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Chapter 3

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; Martinez-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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Chapter 3

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-Nicolds 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; Malacrino 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.

86



Changes in taxonomic diversity and functional traits of the tomato root

microbi along a d tication trajectory

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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Native soil in the center of origin Agricultural soil in the center of origin Greenhouse soil
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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, 7 = 10) of Shannon diversity index between tomato genotypes. SHA: S. habrochaites;
SPE: 8. peruvianum; SP1 and LPI: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Sola-
rino; TRO: Trovanzo; KIV: Kivu; MON: Moneymaker.

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 $4).
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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
thizosphere bacterial communities of wild (7 = 2), intermediate (7 = 2) and domesticated (7 = 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, Ohtackwangia, Pseudomonas, Rhizobacter and Sphingomonas. In
contrast, tomatoes grown in agricultural soils had an increased relative abundance of
Actinoplanes, Allorhizobium-Neorhizobium-Pararhizobium-Rbizobium, Massilia, Nostoc
and Szreptomyces, 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-
Pararbizobium-Rbhizobium (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 Devosiz (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
thizosphere 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 LPL: S. pimpinellifolium;
and tomato varieties of S. lycopersicum: SOL: Solarino; TRO: Trovanzo; KIV: Kivu; MON: Moneymaker.

93



Chapter 3

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).

94



Changes in taxonomic diversity and functional traits of the tomato root

microbi along a d tication trajectory

(N SN [ Soil_type Soil_type
[ Tomato_group Native
Arginine and Ornithine Degradation
Chorismate: Intermediate for synthesis of Tryptophan, PAPA and more
s Common Pathway For Synthesis of Aromatic Compounds
s Phenylalanine and Tyrosine Branches from Chorismate

s Polyamine Metabolism Tomato_group
ojuwjwle |77 |nTryptophan synthesis Wild-Intermediate

° Urea decomposition i Domesticated

s Urease subunits
Proline Synthesis Category
Aromatic amino acid degradation
1 Chorismate Synthesis
Acetyl-CoA fermentation to Butyrate (C:::T‘(,)v:y”d;:;e; sule
s|s 5 s Butanol Biosynthesis ) p . .

s Glycogen metabolism Cofactors, Vitamins, Prosthetic Groups, Pigments

Chitin and N-acetylglucosamine utilization Iron acquisition and metabolism
wls|wfuln ’ Maltose and Maltodextrin Utilization Membrane Transport
s Lactose and Galactose Uptake and Utilization Motility and Chemotaxis
Trehalose Biosynthesis Nitrogen Metabolism
s Fermentations: Lactate Phosphorus Metabolism
G I D N L > Rhamnose containing glycans Regulation and Cell signaling
Il s s|s s dTDP-rhamnose synthesis

N N N Se d Metaboli:
7 Capsular Polysaccharides Biosynthesis and Assembly econdary etabolism
u[s]e BRBEE 1 5-FCL-like protein Stress Response

Agricultural
Greenhouse
All soils

s
nz|w|n|s|e2|e|n|n|7].
7
B

Amino Acids and Derivatives

o
-
3]
-
=
=]
=

C

B

Biotin biosynthesis

NAD and NADP cofactor biosynthesis global
Riboflavin, FMN and FAD metabolism
Folate Biosynthesis

Pyridoxin (Vitamin B6) Biosynthesis
s|s 5 Pterin synthesis related cluster

sl s s Pterin carbinolamine dehydratase
Siderophore assembly kit
Siderophore Desferrioxamine E

5 v |2 7 Type IV pilus

Copper Transport System
Widespread colonization island

° Conjugative transfer

Flagellar motility

Fi in Campylobacter

-
Bl s[s|s
=Ta] F
:
-
,
.

7 s Denitrifying reductase gene clusters
’ s Nitrate and nitrite ammonification
7]e 7 |Ammonia assimilation
Denitrification

Allantoin Utilization

0|7 |52 |02 || [w]w] s |5]n]|Phosphate metabolism

v s cAMP signaling in bacteria

s s Auxin biosynthesis

Oxidative stress

s s Periplasmic Stress Response
Glutathione: Non-redox reactions
Choline and Betaine Uptake and Betaine Biosynthesis

bin952

Sericytochromatia_bin549

Pseudomonas_bin721| &

Micromonosporaceae_bin929

Bacillaceae_bin96|

Fluviicol

Chitinophaga_bin783.
Rhizobiaceae_bin844
Streptomyces_bin494| «

Sphingomonas_bin651

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
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bin952, Rhizobacter_bin515 and Cellvibrio_bin319 belong to wild-intermediate tomatoes grown in native
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and Cyanobacteria_bin643 were representatives of domesticated tomatoes in agricultural soils; Bacillace-
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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).

Native soil in the center of origin Agricultural soil in the center of origin Greenhouse soil

o]

Kruskal-Wallis, p = 0.0044 Kruskal-Wallis, p = 0.1852 Kruskal-Wallis, p = 0.0545
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Shannon index
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SHA SPE SPI LPI SOL TRO KIV MON SHA SPE SPI LPI SOL TRO KIV MON SHA SPE SPI LPI SOL TRO KIV MON

Tomato group B Wild B3 Intermediate B Domesticated

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, 7 = 10) of Shannon diversity index between tomato genotypes. SHA: S. habrochaites; SPE: S.
peruvianum; SP1 and LPL: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Solarino; TRO:
Trovanzo; KIV: Kivu; MON: Moneymaker.

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
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Ceiba agricultural and native soils and in Limones native soil, while 22% was observed
g

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).
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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).
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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; SPLand 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
Rbizobacter, 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, Cobnella, 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, Cobnella, Massilia and Strepromyces, 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 (7 = 8) and soils (7 = 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, Ohtackwangia
(Bacteroidota), as well as Brevundimonas, Cellvibrio and Rbizobacter (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 BHNG6O02) 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 Zolypotrix (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 efliciency 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°18’07.67S, 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. Jycopersicum 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. Jycopersicum (Solarino, Trovanzo, Kivu and Moneymaker) were termed as
“domesticated” tomatoes (Figure 10).
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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 LPL: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Solarino; TRO: Trovanzo; KIV:
Kivu; MON: Moneymaker.

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 °C day; 18 °C 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 x 10 x 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 °C 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, LP]I,
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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 x 8 tomatoes
x 5 replicates + 24 control (8 tomatoes in sand x 3 replicates) + 15 bulk soil (5 soil-sand
mix x 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 6" 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 °C until further
processing.

Before DNA extraction, samples were defrosted at 4 °C 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 (2 ¥ 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 165 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-
gX 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 DADA?2 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).
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Supplementary Figures

PCoA Tomato genotypes and soils

0.50
Ao
ll\\\ //' ’I
1 AY 7 1
\ A ’ 7
\ Rhizosphere / ,
0.25 ‘Qenter production /,’ )
K ) Compartment
Rhizosphere ’ .
center origin /// e Y @ rhizosphere
—_ ﬁ,’ B endosphere
°\° !Endosphere o
n c@te roduction ! /)
o 0.00- ! S ) Soil
S AY 1
o~ NS ] [ ,', ® Ceiba Native
8 Lo W @® Limones Native
a o Ceiba Agricultural
Limones Agricultural
0251 A ® Greenhouse
Endcspherg’LS
center orig'm
PERMANOVA )/
Soil R2 = 0.2939; p = 1e-04 ¥
1 7
Compartment R2 = 0.0893; p = 1e-04
-0.501 Genotype R2 = 0.0178; p = 0.4259

-0.50 -0.25 0.00 0.25
PCol (13.3%)

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 (z = 5). SPE: S. peruvianum; SHA: S.
habrochaites; SP1 and LPI: S. pimpinellifolium; and tomato varieties of S. lycopersicum: SOL: Solarino; TRO:
Trovanzo; KIV: Kivu; MON: Moneymaker.
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Table $3. Hoagland solution composition.

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

Calcium nitrate Ca(NO3)2.4H20 236.16 0.5M 118.08 5 ml
Potassium nitrate KNO3 101.11 1.0M 101.11 2.5 ml
Potassium phosphate KH2PO4 136.09 1.0M 136.09 0.5 ml
Magnesium sulfate MgSO4.7H20 246.47 0.5M 123.24 2 ml
Microelements: 1 ml
Boric acid H3BO3 61.83 46.3 mM 2.86

Manganese chloride MnCI2.4H20 197.91 9.1 mM 1.81

Zinc sulfate ZnSO4.7H20 287.54 0.77 mM 0.22

Copper sulfate CuSO4.5H20 24968  032mM 0.08

Sodium molybdate Na2MoO4.2H20 241.95 0.52 mM 0.126

EDTA ferric salt C1I0H12FeN2NaO8.3H20 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 pm).
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Table S4. Pairwise analysis by Adonis test in tomato rhizosphere and endosphere.

Plant Compartment Soil Pairs R’ p-adj sig.
Rhizosphere Ceiba_Agr W x I 0,0653 0,0615
Rhizosphere Ceiba_Agr W x D 0,1366 0,00015 *
Rhizosphere Ceiba_Agr IxD 0,1283 0,00015 *
Rhizosphere Ceiba_Nat W x I 0,0633 0,0742
Rhizosphere Ceiba_Nat W x D 0,1818 0,00015 *
Rhizosphere Ceiba_Nat IxD 0,1737 0,00015 * E
Rhizosphere Limones_Agr W 0,0698 00442 * &
Rhizosphere Limones_Agr W x D 0,1693 0,00015 * i
Rhizosphere Limones_Agr [xD 0,1491 0,00015  *
Rhizosphere Limones_Nat W1 0,0662 0,0605
Rhizosphere Limones_Nat W x D 0,1554 0,00015 *
Rhizosphere Limones_Nat IxD 0,1799 0,00015 *
Rhizosphere Greenhouse W x I 0,0608 0,1914
Rhizosphere Greenhouse W x D 0,2344 0,00015 *
Rhizosphere Greenhouse IxD 0,2104 0,00015 *
Endosphere Ceiba_Agr W x 1 0,0558 0,1893
Endosphere Ceiba_Agr W x D 0,0509 0,0123 *
Endosphere Ceiba_Agr IxD 0,0403 0,12
Endosphere Ceiba_Nat WxI 0,064 0,0506
Endosphere Ceiba_Nat W x D 0,0468 0,0306 *
Endosphere Ceiba_Nat IxD 0,0485 0,0306 *
Endosphere Limones_Agr W x 1 0,0585 0,0966
Endosphere Limones_Agr W x D 0,0631 0,0021 *
Endosphere Limones_Agr IxD 0,0458 0,0461 *
Endosphere Limones_Nat W x I 0,0583 0,1749
Endosphere Limones_Nat W x D 0,0506 0,0663
Endosphere Limones_Nat IxD 0,0381 0,1749
Endosphere Greenhouse W x I 0,0542 0,3477
Endosphere Greenhouse W x D 0,0545 0,0108 *
Endosphere Greenhouse IxD 0,0459 0,0402 *

117



Chapter 3

SB20BL so[el BIPIOIOIOBY  BIOPIOIIDEG  BLIAIDEG $6'1 9°/6 ($097AIN) TS uiq
-o10eqodurydg  -210eqo3urydg sajoproroeg d

BIPIEOOUOPNIS] SBDBIP SO[EII  BIIDIOBQOUNDY BIOII  BII01OBY 90'8 78°L6 (z107AIN) %CTuiq
-IE20UOpPNIs] -2108 QoA -210BqOUNOY sa[e100fwounoy o

6E1¥L00%D oe20BU SO[BU  BIUOLIQIAO[[OPY BIOUO  BIIDEG 68°0 91°86 (£81€dIN) /yLuiq
-OHqIAO[PPY  -OHQIAO[PPY “HqIAO[PPg L |

e[jouoISy]  oeade[puordy]  sope[pPuoIda] BLI1210Bq BIID)  BIIDIOBG /86 8786 (¢ozdIn) ¥1uiq
-oa101dewruren) -2eq02101] eI Y

sixAdoBurydg JBaOEpEUOW So[EpEUOW BLI91OBq BIID)  BIIDIOBQ 99°% €86 (01€€AIN) o8 816°uIq
-o3urydg -o3urydg -oar01deydpy -0Bq033101] -peuowodurydg™ o

WNLIOBqII0dAA El=e SO[ELI  BLI2IOBQOUNDY BION  BLIDIOBY clL¢ $$°86 (8081dIN) SHuiq
-11210eqOATA -210eqOdAJ -210BqOUNOY so[eroofwoundy o

B[ODIIAN] 9B20ED so[eL BIPIOIOIOEY  EIOPIOIdIOBY  BLINIDEY 0 9/°86 (6957AIN) TS6UIq
-IWoUI0IY) -210BqOAR[] eLopRg Y

e[PAQ Se20RI So[EpEUOW B1I010Eq BIID)  BII01OBQ 869 6886 F1THAIN) 280 6L uIq
-210BqOUBPOYY -oqpuey  -odjordewrurer) -08q0101] -epeUuOWOIUEY ]

aead  safedeydois) BIPIOIOIOEY  EIOPIOIdIORG  BLIDIORG 16 €066 (9¢6zAIN) 109°U1q
~B112108qO[OAD) soreSeydoisn ™o

280 sofeSe BIPIOINOEY  BIOPIOIANOLY  BLINDBY [ 1566 (1657dIN) S68°uIq
-edeydouniy) -ydounmyp sa1oprozaioeg d

04419 LYLHAV EIpIOIOIEY  EIOPIOIaIdEY  TLLIOEY 6’1 75°66 (609zdIN) ¥0Tuq
sa1oproraioeg d

epoRwy  oeddewosondg  sopeSeydoidn BIPIOI2IOBY  EIOPIOIDBY  BLINIDEY £0'1 166 (9¢6TAIN) TELUq
sopeSeydorfy o

SB20RLI SOl BIPIOIDIOBY  EIOPIOIdDBY  BLIdIDEY 8%°0 /8°66 ($097AIN) <SS uIq
-aeqodurydg  -a10eqoSurydg saaproraioeg d

sapodg snusn) Aprurey 1pI0 sse[D) umAy g wop  uoneu ssou aSeour mosprepy  pr uig

Sury] -rweiuvopy  -a39[d
-wo))

S[T0S JU2IRTP Ul umoi3d orewol a1aydsoziyl woiy pajquidsse suiq-Aienb ySip *¢g afqer,

118



1 traits of the tomato root

10na

ty and functi

1versl

Changes in taxonomic di

tication tra_] ectory

1.

along a d

micr

¢ xayder)

SEUOWITUTWISE] 2820 So[eLId BLI210Bq BIID)  BIIDIOBY 81/ €666 (000¥AIN) 881°ulq
-eLIOp[oOYINg -ployspng  -odordeururer) -28q02101] so[eLIaP[OYsINg O

g e[[oreqrer, 2820 so[eSe BIPIOIOOEY  BIOPIOIdIORY  BLINOEG 152 14766 (1657AIN) $8%°uIq
-eeydouniy) -ydouniyn sa1oproraieg d

4 Seuowopnas JBaOEpEUOW sae BLI210Bq BIID)  BIIDIOBQ 81°¢ €/°66 (88¥%AIN) 17/uiq
-opnas] -peuowopnas]  -odjordewruren) -28q02101] SO[EPEUOWIOPNIS] O

SEUOWNIUO] 9BIDBISAIN] SI[BISAIN] BLI210Bq BIID)  BIIDIOBQ 209 98°66 (Z0THAIN) BUO0Eq  (68°UIq
-oao1deururen) -58q02101] -oaordewrureny ™ o

TAV  so[eroeydsopag ae1q B10IQOID  BLIAIOBY 156 $6°S6 (z867AIN) 069°ulq
-OIDWOONIIDA  -TUTODNIIA eLI20Rg Y

Je20RI So[B19) eryd BIOII  BIIDIOBQ S6'1 £0°96 FSH1AIN) T11°Ulq
-210BQOIQNII[0S  -OBQOIQNII[0g -0J[OWIAY],  -910BqOUNDY eLa10EqOUNOY  d

2'2d soferSue[oq eidued[o] ©1020000XAJN  ELIOEG %9 €1'96 (912€dIN) B 967 UIq
-BUIDEIEPUES -a1eqomrordeipg o

8-L%-01-0-%1-1C 3T30EU SI[EU  BIUOLIQIAO[[PPY TI0UO  ELIOEY 89C L£796 (£81€dIn) SlTuiq
-OLIqIAO[PPY  -OHqIAO[[PPY “HqIAO[PPg BLOEgd Y

1910qIUISe[A SBI0RII soel BIPIOIOIORY  BIOPIOIdDRY  BLINDEY feali /8°96 ($09zAIN) 816°ulq
-o10eqoBurydg  -210eqoSurydg sa1oproraioeg d

seaoerods SOEII  BLIDIOBQOUNDY BIOIT  BLI2IOR( $$'T STL6 (9691AIN) 676'U1q
-OUOWOIIIA] -2108qOOAA] -2108qOUNOY so[e10fwounsy ™o

sixAdoBurydg SBaOEpEUOW sa[epeuow BLIOIOEQ BIID]  BIIDIOBQ $1°9 $'/6 (01€€AIN) o8 19/°u1q
-o3urydg -o3uiydg  -osrordeydpy -58q02101] -peuowodurydso

v e4qSufjordo Sea0B[[AUre[q SO[E[[PUIe[  BILIIOBqOURAD) BIID  BLIDIOBQ 99'1 96°/6 (z817AIN) €¥9°uiq
-oeqoueLD) er0RqouRA) d

B[ODIIAN] 2e20BD so[er BIPIOIOIOBY  EIOPIOIdIOBY  BLIdIDEY 1 /626 6957AIN)  €SuIq
-IWoNUI0I)) -2108qOAR[] eLIOORG Y

soadg snuor) Aprurey PpIQ sse[D) wnpdyq wop  uoneu ssou aSesur xayrey  pI ulg

Sunyy -rwreyuo)y  -o39d
-won)

(ponuzzuo02) s[10s 1UIDPTP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3Sip ¢ vfqer,

119



Chapter 3

SEUOWITUTUIIIL] 220 So[eLId BLI210Bq BIID)  BIIDIOBQ (o 16°€6 (zoo¥dIn) ¥99°uiq
-eLIOp[oOYINg -ployspng  -odordeururer) -28q02101] so[eLIaP[OYsINg O
1%-8DS SI[ELID BLIo10Eq BLI91 BLIOIORY SN 69°€6 (656£dIN) B 8¢y uIq
-ploysping  -odordeururer) -28q02101] -o10eqoaro1derag ™ o
eI SeadRI $o[B10) B1I0) P10 BIIDIOEQ $$°6 18°€6 (£81€dIN) 0g¢°uiq
-010BqIWIBUDIA  -OBQIWEUDIA  -OBQIWEUDIA  -11910BqOPIY eLopRg Y
XEIOAOLIDIORY 2e208D SO[ED  BIDBIOAOLIOIDEG BIOUO  BIIDIDEG 15T 6'€6 (/81€AIN) ZI1°uiq
-BIOAOLIDIOBG  -BIOAOLISIORY -LIQIAOT[PPY eopRg Y
wniqo3urydg Jea0EpEUOW So[EpEUOW B1I010Eq BIID)  BIIDIOBQ /9 $6°¢6 (0T€€AIN) ore 6TE"UIq
-03urydg -o3urydg  -osordeydyy -08q02101] -peuowoSuryds™o
8-Ly-01-0-%1-1C dradRU So[eu BIUOLIQIAO[PPY EIOUO  BLIDIEY 68°0 I'y6 (£81€AIn) £LL1'vq
-OLIQIAO[PPY  -OLIQIAO[[PPY -11quao[Ppyg BLIODRG ™ Y
9BIDEID0D0XAN  SI[BID0JOXAIA] BIOD000XAJ]  BI0DD0D0XAJA  BII210BY 6¢°¢ 79'%6 (912€dIN) B 1¥HuUIq
-a1eqomrordeipg o
8-Ly-01-0-%1-1¢C sea0eU SO[eU  BIUOLIQIAO[[PPY ElOUO EIOLERY  97'] ¥L%6 (/81€QIn) 1TTUIq
-OLIQIAO[PPY  -OLIQIAO[[PPY -11quao[Ppyg BLIODEG Y
B[OOTIAN[ ] 2e208d soel BIPIOIOIORY  BIOPIOIdDRY  BLINDEY 791 97°$6 (695TAIN) €£9°uiq
-IWoIUI0IY) -210BQOAR[] BLIOOEG
B[NIdJO[BL] 2820 saelq ae1q £10IqOI>  BLINDEY 98'C G€'S6 (z86TAIN) ¥rEuiq
-BISUBWLIONYY -OIDIWODNIIDA  -OIDIWOONIIDA  -TUWODNIIIA eLRg Y
10LAHO 8yvy-£dD 8yvy-£dD elnoTq ®o vy ¢/'G 6E'S6 (/81€A1N) LsTUIq
-OIOPUBOWIRY]  -11910BqOPIOY eLlRg Y
SHTH10000ds SUBIOAIIE[YD)  9BIDBIQOZIYY SI[BIQOZIY B1I010Eq BIID  BLIDIOBQ 17T 1566 (os¥€dIn) ¥y8-uiq
SUBIOATIR[YD) -oxoxdeydy -08q001] Sa[eIqOZIY ™~ O
Y ouquao[ppyg SraoEU So[eU  EIUOHQIACIPPY EIOUO  ELIAIOEY 8’1 ¢'S6 (£81€A1n) 165°UIq
-OHqIAO[PPY -OHqIAOIPPY -HqlaofPpg BLODE Y
soadg snuor) Aprurey PpIQ sse[D) wnpdyq wop  uopeu ssou aSesur xayrey  pI ulg
Sunyy -rwreyuo)y  -o39d
-won)

(ponuzzuo02) s[10s 1UIDPTP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3Sip ¢ vfqer,

120



1 traits of the tomato root

10na

ty and functi

1versl

Changes in taxonomic di

1.

tication tra_] ectory

along a d

micr

¢ xayder)

wnydseqrayraoN 5820 So[eLId BLI210Bq BIID)  BIIDIOBY 169 6¥'16 (000¥AIN) ¥1°uiq
-eLRployINg -ployspng  -odordeururer) -28q02101] sa[eLIap[OYINg 0
1910BqI[OSIAB] 2820 so[eSe BIPIOIOOEY  BIOPIOIdIORY  BLINOEG el ‘16 (1657AIN) Luiq
-eeydouniy) -ydouniyn sa1oproraieg d
¥1-%9-20-COANOTd 1%-8DS So[erId ELI910Eq ELI9)  EBLD10Rg 80°¢ IL'16 (6s6€dIN) B £09'ulq
-ployping  -odjordewrurer) -5eq02101] -a10eqoaroxderag ™ o
wn{[uidseqioyraoN 2820 SO[BLID BLI210Bq BIID)  BIIDIOBQ 62T 6L°16 (000¥AdIN) 909°ulq
-eLRplOYsINg -ployjing  -osrordewruren) -58q02101] sa[eLIOp[OYING O
D epuoida]  seaoe[puorSy  sapejpuoiSa BII210Bq BIID)  BIIDIOBQ /1 9126 (997HAIN) BI21eq  /F9°Ulq
-oano1deururen) -08q02101] -oaordewrureny ™ o
SEUOWOUIG  EDEII0D0IIIJA] So[e1  BII2IOEQOUNDY BIOII  BIIDIOBQ 8¢y 9176 (€291AIN) LTy'uiq
-ookwounsy -2108qOUNOY 9BIOBID000INN ™ J
$898%1000ds BLIOP[OYP[INQEIE] 280 SO[BIID B1I2108q BLID)  BLIDIORY 1€°0 €TT6 (900%AIN) 198°ulq
BLIOP[OYSINQEIE] -eLIploYsINg -ploysng  -ooxdewrwreny -o8q02101] eLRploysymg 3
0dg.L1-9 LILHIV BIpIOIoIdEq  BIOpIOIdeq  eLoldeq £9'1 6%°C6 (09zAIn) coguq
sa1oproraioeg d
19108qOZIY 2820 SO[BLID BLI910Bq BIID)  BIIDIOBY 90°¢ 6 (000¥AIN) ST1SUIq
-eLRplOYsINg -ployspng  -oaro1deuwrurery -58q02101] so[eLIap[OYINg 0
g e[ereqrer, E1 R} soede BIPIOIDIOEY  EIOPIOIdDRY  BLINIDEY €0'9 1976 (1657AIN) ¥9%"uiq
-egeydouniyn -ydouniyn sa1oproraoeg d
OLIqIATPD) 282> so[e BLIOIOEQ BIID)  BLIDIOBY 6€T 86°26 FPPPAIN) BP1Rq  GIE UIq
-BUOLIQIA[[P) -PEUOWOpPNAs] -odo1dewrurer) -58q02101] -oar01dewrureny ™ >
soperdue4[og eidued[o] ©I00D000XAJN  BLIAIDEY e 71¢6 (917€dIN) B /§/U1q
-a1eqoanorderpq ™ o
STIMITUWLpPI(] seaoeimid sopeanid aeiq B10IQOID  BLI21OBY PI°G $€°¢6 (z867AIN) €LTuiq
-ODIWOONIIDA  -TWOONIIIA eLIOORG Y
soadg snuor) Aprurey PpIQ sse[D) wnpdyq wop  uoneu ssou aSesur xayrey  pI ulg
Sunyy -rwreyuo)y  -o39d
-won)

(ponuzzuo02) s[10s 1UIDPTP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3Sip ¢ vfqer,

121



Chapter 3

SINEOEINSY 220 soex BLI210Bq BIID)  BIIDIOBQ 8¢ 1788 (zgredln) e //guiq
-e12108qO[NE)) -opeqone))  -omoideydyy -28q02101] -oeqoaoxdeydiy™ >
28a0E| S[eLId BLI210Bq BIID)  BIIDIOBQ fofout™} /%88 (888¢IN) B /78'UIq
-rydodyrap -ploysping  -odordeururer) -28q02101] -a1eqoarorderog ™o
wnonenbe wnyudseqiop] 220 So[eLId BLI210Bq BIID)  BIIDIOBQ 98°¢ 16°88 (zoo¥dIn) 019°uiq
wny[urdseqiopy -eLRplOYINg -ployping  -osrordeuruwren) -28q02101] So[eLIAp[OYsINg O
p[puorSo]  oeade[puoISy]  sopepuoiSa BLI210Bq BIID)  BIIDIOBQ 18°0 168 (997y1N) BURPEq 9]/ Ulq
-oao1deururen) -58q02101] -oaordewrureny ™ o
6S0TVdN  2BadrIqoZIy Sa[eIqozZIYy BLIOIEq BLIDY BLIDIEY 86'C y1°68 (os¥€aIn) €L uq
-omoxdeydy -08q02101] SO[RIqOZIYY O
s2ofwoidang Jea0E) So[e1  BII2IOEQOUNDY BIOII  BIIDIOBQ T 7€°68 (zsozdIn) ¥6%uiq
-oofwordong  -eofwordong -910EqoUndy soofwordong™ 3
sn[eqoadere] 2830¢] sa[e[[IoRg T[oeg SIMOIWIL]  BLIAIOeY AR $€°68 (o€8din) 96'u1q
-[PeqhxOUy JeadE[[IORg ™ J
wnyurdseqioyraoN BN} So[BLId BI1010Bq BIID1  BIIDIOBQ 9%'9 ¢'68 (zo0¥AIN) T/y'uiq
-eLRplOYsINg -ploysng  -oaroxdewrureny -08q02101] so[eLIap[oysINg 0
SeH8TH100ds (1910BqOIYIIY  JBIDEII0I0IDIIA So[E1  BLIDIOBQOUNDY BIOII  BIIDIOBQ 81°C G568 (€291dIN) 808°ulq
(1e1RqOIYIIY -ofwounsy -a10EqOUNDY SBDEI00001INJ
[V 112zans Y SEuowopnasg 9BaOEpEUOW so[e BLIO1OEQ BLID)  BLIDIORG 96°S %0°06 (S¥HHAIN) BPPEq  GT6UIq
Y SEUOWOPNas | -opnas] -peuowopnasy -oaloideuwrurer) -58q02101] -oar01dewrureny ™ >
wn[urdseqIayraoN E1=) SO[BLID BLI210Bq BIID]  BIIDIOBQ €8 8€°06 (000¥AIN) 8¥SuIq
-eLRplOYsINg -ployping  -oarordewrwren) -58q02101] sa[eLIOp[OYING 0
SINEDEDONISY 2820 safer B1I12108q BIID  BLIDIOBQ X 16706 (zTyedln) e ¢/¢uiq
-eI210EqQO[NED) -opeqome)  -odordeydpy -0eq02101] -oeqoxordeydiy™ o
erdonne 282D SO[BLID B1I2108q BIID)  BLIDIOBQ $6'8 8516 (/88€AIN) 898'UIq
-eLIOp[OYINgG -ploypng  -oxoidewrweny -o8q02101] eL1910Eq02101 ] d
soadg snuor) Aprurey PpIQ sse[D) wnpdyq wop  uopeu ssou aSesur xayrey  pI ulg
Sunyy -rwreyuo)y  -o39d
-won)

(ponuzzuo02) s[10s 1UIDPTP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3Sip ¢ vfqer,

122



1 traits of the tomato root

10na

ty and functi

1versl

Changes in taxonomic di

tication tra_] ectory

1.

along a d

micr

¢ xayder)

SN22020p3] 2830E] SOE1  BLINIDEQOUNDY BIOII  BIIDIOBG %9 90°'%8 (€991dIN) 08Zuiq
-rydorewra  -eoAwounoy -210BqOUNOY sa[e120fwounoy ™o
sNoULLINQNS (I 1910BqOIYIIY  JBIDBIIOIOIDIA SO[E1  BLIIDBQOUNDY BIOII  BIIDIOBQ e 61'¥8 (€291dIN) $79uiq
1o1EqoIyIIy -20fwounoy -210BqOUNOY 9BIEID000IIN ™ J
B[[2ISBIN] 220 so[eSe BIPIOIDIOEY  BIOPIOIdIOBY  BLINDEY aré PH8 (1657AIN) 868°ulq
-eeydounriy) -ydouniyD sa1oproraroeg d
B[PUIYS  9BIIBIQOZIYY sa[e1qozZITy B1I010Eq BIID)  BIIDIOBQ €09 858 (¢0zdIn) LLLuiq
-omoxdeydy -0BQ03101] [2AEY6) s
B[NI2JO[EL] 580 saeiq ae1q B10IQOID  BLIAIOBY 9¢'T (2 (z867AIN) g'uiq
-PISUBWLIY -OIDIWOONIIDA  -OIDIWOONIIDA  -TWODNIIIA eLI20Rg Y
WNIQOZIYIOPNAS]  JBDIQOZIY Sa[eIqOZITY B1I010Eq B2 BLIDIOBQ 66'¥ SH'G8 (6¥¥€dIN) €11°ulq
-omoxdeydy -08q001] So[BIqOZIYY O
eSeydouniyp ELeR) sofeSe BIPIOINOEY  BIOPIOIANOLY  BLINDBY 70T /%68 (1657dIN) €8/°uiq
-edeydouniy -ydounmy) sa1oproraioeg— d
2ea08| So[BLId BI1010Bq BIID1  BIIDIOBQ Le 60'98 (888¢IN) B SHpUIq
-rydojdyra -ploysng  -oaroxdewrureny -08q02101] -a10eqomro1derag ™o
B[nI2Jo[e| 2820 safeiq ae1q B10IQOID  BLI2IORQ S'1 9¢'98 (z86TAIN) 08Tulq
-BISUBWLIOYSY -OIDIWOODNIIDA  -OIDIWOONIIDA  -TWOJNIIIA BLIOOEG
BLOP[OYINGeIE] 2820 SO[BLID BLIO1OEQ BLID)  BLIDIORG 1$F 99'98 (100¥AIN) 8% uiq
-eLIOp[oOyINg -ploying  -oarordeuwruren) -58q02101] So[ELIDP[OYsING O
L1dT0 o e El[[eIeo0aselg E10 ELIPTg €re 68/8 (£81€AIn) <o0s'uq
-epeuOWOUNL] -prUOWOULIL] -119108qOpIOY [2AE6) s |
wn[uidseqiayraoN 280 SO[BLID B1I010Eq BIID  BLIDIOBQ 6% 86°/8 000¥AIN) 66%'uIq
-eLIOpOYINg -ploypng  -odoidewwrery -08q001] So[ELIDP[OYPING ™ O
LETYL008D Sraoru S9[EU EIUOLIQIAO[PPY EI0UO  ELIOIORY €e $7'88 (£81€A1n) 879UIq
-OHqIAO[PPY -OHqIAOIPPY -HqlaofPpg BLODE Y
soadg snuor) Aprurey PpIQ sse[D) wnpdyq wop  uoneu ssou aSesur xayrey  pI ulg
Sunyy -rwreyuo)y  -o39d
-won)

(ponuzzuo02) s[10s 1UIDPTP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3Sip ¢ vfqer,

123



L1410 ot o El[[23ED015E[g E10 ELPIEY 19°C 1718 (£81€AIn) €1L'vq

-EPEUOWOUNI] -PEUOWOULIA] -119108qOpRY BLIIORg T Y
L1OIAMO 28308 sa[erqozIyy B1I010Bq BIID)  BIIDIOBQ 6% /%18 (FPedIn) 006°uIq
-[Prussiopuy -oaroxdeydyy -08q02101] So[eIqOZIYY O
V E€19TDDNI seademidQ sorenndo 2elq E101QOID  BLISIOE( LLL ¥L18 (z86edIN) Lyl'uq
-OIDIWOONIIDA  -TWIODTLIIIA BLIo1ORg Y
61-%¢ EIXOHOIO[YD  BIOXSHOIOIYD  ElivIot] we 1618 (Tsy1dain) coyuq
BLIDIORG ™
e11dsosoniN aBaOEpEUOW So[BLId BLI91DBq BIID)  BIIOIOBQ €0'T 1028 (656€dIN) B ¢8¢uIq
-0SONIN -ploysping  -oorordeururen) -58q02101] -a1eqomrorderog™ o
SO[ED  BILIDIOBQOUBAD) BIID)  BIIDIOBQ 6.0 €TT8 (z817AIN) S6'UIq
-5050122uLs -oeqouedD) erR1EqOUR ) d
-09N]
oed  sapedeydois) BIPIOIIOEY  BIOPIOIADEY  BLIAIORG 66’1 7978 (9¢6zAIN) 18S'UIq
~e112108qO[IAD) soreSeydoisn "o
vy seuowo3urydg aeadEpEUOW so[epEUOW BI1010Bq BIID1  BIIDIOBQ TS €978 (s0€edIN) BN FEp ulq
-o03urydg -o03urydg -oar01deydpy -0BQ033101] -oeqoarordeydyy™ o
2820 SO[EW  BIWIDYIOPOYY  BIOPIOIdIDEY  BLIAIOEY 19°€ £0°€8 (045TAIN) Lg€Suiq
~eWIY10POYY -I2Y10poy BLIOOEG
ZOVIIAS sofer  derdeydsiofyg B10120  BIIDIDBG L1 97°¢8 ($96zAIN) STluiq
-oeydsAyg -Awonue|g [2AER) s |
19108qOZIY 2820 SO[BLID BLI210Bq BIID]  BIIDIOBQ 9/'8 7€°€8 000¥AIN) STTUq
-eLRplOYsINg -ploypng  -oaoidewwrery -58q02101] sa[eLIOp[OYING 0
v seuowo3urydg SeaOEpEUOW sa[epeuow B1I010Eq BIID  BLIDIOBQ 1y 1/°€8 (socedIn) B 169'UIq
-o3urydg -o3urydg -oxoxdeydy -0eq02101] -oeqoxordeydiy™ o
Y noppw WNIqOZIYIOUI§  9BIORIQOZIYY SI[BIQOZITY B1I010Eq BIID)  BLIDIOBQ 9% 8 (996€dIN) ¥s8°uiq
wniqoziyiourg -oxoxdeydy -oeqo2101] psug 3
soadg snuor) Aprurey PpIQ sse[D) wnpdyq wop  uopeu ssou aSesur xayrey  pI ulg

Sunyy -rwreyuo)y  -o39d
-won)

Chapter 3

(ponuzzuo02) s[10s 1UIDPTP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3Sip ¢ vfqer,

124



1 traits of the tomato root

10na

ty and functi

1versl

Changes in taxonomic di

1.

tication tra_] ectory

along a d

micr

¢ xayder)

EnEW BLID)  eLI010eg 16y 68°8L (€sy1aIn) 6%suq
-0IY201£0119G -oeqoued) BLIORg T Y
seuowoJurydg SeadEpEUOW so[EpEUOW B1I010Bq BIID)  BLIDIOBQ 9 $0°6L (01€€AIN) o8 9% uIq
-03urydg -03urydg -oaroxdeydyy -0eq02101] -peuowoSurydg™ o
9001VdN vV €866VAN BLI2IOEQIa0E ] BLI9Y  BLIDIEG 0 8T6L (€ozdIin) 6SLvq
-0BqIO$A1E] eI Y
6-69-%-IND0T eyd BIOL BLIDIORG €0'S 1€°6L Fsy1ain)  ¥8uyq
-00[OWLIAY],  -91DBQOUNDY eLa10eqOUNOY  d
VN VN VN VN VN VN VN y9°¢ 6¥°08 (€ain) co9uq
erooeyredmygd
 BLOP[OYINgeIE] 280 SO[BLID BLI210Bq BIID)  BLIDIOBY 16°0 /08 (100¥AIN) 09S°uIq
-eLIOp[OyINg -ployspng  -oa101dewrureny -58q02101] So[ELIAP[OYsINg O
SE0EI So[eda1 eyd EIOII eL210eg 86'L 6808 Fey1ain) €ysuq
-910BqOIQNII[Og  -DBqOIqNINOS -09[0WIAY],  -2I0BQOUNOY ereqoundy d
$995VaN So[EpEUOW eIpEUOW BIID  BLIDIOBQ ccg 88°08 (¢0zdIN) 7oTuiq
-L1YOOEg -LTBYOOES -0BqIO8AE] eLIOORG Y
JseuowoJurydg SeaOEpEUOW sa[epeuow B1I2108q BIID]  BLIDIOBQ 18°9 G018 (socedIn) e ¢gruiq
-o3urydg -o3urydg -omoxdeydy -5eq02101] -oeqooxdeydiy™ o
$9[Ed  BIIREqOUTAD LECERITELS IS yT18 (z81zAIN) $8¢uIq
-502012auAs -oeqouedD) er1EqOUR ) d
-03N]
SeaOEpEUOW sa[epeuow sa10pe BIOPRU  BLINIDEY 6L°8 6T18 (s6¥TAIN) 80/uiq
-EWWaN) -NEPWWRL)  -UOWNBWWOIN) -OWNEWWAK) eLoMRg Y
VN VN VN VN VN VN VN 9T 9¢'18 (€amn) ypruq
vioaeyoredmyg—d
100-£98LD €9Ivdn v €866vdN ELI9IOEqI0E] BLIOY  ELIROEg S48 18 (€0zdIn) ye9uq
-OBqIOSANE BIIO1ORG Y
saadg snuor) Aprurey PpIO sse|D) wnpdyq wop  uwoneu ssou aSesur xayrey P uig
Sunyy -rwreyuo)y  -o39[d
-won)

(ponuzzuo02) s[10s 1UIDPTP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3Sip ¢ vfqer,

125



6-1L-TOMD so[epruowt S91ope El0pEU TLRORY 999 80°¢L (Sevedin) ¥eeuq

-DRWWIL)  -UOWNEWWIL) -OWNEWWIL) BLIoIORg Y

B1oo] 2L20L10 ] S[eLId BLI210Bq BIID)  BIIDIOBQ ¢8'¢ /8°€/ (888¢IN) B 89¢ UIq
-ploysping  -odordeururer) -28q02101] -o10eqoaro1derag ™ o

e[PAQ SeadRI So[EpEUOW BLI210Bq BIID)  BIIDIOBQ 69 YI¥HL (¢0zdInN) TS$9'uiq
-210BqOUBPOY -oypuey  -odrordewruren) -28q02101] eLopRg Y

so[eroeydsopa ae1q B10IQOID  BLIAIOEY $0°0 6I¥HL (z86TAIN) 9/T°uiq
-ODIWOONIIDA  -TWODNIIIA eopRg Y

$91ope BIOpEU BLIIOEY 66°L wyL (€0zdIn) 69.L11q
-UOWNBWWAL)  -OWNEUWIWID) eLI20Rg Y

SBIDBIURL] SO[EIYUBL]  BLIDIDEQOUNIY BIOL  BLIDIOEY 856 YA 72 (¢0zAIN) 0¥%9'ulq
-2108qOUNOY BLIODRG ™ Y

Sea0eU SO[EU  BIUOLIQIAO[[APY BIOUO  BLIDIOBG ¢y 9%/ (£81€dIN) 6I¥'uiq
-OHqIAO[PPY -OHQIAO[PPY -Hqraofppg BLEd Y

VY B[[IOS0NIA 220 So[BLId BI1010Bq BIID1  BIIDIOBQ 16'L 96'¥%L (000¥AIN) $SEuIq
-eLIOp[OYINg -ploysng  -oaroxdewrureny -08q02101] So[ELIDP[OYSINg O

2820 $9[e1a) ae1q B10IQOID  BLI2IORQ 1T 1S/ (z86TAIN) 081°ulq
-BIQODIWIIIA]  -0BQOIUOYIY))  -OIDIWIODNIIA  -TWODNLIIA BLIOOEG

8-L¥-01-0-%1-1C draoTU So[eU  BIUOLIQIAO[[PPY BIOUO  BLIDIOE( ¥6'C €esL (£81€dAIN) %09u1q
-OLIQIAO[PPY  -OLIQIAO[[PPY -LIqIAO[[OPYg eLRg Y

€99LELT-VOD S967EsTed L9LHXIV BIPIOIOIOEY  BIOPIOIOIdRY  elLoldeq 98°0 TL9L (€ozdIn) 91yuq
BLIORG ™ 3

100-£98.D €o1TVdN vV €866VdN R ! BLID1  BLIDIOEE (73} 10°2L (€ozdin) 6yyuq
-0BqIOSaIE eLoRg Y

671L-TOMD so[epruow $o10pe EIOpEU  ELIaIORg €e 19'8L (S6¥zaIn) 889ulq
-NEWWOr)  -UOWNEWWNAL) -OWBWWAL) eLIOORG Y

soadg snuor) Aprurey PpIQ sse[D) wnpdyq wop  uopeu ssou aSesur xayrey  pI ulg

Sunyy -rwreyuo)y  -o39d
-won)

Chapter 3

(ponuzzuo02) s[10s 1UIDPTP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3Sip ¢ vfqer,

126



1 traits of the tomato root

10na

ty and functi

1versl

Changes in taxonomic di

1.

tication tra_] ectory

along a d

micr

¢ xayder)

$9[218250Y 2820 SO[BLID BLI210Bq BIID)  BIIDIOBQ w1 0L (¢0zdIn) 8¥F8'uIq
-eLRplOYINg -ployjing  -osrordewruren) -38q02101] eLopRg Y

¥ B[[I9S021IA 220 SO[BIID B1I010Eq BIID)  BIIDIOBQ e /102 (¢0zdIN) 69%'uiq
-eLIOp[OYINg -ployspng  -odoidewrwreny -08q0101] eLI20Rg Y|

91-Ly-01-0-%1-1 €91Tvdn vV o€866vdN EHRIOEqI0E] BLID1 BLIDIEY (72 61°0L (€ozdIin) Leyuq
-0BqID$AE] BLIODRG ™ Y

seavedeydoidy  sopeSeydoify BIPIOISIOEY  BIOPIOIADEY  ELIAIORG 76°¢ 0L (9¢6zAIN) L6TUIq
soreSeydoisn "o

9recTvdN LU So[eU  BIUOLIQIAO[[PPY EIOUO  BLIDEY SL'T €€°0L (€ozdIn) sziuq
-OLIQIAO[PPY  -OLIQIAO[[oPY -11quao[Ppyg BLIODEG Y

6091VEN SO[eU  BIUOLIQIAO[PPY BlOUO EIOLRY  /6F 98°0L (£81€AIN) €91'uq
-0LIQIAO[[2Pg -LIqIAO[[oPYg BLIOOEG Y

$0L1TVAN TTEVAN Y €866VEN BLRIOEQIE] BLIDY  BLIDIOR( 0 S1L (S6yedlin) €osuq
-0BqIDSANE eLRg Y

e[PAQ EleRl sa[epeuow BLI2108q BIID]  BIIDIOBQ 856 1L (¢0TAIN) 60T uiq
-310BqOUEPOIY -oyuuey  -odrordewruren) -58q02101] eLoRg Y

€99LELT-VOD $96-5[Ed L9LHANV BIpIOIoIOEY  BIOpIOISIdEY  BLaldeq 65T 6'1L (€ozain) orruq
miuuumm‘m

eS1aomIN Je20E SI[BIQOZITY B1I2108q BIID)  BLIDIOBQ 76°€ €2, #$9¢dIN) 0/4L'uiq
-pputafiog -oxoxdeydyy -oeqo2101] SORIqOZIY O

saadg snuor) Aprurey PpIQ sse|D) wnpdyq wop  uopeu ssou aSeour xayrey P ulg

Sunyy -rweyuo)y  -o39d
-won)

(ponuzzuo0s) s[10s 1UIDPIP Ul umoI3 orewol d10ydsoziyr woiy pajquidsse suiq-Aienb y3ip ¢ 9fqer,

127



6001°82d"896< 73199999993y (€1'T%1D4) UOLIB[IWISSE BIUOW Wy £1032380qNS ou  WSIOQEIAN ¢g/uiqed
ureyd a3re] [HJQVN] 2Seyu4s aeureinoy - wstjoqeidy uadoniN wdoniN  -eydouniy)

797%'32d 896 < 731799999993y (T1°€9 UONE[IWISSE BIUOWUIY £1032180qNS ou  WSIOQEIAN ¢g/uiqed
D) NUD ‘I[ 2d£1 aserayauds surwrein|o - wstjoqeidjy uadoniN wdoniN  -eydouniy)

7161°82d"896 6731799999993y juspuadap-journb UOIBIYIITUI( UonEIYINIUd(  WSIOqEIRA ¢g/uiqed
“(L66°L'T D) 2SEIONPaI IPIXO-OLIIN wdoniN  -eydouniy)

8/67°32d'896¢7¥$1°9999999|3y ASON ur101d sueiquiow UONEdYINIUA(] UONEOYINIUS(]  WSIOQEIdA ¢g/uiqed
-SUEI) UOTIEINIBW ISEIONPAT IPIXO SNONIN uadoniN  -eydounry)

7867°32d"896 ¢ 7% 199999993y (9°66°L"1 D) 2S8I0NPaI OPIXO-SNONIN UONEdYINIUd(] UONEOYINIUS(]  WSIOQEIdA ¢g/uiqed
uadoniN  -eydounry)

0867°32d"89¢¢T%1°9999999|3y dsoN UOLEIGIIIUJ uonedyInIud(  WSIOqeIR ¢g/uiqes
ur2101d UONEINIEUI 2SBIONPAT IPIXO SNONIN uddoniN  -eydouniyn

6£67°32d°89¢¢T51°9999999|3y (4sed LV) 45oN uonEdGLIItag uonedyInIud(  WSIOqeIR ¢g/wqes
urar01d UONEINIBW 2SEIONPAT IPIXO SNONIN uwoniN  -eydouniyp

6917°32d"89¢CTH1°9999999|3y (reL uonEdyLIIuag uonedyINIud(]  WSIOqeIR ¢g/uiqes
D) aseonpar annu Jurureiuod-1addoy) uwdoniN  -eydouniyp

7867'32d"896S7H1°9999999|3y (9°66°L"1 D) 2seronpar apixo-snoniN]  s1asnp ausd aseronpar Jurdjiniuag UONEOYINIUS(]  WSIOQEIdA ¢g/uiqed
uwoniN  -eydounmyp

0867°32d"896$ 7% 1°9999999|3y SON  s121sn[d duad dserdnpar Jurdjirusg UONEOYINIUS(]  WSIOQEIdA ¢g/uiqed
ura101d UONIBINIEW 3SBIONPAT IPIXO SNONIN uwdoniN  -eydouniyp

8/67'32d'89¢CTH1'9999999|3y ASON ur01d sueiquowr  s121sn[d uad aserdnpar Suldjiiusg UONEIYIIUS(  WSI[OQERN ¢g/uiqed
-SUEBI) UONBINIEW JSEIONPII IPIXO SNONIN] uwdoniN  -eydounmy)

6917'32d"8966 73199999993y (1'z°L'1  s1038M]0 U aseronpar Juikjiniuaq UONEIYIIIUS( — WSIOqeIdJA ¢g/uiq €3
Dd) aseonpar a1y urureruod-1addor) uwdoniN  -eydounmy)

6£67'32d"89667%1°9999999|3y (3B 1Y) SON  s123sn auad aseonpar Surdjiniuag uopEdYIIIUd(  WSIOqEIRN ¢g/uiqed
ur101d UONBINIEW 2SBIONPAT IPIXO SNONIN uwfoniN  -eydouniy)

sornyea,y s[oy urIsAsqng £3032185qNg L1081 swreu uiq

Chapter 3

*S[10S JUSIOYIP UT UMOI3

m@n—bOCuw Ojewol uﬁuuu,m:u wo1g suiq TOMLEuwmw [E119308q WO umwﬁwudﬁ Evuw%mﬁdw ddds °2y? WCMmS IoAIs TSYVY \AL souag WCMVOUCO CMOHOHQ ﬁuuquCG/\ ‘9S 9IqEL

128



1 traits of the tomato root

10na

ty and functi

1versl

Changes in taxonomic di

1.

tication tra_] ectory

along a d

micr

¢ xayder)

901$7/S 1 0pouaz/ 1876 01 /310 10p//:sd11y 1e suTUO S[qE[IeAR ST G S[qR], [[NJ YT, ‘HON

6£67°32d"896$7%1°9999999|3y (3sBJ.1Y) ASON  s1235n 9uaf aseronpar Surdjiniuag UONEOYINIUS(]  WSIOQEIdA ¢g/uiqed
ura101d UONEINIBW 2SEIONPAT IPIXO SNONIN uwdoniN  -eydouniyp

0££1°82d895CT%1°9999999[8y T 17y°€ O) asepndadopus [fjo1g (- 17%°€ D) 2sepndadopus sutiag uopepeidap u01g wsioqer  ¢g/uiq 8
‘9%%82d'89¢CTH1°9999999|3y S umorg  -eydounmyy
86¢32d"89¢C7H 1799999993y asod SISEISOWIOY WNISSEIO] £103o1e0qNs ou  wistjoqeIdW ¢g/uiqed
YATIOJLLNY NOLOYd/WNISSV.LOd - WIST[OqEIat WNISSEIO] wmisserog  -eydouniyy

£8/182d°89¢CT%1°9999999|3y ou SISBISOIWOY WNISSBIO] £1082080qns ou  wsfjoqeldw ¢g/uiqed
-UBYD JATIISUISOUBYDIW DUBIONPUOD-33Ie] - WSI[OQeIdW WNISSEIO] wmnisselo]  -eydouniy)

££01'82d°89667%1°9999999|3y (1'2¢veEDL (TIe9oe SISEISO9UWIOY WINISSEI0] A103are0qNs ou  wsijoqedw ¢g/uiq €3
DF) ureyd y aseq 1y Suniodsuen-wnisselo g - WSI[0QeIdW WNISSEIO] wmnisselo]  -eydouniyy

7917'82d"896$7%1°9999999|3y (1'2¢veEDL) (TIE9€ SISEISO9UWIOY WINISSEI0] A103ore0qns ou  wsijoqedwr ¢g/uiq ed
DF) ureyd g ase [y Suniodsuen-wnisseiog - WSI[0QeIOW WNISSEIO] wmnissero]  -eydouniyy

770¢32d"896 S 71 1°9999999|3y ura101d YJoy] WAISAS XNpgo WnisseIo ] SISEISOWIOY WNISSEIO] A103ore0qns ou  wsijoqeIdwr ¢g/uiq ed
- WSI[0QeIOW WNISSEIO] wmnissero]  -eydouniy)

€917'32d 896 ¢ 73199999993y (1'2¢veDL) (T1e9oe SISEISOWOY WNISSEIO] £1032380qNs ou  wisijoqeldw ¢g/uiq ed
Dd) ureyd D) ase Iy Suniodsuen-wnisseiog - WSIJOqeIdW WNISSEIO] wmnissero]  -eydouniy)

8¢8'30d"89¢ ¢ 7% 199999993y (8'1°7°S DA) AAS 25 SISEISOWOY WNISSEIO] £1032380gqNs ou  wisioqeldw ¢g/uiqed
-1owost suen-so [L[ord-[dpndad ad-ggqy 1 - WISI[OQEIaW WNISSEIO] wnysselo]  -eydouniy)

7161°82d"896C 731799999993y juapuadap-journb $SO11S DATIBSONIN] £1032180qNS oU  WSIOQEIAN ¢g/uiqed
“(L66°L'T D) 9SEIONPaI IPIXO-dLIIN - wstjoqeidy uadoniN wdoniN  -eydouniy)

Ty7'32d 896 CTH 1799999993y (T'2%109) UOIIB[IWISSE BUOW WY £1032380qNS ou  WSIOQEIAN ¢g/uiqed
aseu4s orewrein(3 1uapuadop-urxopara - wstjoqedy uadoniN wdoniN  -eydouniy)

88¢%'32d'89¢¢7¥$1°9999999|3y 1a0dsuen wnfuourury UONE[TWISSE BIUOWIUIY £1082180qNS OU  WSIOQEIAN ¢g/uiqed
- wstjoqeidy uadoniN wSoniN  -eydouniy)

800132d"896¢7¥$1°9999999|3y E1T%1 D) UONE[IWISSE BIUOWIUIY £1030180qNSs oUu  WISTOQEIDA] ¢g/uiqed
ureyd [rews [HJQVN] 2Seyauds arewrein|o) - wsijoqeidjy uadoniN uadoniN  -eydounry)

sarmyeay a[oy wa)sdsqng Ax08ayed0qng £103918) sureu” urq

(ponuzzu02) *S[10S TUDIAYIP UT UMOIS

$9d£10u93 01801 TUDIDPIP WOIJ SUT] PI[QUUISSE [B11210B] WOTJ dseqeIep waisAsqng (THHS 2y 3ursn 10a19s 1Sy 4q souad Surpoous uroid parerouuy *9g dfqey,

129





