(2

Article

Resistance and not Plant Fruit Traits Determine
Root-Associated Bacterial Community Composition along a
Domestication Gradient in Tomato

Lisanne Smulders *, Victoria Ferrero 2, Eduardo de la Pefia 34, Maria J. Pozo ¢, Juan Antonio Diaz Pendon 5,
Emilio Benitez ! and Alvaro Lopez-Garcia 467

Citation: Smulders, L.; Ferrero, V.;
de la Pena, E.; Diaz Pendon, J.A.;
Pozo, M.J.; Benitez, E.;
Lopez-Garcia, A. Resistance and not
Plant Fruit Traits Determine
Root-Associated Bacterial
Community Composition along a
Domestication Gradient in Tomato.
Plants 2022, 11, 43. https://doi.org/
10.3390/plants11010043

Academic Editor: Gabriella Cirvilleri

Received: 29 November 2021
Accepted: 20 December 2021
Published: 23 December 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Department Enviromental Protection, Estacion Experimental del Zaidin (EEZ), CSIC, 18008 Granada, Spain;
emilio.benitez@eez.csic.es

2 Department of Biodiversity and Environmental Management, Campus de Vegazana s/n, University of Ledn,
24071 Ledn, Spain; vferrv@unileon.es

3 Department of Plants and Crops, Faculty of Bioscience Engineering, Ghent University, Coupure Links 653,
9000 Ghent, Belgium; eduardo.deLaPena@ugent.be

4 Department Soil Microbiology and Symbiotic Systems, Estacion Experimental del Zaidin (EEZ), CSIC,
18008 Granada, Spain; mariajose.pozo@eez.csic.es (M.].P.); alvaro.lopez@eez.csic.es (AL-G)

5 Finca Experimental “La Mayora” CSIC, Instituto de Hortofruticultura Subtropical y Mediterranea
(IHSM-UMA-CSIC), 29750 Malaga, Spain; diazpendon@eelm.csic.es

¢ Department Animal Biology, Plant Biology and Ecology, Universidad de Jaén, 23071 Jaén, Spain

7 Instituto Interuniversitario de Investigacion del Sistema Tierra en Andalucia (IISTA), 18006 Granada, Spain

Correspondence: lisanne.smulders@eez.csic.es

Abstract: Soil bacterial communities are involved in multiple ecosystem services, key in determin-
ing plant productivity. Crop domestication and intensive agricultural practices often disrupt spe-
cies interactions with unknown consequences for rhizosphere microbiomes. This study evaluates
whether variation in plant traits along a domestication gradient determines the composition of root-
associated bacterial communities; and whether these changes are related to targeted plant traits
(e.g., fruit traits) or are side effects of less-often-targeted traits (e.g., resistance) during crop breed-
ing. For this purpose, 18 tomato varieties (wild and modern species) differing in fruit and resistance
traits were grown in a field experiment, and their root-associated bacterial communities were char-
acterised. Root-associated bacterial community composition was influenced by plant resistance
traits and genotype relatedness. When only considering domesticated tomatoes, the effect of re-
sistance on bacterial OTU composition increases, while the effect due to phylogenetic relatedness
decreases. Furthermore, bacterial diversity positively correlated with plant resistance traits. These
results suggest that resistance traits not selected during domestication are related to the capacity of
tomato varieties to associate with different bacterial groups. Taken together, these results evidence
the relationship between plant traits and bacterial communities, pointing out the potential of breed-
ing to affect plant microbiomes.

Keywords: breeding; microbiomes; rhizosphere bacterial communities; tomato domestications;
traits

1. Introduction

Over time, agricultural techniques have changed to meet the growing demand for
food and agricultural products of the world population. Agricultural productivity has in-
creased over the last century through, amongst others, improved varieties and increased
use of agrochemicals, leading to environmental issues, weakened cropping systems and
increased demands for sustainable agriculture [1].
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The plant rhizosphere contains a large diversity of microorganisms that are involved
in multiple ecosystem services, including an increase in plant nutrition and disease sup-
pression [2]. The composition of the plant-associated microbiome is determined by the
interplay of the host plant characteristics and the surrounding soil conditions [2-4]. Plants
structure their microbiome through the release of a specific blend of exudates, the compo-
sition of which depends on the plant species or variety, being phylogenetically conserved,
even at the genotype level [5,6]. Conversely, soil microorganisms affect a variety of host
plant traits, including nutritional content and morphology, as well as activating defence
pathways and the emission of plant volatile organic compounds [2,5,6], thereby altering
the interactions with insect herbivores or plague enemies aboveground [7].

Through domestication, modern plant varieties have been developed with different
fruit shapes, colours and sizes adapted to consumer preferences [8,9]. Indeed, in many
crops, breeding has focused on phenotype, such as fruit size and yield [9,10], and other
traits favouring resistance and defence have been left aside, yielding crops more suscep-
tible to pests and diseases [11-13]. As an example, between the studied traits that could
impact plant resistance, glandular trichomes of tomato cultivars have been seen to provide
refuges for pests that hamper host finding by parasitoids [14]. Moreover, reduced volatile
emissions due to domestication have been shown in maize, cranberry and lupin [15-17],
with potential effects on pest repulsion/attraction. In a previous field study evaluating the
response of 23 tomato accessions to important agricultural pests, higher tolerance levels
were evidenced in wild and early domesticated accessions than in modern ones, although
the differences could not be linked to the phylogenetic distance between accessions [11].
The effects of domestication on plant traits are, thus, complex, and a diversity of genes
and gene sets have been associated with domestication (reviewed in [18]). The reduced
genetic and associated trait diversity in domesticated varieties could indirectly impact
ecosystem services, such as pest control by natural enemies [14,19,20]. Indeed, genetically
diverse fields harbour diverse insect populations, including natural enemies, thereby im-
proving biological pest control [19,20].

Despite this knowledge on domestication effects, the potential role of plant-associ-
ated microbiomes in plant resistance or tolerance to diseases has been overlooked. It is
known that in many crops such as tomato, domestication and breeding together with in-
creased use of pesticides and fertilisers have resulted in varieties with reduced investment
in costly beneficial plant-microbe interactions below and aboveground [1,6,7,9,14,21]. Ge-
netic variation between varieties affects morphological traits such as root growth, archi-
tecture and exudate composition, which may impact microbiome assembly [22]. It is then
assumed that, despite the lack of studies on plant-associated microbiomes along the do-
mestication process, humans have potentially altered microbiome compositions by, e.g.,
altering plant metabolic activity [12,23,24].

There are potential links between plant fruit traits (selected during breeding) and the
degree of domestication with associated soil microbiomes. Studies in pear and pepper
have shown that varieties with large fruits or high fruit sets divert more photosynthates
to growth than smaller fruited varieties [25,26], potentially altering the release of exudates
through roots. Modern cultivars also differ in root architecture compared to their wild
relatives, and the consequent changes in root exudation profiles may also impact rhizo-
sphere community composition [6]. In general, modern cultivars have shallower roots due
to readily available macronutrients and water in agricultural fields and higher exudation
of simple sugars [27]. A study comparing wild and modern bean varieties showed that
differences in root length partly explains the divergence in rhizobacterial communities
[28]. Since resistance traits are not very specific and often involve changes in metabolite
profiles at the root or systemic level, we expect that soil-associated bacterial communities
are affected to a wider extent by these traits than those related to fruit. Furthermore, re-
sistant plants are expected to recruit microbes to alleviate stress [22].
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Previously, we explored how domestication impacted a selection of 27 tomato acces-
sions from plant ancestors to modern cultivars in terms of function, revealing mainte-
nance of all functional characteristics, with some specific pathways being modified [29].
In this study, we extend on these results using the data of 18 of these tomato varieties to
(i) reveal trends in tomato traits during domestication by differentiating between fruit and
resistance traits, and (ii) explore to what extent these traits are associated with root-asso-
ciated bacterial community composition. We expect that crop domestication caused dif-
ferences in resistance and fruit traits across tomato varieties, with resistance traits having
a higher impact on bacterial community composition. Knowledge on the extent to which
root-associated bacterial microbiomes covary with targeted (fruit) and untargeted (re-
sistance) domestication traits will provide insights into the potential consequences of
breeding for plant microbiome composition.

2. Results
2.1. Plant Traits Affected by Domestication

The PCA ordination using plant traits from both experiments showed a clear trend
from modern to wild tomato varieties from left-up to right-down positions of the ordina-
tion (Figure 1); wild tomato varieties produced more and smaller tomatoes than early do-
mesticated and modern varieties, whereas modern varieties produced the highest plant
biomass (both with and without pests) (see Table S1 for details on traits).
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Figure 1. Principal components analysis (PCA) of plant traits (fruit in red and resistance in blue) of
18 varieties of tomato (Solanum lycopersicum Mill., S. habrochaites and S. pimpinellifolium). Tomato
varieties were classified into wild (purple), early domesticated (light blue) and modern (green): TY-
LCV, tomato yellow leaf curl virus frequency of infection; S. littoralis, Spodoptera littoralis; State, plant
state according to symptom severity scale. A detail of shorter axes is provided (dashed square) to
improve readability. For clarification, very short axes, i.e., those of minor importance, were not
shown in the ordination.
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2.2. Plant Domestication Influence Soil Bacterial Communities

Some effect of domestication was observed on the bacterial community diversity,
which was described in a previous paper [29]. Shortly, minority phyla such as Acidobac-
teria and Gemmatimonades were less present in wild tomato species, as in modern to-
mato. At the family level, wild tomato species had a lower abundance of Gemmatimona-
daceae, Microbacteriaceae and Streptomycetaceae and a higher abundance of Sphingo-
monadaceae compared with modern tomato. Minor changes were observed at the OTU
level, with reduced evenness in wild tomato.

2.3. Plant Traits and Soil Characteristics Influence Soil Bacterial Communities

Bacterial OTU richness and Simpson and Shannon diversity indices significantly in-
creased with S. littoralis survival and occurrence of tomato yellow leaf curl virus (TYLCV),
mainly due to resistance traits showed by the variety Periana, and decreased with soil Si
and Sr (Table S2). A set of plant traits and soil characteristics was found to drive the OTU
composition of bacterial communities; in other words, they represented the minimum
number of variables that explained a major proportion of OTU variation across samples
[30]. For resistance, TYLCV was the most significant factor explaining the variation in soil
bacterial OTU communities (Table S3). CN ratio, Si and Ni in soil were similarly selected.
No significant effects were identified for fruit traits. These traits, together with the tomato
phylogeny (four PCOA axes), were used to partition the variation of OTU bacterial com-
munity composition (Figure 2a,b). Total explained variation reached 25% (Table S4). Soil
(9.4%) explained most variation (alone or combined with tomato phylogeny), whereas to-
mato phylogeny (5.4%) and resistance (4.3%) explained a smaller part of the variation.

The variation partitioning was repeated, excluding wild varieties, as a way to avoid
bias caused by the fact that cultivated tomato belonged to the same tomato species (S.
lycopersicum). Conversely, wild tomatoes belonged to different plant species. In this anal-
ysis, TYLCV was again selected together with soil CN ratio, C and As. In this case, the
total explained variation reached 23% (Figure 2¢,d), with resistance explaining most vari-
ation (9.7%), followed by soil (7.4%) and phylogeny (1%).
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Figure 2. Redundancy analysis of bacterial OTU composition of tomato driven by plant (resistance
and fruit morphology), soil (nutrients) and tomato phylogeny: (a) redundancy analysis; (b) varpart,
including all three groups of tomato varieties; (c) redundancy analysis; (d) varpart, excluding wild

varieties.

3. Discussion

In this study, the effect of tomato domestication on root-associated bacterial commu-
nity composition was observed from a trait perspective, building upon results described
in our previous study on functional diversity [29]. This second approach allows for a
mechanistic interpretation of the identified patterns. Fruit traits (i.e., tomato number and
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weight) varied according to tomato domestication. However, resistance traits, non-related
to tomato domestication, drove most of the explained variation in bacterial OTU compo-
sition.

The spectra of studied tomato varieties showed that modern varieties contained
heavier and fewer fruits than wild or early domesticated varieties, consistent with modern
tomatoes being large and diverse in shape, whereas wild tomatoes are generally small and
round [31]. Even though tomatoes have not been selected for their root-associated micro-
biome, their structure might be altered through changes in root exudates, usually tied to
root morphological characteristics, which feed and filter root microbiota [6,22,32,33].

Since domestication has often been accompanied by creating crops with shallow
roots, shifts in traits such as leaf size and root architecture, resulting in increased litter
quality and a lower C:N ratio, could influence microbial community composition [34].
Furthermore, Leff et al. found that faster-growing sunflower varieties had lower bacterial
diversity in the rhizosphere [24]. Moreover, some authors linked bacterial-associated di-
versities to increased plant growth [35]. However, we did not find an effect of above-
ground plant morphology on root-associated bacterial community structure. This could
be due to the lack of links between the morphological traits used in this study and the
more impacting belowground traits on root-associated microbiomes. For example, Legay
et al. showed that belowground (root-associated) traits, such as root C:N ratio and root
diameter, explained more variation in microbial properties than aboveground (leaf) traits
[36]. Furthermore, the main driver of bacterial communities close to the roots is recruit-
ment from the bulk soil. However, even though some authors found differences in micro-
bial communities between bulk and rhizosphere soil [37], others found a difference in both
compartments with the phyllosphere [38]. In addition, diversity indices were found to be
lower or higher in the rhizosphere compared with bulk soil [39,40]. The effect of soil nu-
trients suggests that environmental variables such as soil type impact microbial commu-
nities [2,33]. For example, Peiffer et al. showed in different maize varieties that plant gen-
otype affects OTU richness within a field, and this genotypic effect varies between field
environments [41]. Thus, it was suggested that environmental factors such as pH and ge-
ographic patterns interact to shape maize rhizosphere microbiota. Furthermore, microbes
themselves influence community structure by producing secondary metabolites such as
antibiotics and toxins to compete with other microbes and successfully establish in the
rhizosphere [2,5].

Despite this evidence, explaining the change in bacterial microbiomes through do-
mestication seems difficult due to the contradictory results often found. For example, Leff
et al. observed little effect of the domestication of sunflower on overall rhizosphere bacte-
rial communities [24]. By contrast, Shenton et al. found that rhizosphere bacterial commu-
nities of wild rice differ in species richness and composition compared with cultivated
rice, which was not correlated to the genetic distance of the plants [42]. However, in our
study, resistance traits that were not aligned with the domestication degree (see [11]) were
responsible for an important fraction of the variation on root-associated bacterial commu-
nities, especially between domesticated varieties, aligning with the evidence that plants
shape microbial communities as an additional layer of defence. For example, plants under
attack may recruit microorganisms that alleviate biotic stress or actively repress pathogen
proliferation [22,43]. As far as we know, only one study has observed a difference between
microbial communities associated with wild and domesticated plants, in this case, rice, in
their response to a biotic challenge [44]. Plant resistance may also impact the functional
profile of associated bacterial communities. For example, common bean genotypes re-
sistant to Fusarium oxysporum contained bacterial communities enriched in genes encod-
ing antifungal compounds [45]. Plant genetic factors related to immunity were shown to
play a role in structuring the microbial community [46]. For example, Lebeis et al. showed
how plant defence hormones, especially salicylic acid, shape root bacterial communities
[47]. We also found a positive correlation between bacterial diversity and reduced plant
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resistance traits (S. littoralis survival and TYLCV infection). In this sense, it has been pro-
posed that higher bacterial diversities should be associated with increased plant resistance
due to the observed recruitment of beneficial microbes [9,48,49]. However, our results
clearly aligned with Doornbos et al., who postulated that more susceptible plants harbour
more diverse bacterial communities than resistant plants [43], but this is not always the
case [23,24].

The limitations of sequencing technology were described in a recent review [50].
Most studies focus on bacteria, while other organisms such as fungi, viruses and archaea
may be important as well [24,38,39]. Furthermore, often studies are conducted on a small
scale, which limits detection of low-abundance taxa that could have a leading role in mi-
crobial community structure and function. DNA-based sequencing does not allow to de-
termine whether the bacterial OTUS are functional. However, it is possible to study po-
tential functions, which we found to be affected by domestication [29]. Furthermore, the
diversity profile found could depend on the primer set used [41]. The V3-V4 region, as
used in this study, was found to detect the highest phylum diversity compared with other
16S primers.

4. Materials and Methods
4.1. Field Experiment

We used 27 tomato accessions from a field experiment described previously [29].
Briefly, the field experiment was performed as follows. Seeds of 27 Solanum lycopersicum
Mill., S. habrochaites and S. pimpinellifolium accessions were obtained from the Instituto de
Hortofruticultura Subtropical y Mediterranea “La Mayora” (IHSM-UMA-CSIC)
germplasm bank, based on their degree of domestication (Table S1A). On 19 April 2018,
10 one-month-old seedlings per variety, 270 in total, were randomly distributed in an ex-
perimental field in the IHSM La Mayora (Malaga, Spain, 36.77° N, 4.04° W). The field soil
is classified as a eutric regosol soil [51]. Plants were exposed to the natural community of
insects and became naturally infected by two common viral diseases transmitted by
whiteflies: tomato yellow leaf curl virus (TYLCV) and tomato chlorosis virus (ToCV).
Plants were grown until 16 July 2018, when they were in the fruiting stage.

At harvest, the soil attached to the main and secondary roots was taken by shaking.
The root-associated soil from each plant was placed in separate plastic bags and kept at 4
°C until laboratory analyses (60 days). Then, samples from each variety were pooled and
ground together using a mortar and pestle and sieved twice (2-mm mesh) and immedi-
ately stored at —20 °C until molecular analyses were performed. The aboveground biomass
was weighted, the number of tomatoes produced counted and the total tomato fruit
weight measured (Table S1B). Freezing is often considered the best option to store soil
samples for microbiome analysis. However, research shows that storage at 4 °C for up to
30 days has a minimal effect on microbiome composition [52-54]. We used data from 18
tomato accessions that were selected because there were greenhouse data on resistance
traits available (see section 4.2).

On 28 June 2018, plant state was scored according to the symptom severity scale de-
scribed by Kone et al. [55], which runs from 0 = no disease symptoms to 10 = severe leaf
distortion/necrosis/narrowed or shoes-string leaf (Table S1B).

The frequency of virus infection per tomato variety was performed using tissue blot
hybridisation methodologies described by Navas-Castillo et al. and Fortes et al. [56,57] for
TYLCV and ToCV, respectively. Virus frequency and plant state were used as resistance
traits of each tomato variety (Table S1B). Table S1 shows the average values for each to-
mato variety.

4.2. Resistance to Pests Data

In a previous glasshouse experiment performed by Ferrero et al. (see details in [11])
in steam-sterilised sand—peat mixture, the response of the same 18 tomato varieties to
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root-knot nematodes, aphids and Spodoptera littoralis were determined after 6 weeks of
growth. Plant biomass (dry weight) was measured under control (no pest) and pest treat-
ment conditions.

For aphids, the total number of individuals were counted; for nematodes, the number
of root knots/mg root (nematode number); and the mean increase in S. littoralis larvae
weight per day (survival) was determined. These were included in the list of plant re-
sistance traits (Table S1D). The averages across the tomato variety replicates were used as
the trait values characteristic of each variety.

The plant phylogenetic tree developed by Ferrero et al. [11] was used to extract a
phylogenetic distance matrix between tomato varieties. The variation in this matrix was
decomposed by principal coordinates analysis, and the four generated axes were fed into
subsequent analyses (capscale function in R package Vegan).

Tomato varieties were grouped depending on their degree of domestication into wild
(Solanum habrochaites and S. pimpinellifolium) and early domesticated and modern (includ-
ing S. lycopersicum var. cerasiforme and S. lycopersicum lycopersicum) (Table S1A). This clas-
sification was established by Ferrero et al. [11] and here verified using a k-means cluster-
ing analysis based on the measured traits [58].

4.3. Soil Chemical Characterisation

For each variety, two replicates of air-dried field soil samples were used to determine
chemical properties at the Scientific Instrumentation Service, EEZ-CSIC, Granada, Spain
(Table S1C). Total N and soil organic C were determined with the aid of the Leco-TruSpec
CN elemental analyser (LECO Corp., St Joseph, MI, USA). Total mineral content was de-
termined by the digestion method with HNO3 65%:HCI 35% (1:3; v-v) followed by anal-
ysis using inductively coupled plasma optical emission spectrometry (ICP-OES) (ICP 720-
ES, Agilent, Santa Clara, CA, USA).

4.4. Molecular Analyses of Soil Bacteria

DNA was extracted separately from eight 1 g soil subsamples using the bead-beating
method with the PowerSoil® DNA Isolation Kit (MoBio Laboratories, Solana Beach, CA,
USA) according to the manufacturer’s instructions. Extracts of four subsamples were
pooled and further concentrated at 35 °C to a final volume of 20 uL using a Savant
Speedvac® concentrator, resulting in two replicates per variety. Bacterial communities
were analysed using Illumina MiSeq, and to determine the bacterial communities, we am-
plified the V3-V4 hypervariable regions of the 16S rRNA gene using the ProV3V4 primers
with the following sequences: 5 CCTACGGGNBGCASCAG 3’ and 5' GACTACNVGGG-
TATCTAATCC 3' [59,60]. The amplified region was approximately 464 bp. The products
were sequenced on the Illumina MiSeq platform using a 2 x 250 nucleotide paired-end
protocol (genomic facilities of the Lopez-Neyra Institute of Parasitology and Biomedicine,
IPBLN-CSIC, Granada, Spain). To minimise amplification of mitochondria and chloro-
plasts, blockers were used [60]. Between the two PCR steps, amplicons were purified and
after the second PCR step, amplicons were pooled in an equimolar manner.

SEED2 was used for the initial steps of processing the resulting sequences [61]. First,
we merged forward and reversed sequences. Then, sequences containing ambiguous ba-
ses (N) and with a quality score below 30 were removed. Primer sequences were removed
and sequences trimmed to 400 bp. Afterwards, the sequences were clustered into opera-
tional taxonomic units (OTUs) using the UPARSE method by setting the OTU radius to
3%, so selecting sequences at 97% similarity. OTUs with just one read were removed to-
gether with chimeric sequences. Finally, a consensus sample x OTU matrix was prepared
and the most abundant sequence per OTU was selected as representative. Taxonomy was
assigned to each OTU using the classify.seqs algorithm in mothur software together with
the SILVA database version 132 [62,63]. At this stage, no archaea were detected in the
samples. The rarefaction curves were visualised in Microbiome Analyst to confirm that all
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samples reached the plateau [64,65] (Figure S1). The two replicates per variety were
summed for the statistical analysis.

All Illumina sequence raw data were deposited in the Sequence Read Archive (SRA)
service of the European Bioinformatics Institute (EBI) database (BioProject ID:
PRINA693664).

4.5. Statistical Analyses

Before the statistical analyses, plant traits were averaged per variety and log trans-
formed. The OTU abundance table was Hellinger transformed. The relationship between
fruit and resistance traits and the domestication degree of the tomato varieties was visu-
alised via principal components analysis.

Bacterial OTU richness and Simpson and Shannon diversity indices were calculated
using the abundance OTU x sample matrix after the Hellinger transformation of data.
Their relationship with plant traits and soil variables were tested via Spearman correla-
tion.

The relative influence of tomato fruit traits, resistance traits, phylogeny of tomato
and soil chemical composition on bacterial OTU composition was tested by variation par-
titioning approach based on redundancy analysis (RDA, 29). The minimum number of
variables inside each of these explaining factor classes explaining a major part of OTU
variation was selected via forward selection using ordistep.

These analyses were carried out in R software using the R packages Vegan [66], pi-
cante [67], FD [68], dplyr [69] and Ime4 [70]. The R script is available as supplementary
material.

5. Conclusions

In our study, we found that fruit traits (tomato number and weight) varied according
to tomato domestication, while resistance traits drove most of the explained variation in
bacterial OTU composition. These mechanisms highlight a direct effect of plant defence
mechanisms on root-associated bacterial community composition and are consistent with
the found dependence of bacterial communities on resistance traits. In summary, this
study reveals how non-targeted traits during domestication shape the bacterial commu-
nity of tomato, but further research is required to confirm the mechanisms behind the
relationship between bacterial communities and plant resistance.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/plants11010043/s1, Figure S1: Rarefaction curves of 18 varieties of tomato (Solanum lyco-
persicum Mill. S. habrochaites and S. pimpinellifolium). Tomato varieties were classified into wild (pur-
ple). Early domesticated (light blue) and modern (red). Table S1: Experimental variables included
in the multivariate analysis: (A) domestication degree per tomato variety; (B) data from the field
experiment: plant traits; (C) data from field experiment: soil characterisation; (D) data from Ferrero
et al. 2019: plant traits. Table S2: Pearson correlation test of bacterial diversity indexes and plant
traits and soil variables. R coefficients are shown. Asterisks indicate significance: * p < 0.05; ** p <
0.01. For details on plant traits, see Table S1. Table S3: Stepwise model selection of redundancy anal-
yses for plant traits (fruit and resistance) and soil nutrient variables. Asterisks indicate significance:
p<0.1;* p<0.05; ** p <0.01. For details on plant traits, see Table S1. Table S4: Variation partitioning
of bacterial OTU community composition in plant traits (fruit and resistance), tomato phylogeny
and soil variables, either considering the whole dataset or only domesticated tomato varieties. As-
terisk indicates significant p values: p <0.1; * p < 0.05. For details on plant traits, see Table S1. R script
and OTU Table are also available as supplementary files. Raw data on plant traits are available upon
request.

Author Contributions: Conceptualisation, E.d.1.P. and M.].P.; methodology, E.d.L.P. and M.].P.; soft-
ware, L.S. and A.L.-G.; validation, L.S. and A.L.-G.; formal analysis, L.S. and A.L.-G.; investigation,
L.S, V.E,]J.A.D.P.and A.L-G. ;resources, all.; data curation, L.S. and A.L.-G.; writing —original draft
preparation, L.S.; writing —review and editing, all; visualisation, L.S. and AL-G; supervision, E.B.,



Plants 2022, 11, 43 10 of 13

M.J.P. and A.L.-G.; project administration, E.d.1.P., M.].P. and E.B.; funding acquisition, E.d.1.P. and
M.]J.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research has received funding from the European Union’s Horizon 2020 Research
and Innovation program under Grant agreement No 765290 and grant AGL2015-67733-R funded by
MCIN/AEI/ 10.13039/501100011033.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All Illumina sequence raw data were deposited in the Sequence
Read Archive (SRA) service of the European Bioinformatics Institute (EBI) database (BioProject ID:
PRJNA693664).

Acknowledgments: We want to thank Beatriz Moreno for helping with the molecular analysis and
data processing.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Plenchette, C.; Clermont-Dauphin, C.; Meynard, ].M.; Fortin, ].A. Managing arbuscular mycorrhizal fungi in cropping systems.
Can. J. Plant Sci. 2005, 85, 31-40. https://doi.org/10.4141/P03-159.

Lareen, A.; Burton, F.; Schéfer, P. Plant root-microbe communication in shaping root microbiomes. Plant Mol. Biol. 2016, 90, 575—
587. https://doi.org/10.1007/s11103-015-0417-8.

Pieterse, C.M.].; Zamioudis, C.; Does, D.V.; Van Wees, S.C.M. Signalling networks involved in induced resistance. In Induced
Resistance for Plant Defense; Walters, D.R., Newton, A.C., Lyon, G.D., Eds.; John Wiley & Sons, Ltd: Chichester, UK, 2014; pp.
58-80.

Bulgarelli, D.; Garrido-Oter, R.; Miinch, P.C.; Weiman, A.; Droge, J.; Pan, Y.; McHardy, A.C.; Schulze-Lefert, P. Structure and
function of the bacterial root microbiota in wild and domesticated barley. Cell Host Microbe 2015, 17, 392-403.
https://doi.org/10.1016/j.chom.2015.01.011.

Preece, C.; Penuelas, J. Rhizodeposition under drought and consequences for soil communities and ecosystem resilience. Plant
Soil 2016, 409, 1-17. https://doi.org/10.1007/s11104-016-3090-z.

Pérez-Jaramillo, J.E.; Mendes, R.; Raaijmakers, ].M. Impact of plant domestication on rhizosphere microbiome assembly and
functions. Plant Mol. Biol. 2016, 90, 635-644. https://doi.org/10.1007/s11103-015-0337-7.

Heinen, R; Biere, A.; Harvey, ].A.; Bezemer, T.M. Effects of Soil Organisms on Aboveground Plant-Insect Interactions in the
Field: Patterns, Mechanisms and the Role of Methodology. Front. Ecol. Evol. 2018, 6, 106. https://doi.org/10.3389/fev0.2018.00106.
Olsen, K.M.; Wendel, J.F. A bountiful harvest: Genomic insights into crop domestication phenotypes. Annu. Rev. Plant Biol. 2013,
64, 47-70. https://doi.org/10.1146/annurev-arplant-050312-120048.

Milla, R.; Osborne, C.P.; Turcotte, M.M.; Violle, C. Plant domestication through an ecological lens. Trends Ecol. Evol. 2015, 30,
463-469. https://doi.org/10.1016/j.tree.2015.06.006.

Gross, B.L., Olsen, KM. Genetic perspectives on crop domestication. Trends Plant Sci. 2010, 15, 529-537.
https://doi.org/10.1016/j.tplants.2010.05.008.

Ferrero, V.; Baeten, L.; Blanco-Sanchez, L.; Planell6, R.; Diaz-Penddn, J.A.; Rodriguez-Echeverria, S.; Haegeman, A.; de la Pefia,
E. Complex patterns in tolerance and resistance to pests and diseases underpin the domestication of tomato. New Phytol. 2019,
226, 254-266. https://doi.org/10.1111/nph.16353.

Szymanski, J.; Bocobza, S.; Panda, S.; Sonawane, P.; Cardenas, P.D.; Lashbrooke, J.; Kamble, A.; Shahaf, N.; Meir, S.; Bovy, A,;
et al. Analysis of wild tomato introgression lines elucidates the genetic basis of transcriptome and metabolome variation un-
derlying fruit traits and pathogen response. Nat. Genet. 2020, 52, 1111-1121. https://doi.org/10.1038/s41588-020-0690-6.
Whitehead, S.R.; Turcotte, M.M.; Poveda, K. Domestication impacts on plant-herbivore interactions: A meta-analysis. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 2017, 372, 20160034. https://doi.org/10.1098/rstb.2016.0034.

Mulatu, B.; Applebaum, S.W_; Coll, M. Effect of tomato leaf traits on the potato tuber moth and its predominant larval parasitoid:
A mechanism for enemy-free space. Biol. Control 2006, 37, 231-236. https://doi.org/10.1016/j.biocontrol.2005.12.007.

Chen, Y.H.; Gols, R.; Benrey, B. Crop domestication and its impact on naturally selected trophic interactions. Annu. Rev. Entomol.
2015, 60, 35-58. https://doi.org/10.1146/annurev-ento-010814-020601.

Mutyambai, D.M.; Bruce, T.J.A.; Midega, C.A.O.; Woodcock, C.M.; Caulfield, ].C.; Van Den Berg, J.; Pickett, J.A.; Khan, Z.R.
Responses of parasitoids to volatiles induced by Chilo partellus oviposition on teosinte, a wild ancestor of maize. J. Chem. Ecol.
2015, 41, 323-329. https://doi.org/10.1007/s10886-015-0570-1.

Rodriguez-Saona, C.; Vorsa, N.; Singh, A.P.; Johnson-Cicalese, J.; Szendrei, Z.; Mescher, M.C.; Frost, C.J. Tracing the history of
plant traits under domestication in cranberries: Potential consequences on anti-herbivore defences. J. Exp. Bot. 2011, 62, 2633—
2644. https://doi.org/10.1093/jxb/erqd66.



Plants 2022, 11, 43 11 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Doebley, J.F; Gaut, B.S.; Smith, B.D. The molecular genetics of crop domestication. Cell 2006, 127, 1309-1321.
https://doi.org/10.1016/j.cell.2006.12.006.

Turcotte, M.M.; Araki, H.; Karp, D.S.; Poveda, K.; Whitehead, S.R. The eco-evolutionary impacts of domestication and agricul-
tural practices on wild species. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2017, 372, 20160033. https://doi.org/10.1098/rstb.2016.0033.
Macfadyen, S.; Bohan, D.A. Crop domestication and the disruption of species interactions. Basic Appl. Ecol. 2010, 11, 116-125.
https://doi.org/10.1016/j.baae.2009.11.008.

Coolen, S.; Proietti, S.; Hickman, R.; Davila Olivas, N.H.; Huang, P.-P.; Van Verk, M.C.; Van Pelt, J.A.; Wittenberg, A.H.J.; De
Vos, M.; Prins, M.; et al. Transcriptome dynamics of Arabidopsis during sequential biotic and abiotic stresses. Plant J. 2016, 86,
249-267. https://doi.org/10.1111/tpj.13167.

Cordovez, V.; Dini-Andreote, F.; Carrion, V.].; Raaijmakers, ].M. Ecology and evolution of plant microbiomes. Annu. Rev. Mi-
crobiol. 2019, 73, 69-88. https://doi.org/10.1146/annurev-micro-090817-062524.

Carrillo, J.; Ingwell, L.L.; Li, X;; Kaplan, I. Domesticated tomatoes are more vulnerable to negative plant—soil feedbacks than
their wild relatives. J. Ecol. 2019, 107, 1753-1766. https://doi.org/10.1111/1365-2745.13157.

Leff, JJW.; Lynch, R.C.; Kane, N.C,; Fierer, N. Plant domestication and the assembly of bacterial and fungal communities asso-
ciated with strains of the common sunflower, Helianthus annuus. New Phytol. 2017, 214, 412-423.
https://doi.org/10.1111/nph.14323.

Zhang, C.; Tanabe, K.; Tamura, F.; Itai, A.; Wang, S. Partitioning of (13)C-photosynthate from spur leaves during fruit growth
of three Japanese pear (Pyrus pyrifolia) cultivars differing in maturation date. Ann. Bot. 2005, 95, 685-693.
https://doi.org/10.1093/aob/mci070.

Wubs, AM.; Ma, Y.; Heuvelink, E.; Marcelis, L.F.M. Genetic differences in fruit-set patterns are determined by differences in
fruit sink strength and a source : Sink threshold for fruit set. Ann. Bot. 2009, 104, 957-964. https://doi.org/10.1093/aob/mcp181.
Pérez-Jaramillo, ].E.; Carrion, V.].; de Hollander, M.; Raaijmakers, ].M. The wild side of plant microbiomes. Microbiome 2018, 6,
143. https://doi.org/10.1186/s40168-018-0519-z.

Pérez-Jaramillo, J.E.; Carrion, V.J.; Bosse, M.; Ferrdao, L.F.V.; de Hollander, M.; Garcia, A.A.F.; Ramirez, C.A.; Mendes, R,;
Raaijmakers, ].M. Linking rhizosphere microbiome composition of wild and domesticated Phaseolus vulgaris to genotypic and
root phenotypic traits. ISME |. 2017, 11, 2244-2257. https://doi.org/10.1038/ismej.2017.85.

Smulders, L.; Benitez, E.; Moreno, B.; Lépez-Garcia, A.; Pozo, M.].; Ferrero, V.; de la Pena, E.; Alcala Herrera, R. Tomato Do-
mestication Affects Potential Functional Molecular Pathways of Root-Associated Soil Bacteria. Plants 2021, 10, 1942.
https://doi.org/10.3390/plants10091942.

Legendre, P.; Legendre, L. Numerical Ecology; Google Boeken. Elsevier Science, Amsterdam, Netherlands.

Bai, Y.; Lindhout, P. Domestication and breeding of tomatoes: What have we gained and what can we gain in the future? Ann.
Bot. 2007, 100, 1085-1094. https://doi.org/10.1093/aob/mem150.

Martinez-Romero, E.; Aguirre-Noyola, J.L.; Taco-Taype, N.; Martinez-Romero, J.; Zufiiga-Davila, D. Plant microbiota modified
by plant domestication. Syst. Appl. Microbiol. 2020, 43, 126106. https://doi.org/10.1016/j.syapm.2020.126106.

Philippot, L.; Raaijmakers, ].M.; Lemanceau, P.; van der Putten, W.H. Going back to the roots: The microbial ecology of the
rhizosphere. Nat. Rev. Microbiol. 2013, 11, 789-799. https://doi.org/10.1038/nrmicro3109.

Milla, R.; Garcia-Palacios, P.; Matesanz, S. Looking at past domestication to secure ecosystem services of future croplands. J.
Ecol. 2017, 105, 885-889. https://doi.org/10.1111/1365-2745.12790.

Weidner, S.; Koller, R.; Latz, E.; Kowalchuk, G.; Bonkowski, M.; Scheu, S.; Jousset, A. Bacterial diversity amplifies nutrient-
based plant-soil feedbacks. Funct. Ecol. 2015, 29, 1341-1349. https://doi.org/10.1111/1365-2435.12445.

Legay, N.; Baxendale, C.; Grigulis, K.; Krainer, U.; Kastl, E.; Schloter, M.; Bardgett, R.D.; Arnoldi, C.; Bahn, M.; Dumont, M.; et
al. Contribution of above- and below-ground plant traits to the structure and function of grassland soil microbial communities.
Ann. Bot. 2014, 114, 1011-1021. https://doi.org/10.1093/aob/mcul69.

Nwachukwu, B.C.; Babalola, O.O. Perspectives for sustainable agriculture from the microbiome in plant rhizosphere. Plant
Biotechnol. Rep. 2021, 15, 259-278. https://doi.org/10.1007/s11816-021-00676-3.

Kong, X.; Han, Z; Tai, X,; Jin, D.; Ai, S.; Zheng, X.; Bai, Z. Maize (Zea mays L. Sp.) varieties significantly influence bacterial and
fungal community in bulk soil, rhizosphere soil and phyllosphere. FEMS Microbiol. Ecol. 2020, 96, fiaa020.
https://doi.org/10.1093/femsec/fiaa020.

Essel, E,; Xie, J.; Deng, C.; Peng, Z.; Wang, J.; Shen, J.; Xie, J.; Coulter, J.A; Li, L. Bacterial and fungal diversity in rhizosphere
and bulk soil under different long-term tillage and cereal/legume rotation. Soil Tillage Res. 2019, 194, 104302.
https://doi.org/10.1016/.still.2019.104302.

Uroz, S.; Buée, M.; Murat, C.; Frey-Klett, P.; Martin, F. Pyrosequencing reveals a contrasted bacterial diversity between oak
rhizosphere and surrounding soil. Environ. Microbiol. Rep. 2010, 2, 281-288. https://doi.org/10.1111/j.1758-2229.2009.00117 .
Peiffer, J.A.; Spor, A.; Koren, O.; Jin, Z.; Tringe, S.G.; Dang], ].L.; Buckler, E.S.; Ley, R.E. Diversity and heritability of the maize
rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci. USA 2013, 110, 6548-6553.
https://doi.org/10.1073/pnas.1302837110.

Shenton, M.; Iwamoto, C.; Kurata, N.; Ikeo, K. Effect of wild and cultivated rice genotypes on rhizosphere bacterial community
composition. Rice 2016, 9, 42. https://doi.org/10.1186/s12284-016-0111-8.

Doornbos, R.F.; van Loon, L.C.; Bakker, P.A.H.M. Impact of root exudates and plant defense signaling on bacterial communities
in the rhizosphere. A review. Agron. Sustain. Dev. 2012, 32, 227-243. https://doi.org/10.1007/s13593-011-0028-y.



Plants 2022, 11, 43 12 of 13

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Shi, S.; Tian, L.; Nasir, F.; Li, X,; Li, W.; Tran, L.-S. P.; Tian, C. Impact of domestication on the evolution of rhizomicrobiome of
rice in response to the presence of Magnaporthe oryzae. Plant Physiol. Biochem. 2018, 132, 156-165.
https://doi.org/10.1016/j.plaphy.2018.08.023.

Mendes, L.W.; Raaijmakers, ].M.; de Hollander, M.; Mendes, R.; Tsai, S.M. Influence of resistance breeding in common bean on
rhizosphere microbiome composition and function. ISME ]. 2018, 12, 212-224. https://doi.org/10.1038/ismej.2017.158.

Pieterse, C.M.J; de Jonge, R, Berendsen, R.L. The Soil-Borne Supremacy. Trends Plant Sci. 2016, 21, 171-173.
https://doi.org/10.1016/j.tplants.2016.01.018.

Lebeis, S.L.; Paredes, S.H.; Lundberg, D.S.; Breakfield, N.; Gehring, J.; McDonald, M.; Malfatti, S.; Glavina del Rio, T.; Jones,
C.D,; Tringe, S.G.; et al. PLANT MICROBIOME. Salicylic acid modulates colonization of the root microbiome by specific bacte-
rial taxa. Science 2015, 349, 860-864. https://doi.org/10.1126/science.aaa8764.

Paudel, S.; Lin, P.-A_; Foolad, M.R.; Alj, ].G.; Rajotte, E.G.; Felton, G.W. Induced plant defenses against herbivory in cultivated
and wild tomato. J. Chem. Ecol. 2019, 45, 693-707. https://doi.org/10.1007/s10886-019-01090-4.

Rosenthal, J.P.; Dirzo, R. Effects of life history, domestication and agronomic selection on plant defence against insects: Evidence
from maizes and wild relatives. Evol. Ecol. 1997, 11, 337-355. https://doi.org/10.1023/A:1018420504439.

Brunel, C,; Pouteau, R.; Dawson, W.; Pester, M.; Ramirez, K.S.; van Kleunen, M. Towards unraveling macroecological patterns
in rhizosphere microbiomes. Trends Plant Sci. 2020, 25, 1017-1029. https://doi.org/10.1016/j.tplants.2020.04.015.

FAO; IUSS. World Reference Base *’ for Soil Resources 2014; World Soil Resources Reports, No. 106.; FAO: Rome, Italy, 2015.
Lauber, C.L.; Zhou, N.; Gordon, J.I; Knight, R.; Fierer, N. Effect of storage conditions on the assessment of bacterial community
structure in soil and human-associated samples. FEMS Microbiol. Lett. 2010, 307, 80-86. https://doi.org/10.1111/j.1574-
6968.2010.01965.x.

Tatangelo, V.; Franzetti, A.; Gandolfi, I.; Bestetti, G.; Ambrosini, R. Effect of preservation method on the assessment of bacterial
community structure in soil and water samples. FEMS Microbiol. Lett. 2014, 356, 32-38. https://doi.org/10.1111/1574-6968.12475.
Wang, J.; Chapman, S.J.; Yao, H. The effect of storage on microbial activity and bacterial community structure of drained and
flooded paddy soil. ]. Soils Sediments 2015, 15, 880-889. https://doi.org/10.1007/s11368-014-1053-7.

Kone, N.; Asare-Bediako, E.; Silue, S.; Kone, D.; Koita, O.; Menzel, W.; Winter, S. Influence of planting date on incidence and
severity of viral disease on cucurbits wunder field condition. Ann. Agric. Sci. 2017, 62, 99-104.
https://doi.org/10.1016/j.a0as.2017.05.005.

Navas-Castillo, J.; Sanchez-Campos, S.; Diaz, J.A.; Sdez-Alonso, E.; Moriones, E. Tomato Yellow Leaf Curl Virus-Is Causes a
Novel Disease of Common Bean and Severe Epidemics in Tomato in Spain. Plant Dis. 1999, 83, 29-32.
https://doi.org/10.1094/PDIS.1999.83.1.29.

Fortes, LM.; Moriones, E.; Navas-Castillo, J. Tomato chlorosis virus in pepper: Prevalence in commercial crops in southeastern
Spain and symptomatology under experimental conditions. Plant Pathol. 2012, 61, 994-1001. https://doi.org/10.1111/;.1365-
3059.2011.02584..x.

Hartigan, J.A.; Wong, M.A. Algorithm AS 136: A K-Means Clustering Algorithm. Appl. Stat. 1979, 28, 100-108.
https://doi.org/10.2307/2346830.

Takahashi, S.; Tomita, J.; Nishioka, K.; Hisada, T.; Nishijima, M. Development of a prokaryotic universal primer for simultane-
ous analysis of Bacteria and Archaea using next-generation sequencing. PLoS ONE 2014, 9, e105592. https://doi.org/10.1371/jour-
nal.pone.0105592.

Lundberg, D.S.; Yourstone, S.; Mieczkowski, P.; Jones, C.D.; Dangl, ].L. Practical innovations for high-throughput amplicon
sequencing. Nat. Methods 2013, 10, 999-1002. https://doi.org/10.1038/nmeth.2634.

Vetrovsky, T.; Baldrian, P.; Morais, D. SEED 2: A user-friendly platform for amplicon high-throughput sequencing data anal-
yses. Bioinformatics 2018, 34, 2292-2294. https://doi.org/10.1093/bioinformatics/bty071.

Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537-7541. https://doi.org/10.1128/ AEM.01541-09.
Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, ]J.; Schweer, T.; Yarza, P.; Peplies, ]J.; Glockner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590-D596.
https://doi.org/10.1093/nar/gks1219.

Chong, ]J.; Liu, P.; Zhou, G.; Xia, J. Using MicrobiomeAnalyst for comprehensive statistical, functional, and meta-analysis of
microbiome data. Nat. Protoc. 2020, 15, 799-821. https://doi.org/10.1038/s41596-019-0264-1.

Dhariwal, A.; Chong, J.; Habib, S.; King, I.L.; Agellon, L.B.; Xia, J. MicrobiomeAnalyst: A web-based tool for comprehensive
statistical, ~visual and meta-analysis of microbiome data. Nucleic Acids Res. 2017, 45, W180-W188.
https://doi.org/10.1093/nar/gkx295.

McArdle, B.H.; Anderson, M.J. Fitting multivariate models to community data: A comment on distance-based redundancy
analysis. Ecology 2001, 82, 290-297. https://doi.org/10.1890/0012-9658(2001)082[0290:FMMTCD]2.0.CO;2.

Kembel, SW.; Cowan, P.D.; Helmus, M.R.; Cornwell, W.K.; Morlon, H.; Ackerly, D.D.; Blomberg, S.P.; Webb, C.O. Picante: R
tools for integrating phylogenies and ecology. Bioinformatics 2010, 26, 1463-1464. https://doi.org/10.1093/bioinformatics/btq166.
Laliberté, E.; Legendre, P.; Shipley, B. Measuring functional diversity (FD) from multiple traits, and other tools for functional
ecology. Ecology 2014, 91, 299-305.



Plants 2022, 11, 43 13 of 13

69. Wickham, H.; Frangois, R.; Henry, L.; Miiller, K. Dplyr: A Grammar of Data Manipulation; CRAN: 2021. O'Reilly Media, Sebasto-
pol, CA

Bates, D.; Machler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using Ime4. . Stat. Softw. 2015, 67, 1-48.
https://doi.org/10.18637/jss.v067.i01.

70.



