

bi
n.

46
4

p_
_B

ac
te

ro
id

et
es

 
(U

ID
25

91
)

92
.6

1
6.

03
Ba

ct
er

ia
Ba

ct
er

oi
do

ta
Ba

ct
er

oi
di

a
C

hi
tin

op
h-

ag
al

es
C

hi
tin

op
ha

ga
-

ce
ae

Ta
ib

ai
el

la
_B

bi
n.

51
5

o_
_B

ur
kh

ol
de

ria
le

s 
(U

ID
40

00
)

92
.5

5.
06

Ba
ct

er
ia

Pr
ot

eo
ba

c-
te

ria
G

am
m

ap
ro

te
o-

ba
ct

er
ia

Bu
rk

ho
ld

-
er

ia
le

s
Bu

rk
ho

ld
er

ia
-

ce
ae

R
hi

zo
ba

ct
er

bi
n.

30
2

p_
_B

ac
te

ro
id

et
es

 
(U

ID
26

05
)

92
.4

9
1.

67
Ba

ct
er

ia
Ba

ct
er

oi
do

ta
Ba

ct
er

oi
di

a
AK

YH
76

7
b-

17
BO

bi
n.

86
1

g_
_B

ur
kh

ol
de

ria
 

(U
ID

40
06

)
92

.2
3

0.
31

Ba
ct

er
ia

Pr
ot

eo
ba

c-
te

ria
G

am
m

ap
ro

te
o-

ba
ct

er
ia

Bu
rk

ho
ld

-
er

ia
le

s
Bu

rk
ho

ld
er

ia
-

ce
ae

Pa
ra

bu
rk

ho
ld

er
ia

Pa
ra

bu
rk

ho
ld

er
ia

 
sp

00
01

48
68

5

bi
n.

42
7

f_
_M

ic
ro

co
cc

ac
ea

e 
(U

ID
16

23
)

92
.1

6
4.

38
Ba

ct
er

ia
Ac

tin
ob

ac
te

-
rio

ta
Ac

tin
ob

ac
te

ria
Ac

tin
om

yc
e-

ta
le

s
M

ic
ro

co
cc

ac
ea

e
Si

no
m

on
as

bi
n.

64
7

c_
_G

am
m

ap
ro

te
o-

ba
ct

er
ia

 (U
ID

42
66

)
92

.1
6

1.
75

Ba
ct

er
ia

Pr
ot

eo
ba

c-
te

ria
G

am
m

ap
ro

te
o-

ba
ct

er
ia

Le
gi

on
el

la
le

s
Le

gi
on

el
la

ce
ae

Le
gi

on
el

la
_C

bi
n.

60
6

o_
_B

ur
kh

ol
de

ria
le

s 
(U

ID
40

00
)

91
.7

9
2.

29
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

G
am

m
ap

ro
te

o-
ba

ct
er

ia
Bu

rk
ho

ld
-

er
ia

le
s

Bu
rk

ho
ld

er
ia

-
ce

ae
N

ov
ih

er
ba

sp
iri

llu
m

bi
n.

60
7

c_
_B

et
ap

ro
te

ob
ac

te
-

ria
 (U

ID
39

59
)

91
.7

1
5.

08
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

G
am

m
ap

ro
te

o-
ba

ct
er

ia
Bu

rk
ho

ld
-

er
ia

le
s

SG
8-

41
PL

O
W

O
2-

02
-6

4-
14

bi
n.

7
p_

_B
ac

te
ro

id
et

es
 

(U
ID

25
91

)
91

.7
1

3.
2

Ba
ct

er
ia

Ba
ct

er
oi

do
ta

Ba
ct

er
oi

di
a

C
hi

tin
op

h-
ag

al
es

C
hi

tin
op

ha
ga

-
ce

ae
Fl

av
iso

lib
ac

te
r

bi
n.

12
4

o_
_B

ur
kh

ol
de

ria
le

s 
(U

ID
40

00
)

91
.4

9
6.

51
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

G
am

m
ap

ro
te

o-
ba

ct
er

ia
Bu

rk
ho

ld
-

er
ia

le
s

Bu
rk

ho
ld

er
ia

-
ce

ae
N

ov
ih

er
ba

sp
iri

llu
m



122

Chapter 3

Ta
bl

e 
S5

. H
ig

h 
qu

al
ity

-b
in

s a
ss

em
bl

ed
 fr

om
 rh

izo
sp

he
re

 to
m

at
o 

gr
ow

n 
in

 d
iff

er
en

t s
oi

ls 
(c

on
tin

ue
d)

B
in

_I
d

M
ar

ke
r_

lin
ea

ge

C
om

-
pl

et
e-

ne
ss

C
on

ta
m

i-
na

ti
on

K
in

g-
do

m
Ph

yl
um

C
la

ss
O

rd
er

Fa
m

ily
G

en
us

Sp
ec

ie
s

bi
n.

86
8

p_
_P

ro
te

ob
ac

te
ria

 
(U

ID
38

87
)

91
.4

8
8.

95
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

G
am

m
ap

ro
te

o-
ba

ct
er

ia
Bu

rk
ho

ld
-

er
ia

le
s

Bu
rk

ho
ld

er
ia

-
ce

ae
La

ut
ro

pi
a

bi
n.

37
3

c_
_A

lp
ha

pr
ot

eo
ba

c-
te

ria
 (U

ID
34

22
)

90
.5

7
3.

32
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

Al
ph

ap
ro

te
o-

ba
ct

er
ia

C
au

lo
ba

ct
e-

ra
le

s
C

au
lo

ba
ct

er
a-

ce
ae

As
tic

ca
ca

ul
is

bi
n.

54
8

o_
_B

ur
kh

ol
de

ria
le

s 
(U

ID
40

00
)

90
.3

8
4.

35
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

G
am

m
ap

ro
te

o-
ba

ct
er

ia
Bu

rk
ho

ld
-

er
ia

le
s

Bu
rk

ho
ld

er
ia

-
ce

ae
N

ov
ih

er
ba

sp
iri

llu
m

bi
n.

91
5

c_
_G

am
m

ap
ro

te
o-

ba
ct

er
ia

 (U
ID

44
45

)
90

.0
4

5.
96

Ba
ct

er
ia

Pr
ot

eo
ba

c-
te

ria
G

am
m

ap
ro

te
o-

ba
ct

er
ia

Ps
eu

do
m

on
ad

-
al

es
Ps

eu
do

-
m

on
ad

ac
ea

e
Ps

eu
do

m
on

as
_A

Ps
eu

do
m

on
as

_A
 

stu
tz

er
i_

AI

bi
n.

80
8

f_
_M

ic
ro

co
cc

ac
ea

e 
(U

ID
16

23
)

89
.5

5
2.

18
Ba

ct
er

ia
Ac

tin
ob

ac
te

-
rio

ta
Ac

tin
ob

ac
te

ria
Ac

tin
om

yc
e-

ta
le

s
M

ic
ro

co
cc

ac
ea

e
Ar

th
ro

ba
ct

er
_D

Ar
th

ro
ba

ct
er

_D
 

sp
00

14
28

43
5

bi
n.

47
2

o_
_B

ur
kh

ol
de

ria
le

s 
(U

ID
40

02
)

89
.5

6.
46

Ba
ct

er
ia

Pr
ot

eo
ba

c-
te

ria
G

am
m

ap
ro

te
o-

ba
ct

er
ia

Bu
rk

ho
ld

-
er

ia
le

s
Bu

rk
ho

ld
er

ia
-

ce
ae

N
ov

ih
er

ba
sp

iri
llu

m

bi
n.

96
f_

_B
ac

ill
ac

ea
e 

(U
ID

83
0)

89
.3

4
4.

14
Ba

ct
er

ia
Fi

rm
ic

ut
es

Ba
ci

lli
Ba

ci
lla

le
s

An
ox

yb
ac

il-
la

ce
ae

Pa
ra

ge
ob

ac
ill

us

bi
n.

49
4

g_
_S

tre
pt

om
yc

es
 

(U
ID

20
52

)
89

.3
2

2.
72

Ba
ct

er
ia

Ac
tin

ob
ac

te
-

rio
ta

Ac
tin

ob
ac

te
ria

St
re

pt
om

yc
e-

ta
le

s
St

re
pt

om
yc

e-
ta

ce
ae

St
re

pt
om

yc
es

bi
n.

73
4

o_
_R

hi
zo

bi
al

es
 

(U
ID

34
50

)
89

.1
4

2.
98

Ba
ct

er
ia

Pr
ot

eo
ba

c-
te

ria
Al

ph
ap

ro
te

o-
ba

ct
er

ia
R

hi
zo

bi
al

es
R

hi
zo

bi
ac

ea
e

U
BA

10
59

bi
n.

71
6

c_
_G

am
m

ap
ro

te
o-

ba
ct

er
ia

 (U
ID

42
66

)
89

.1
0.

81
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

G
am

m
ap

ro
te

o-
ba

ct
er

ia
Le

gi
on

el
la

le
s

Le
gi

on
el

la
ce

ae
Le

gi
on

el
la

bi
n.

61
0

o_
_B

ur
kh

ol
de

ria
le

s 
(U

ID
40

02
)

88
.5

1
5.

86
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

G
am

m
ap

ro
te

o-
ba

ct
er

ia
Bu

rk
ho

ld
-

er
ia

le
s

Bu
rk

ho
ld

er
ia

-
ce

ae
H

er
ba

sp
iri

llu
m

H
er

ba
sp

iri
llu

m
 

aq
ua

tic
um

bi
n.

82
7

c_
_B

et
ap

ro
te

ob
ac

te
-

ria
 (U

ID
38

88
)

88
.4

7
8.

33
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

G
am

m
ap

ro
te

o-
ba

ct
er

ia
Bu

rk
ho

ld
-

er
ia

le
s

M
et

hy
lo

ph
i-

la
ce

ae

bi
n.

57
7

c_
_A

lp
ha

pr
ot

eo
ba

c-
te

ria
 (U

ID
34

22
)

88
.2

7
3.

8
Ba

ct
er

ia
Pr

ot
eo

ba
c-

te
ria

Al
ph

ap
ro

te
o-

ba
ct

er
ia

C
au

lo
ba

ct
e-

ra
le

s
C

au
lo

ba
ct

er
a-

ce
ae

As
tic

ca
ca

ul
is



123

Changes in taxonomic diversity and functional traits of  the tomato root 
microbiome along a domestication trajectory
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Changes in taxonomic diversity and functional traits of  the tomato root 
microbiome along a domestication trajectory
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Changes in taxonomic diversity and functional traits of  the tomato root 
microbiome along a domestication trajectory
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Changes in taxonomic diversity and functional traits of  the tomato root 
microbiome along a domestication trajectory
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