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Summary

Ever since crop plants were first domesticated, they have undergone emeoous genetic
changes. The effect of this domestication on the plant microbiome has recently started to be
ET OAT OEOAI U OOOBAEAA xEOE OEA EIT OAT OEI T 1 &
on the diversity, assembly, function, inter/intra-kingdom network analysis of root
associated microorganisms is yet to be studied. The ultimate goal of the thesis was to explore
how plant domestication affected the rootassociated microbiome structure, diversity, ce
occurrence and ceevolution of seeds, root edophytes, and the rhizosphere microbiome.
Different wheat and batey varieties were chosen as model crop plants in this study because

of their long domestication history, nutritional value, and economic importance.

In the first phase of the study, the impact of domestication on the assembly, diversity, and
microbial network of seed endophytes of wild and domesticated wheat and barley species
was investigated. Subsequently, the phylogenetic resemblance between cereals and their
spermosphere as an indicatia for co-evolution between plants and microbes was examined.
The main finding of this study was higher microbial diversity which was found in modern
wheat species compared to their corresponding wild progenitors. In contrast, more microbe
microbe interactions were observed in wild species. FurthermoreCutibacterium known as

a humanassociated bacteria genus, was found enriched in cultivated cereals as compared to
wild cereals. A strong phylogenetic congruence between seed endophytes and host plants

was discovered through ceevolutionary analysis.

In the second phase, the effect of plant domestication on thecrobial abundance, diversity,
microbial network, and the assembly process of endorhiza and rhizosphere microbiome of
two couples of genetically conected wheat species (wild diploidAegilops tauschivs modern
hexaploid Triticum aestivurm wild tetraploid T. dicoccoidess modern tetraploid T. durum)
were studied in different environments. For this purpose, a field study was conducted in
three locations (experimental farms of dustus Liebig University: Grol3Gerau, Weilburger
Grenze and Rauischholzhausenin Hessen, Germany. The distinct habitat microbiomes were
evaluated usingthe 16S rRNA gene and fungal ITS2 amplicon sequencing. First, the effect of
domestication on the seeetransmitted microbiome to endorhiza and rhizosphere was

demonstrated by comparing the proportion of seed ASM&mplicon sequence varians) that
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transmitted to endorhiza and rhizosphere microbiomesat three locations. The relative
proportion of seed-transmitted microbiome was higher, as well as more diverse in the
endorhiza and rhizosphere of diploidA. tauschiicompared to other tetraploid and hexaploid
wheat species. Furthermore, a significant location effect on the relative propton of fungal

seedtransmitted microbiome than bacteria was found.

Second, the comparison of differently abundant species revealed that more bacterial genera
were differently enriched in the rhizosphere ofA. tauschiithan the other wheat species that
were grown in the same site. The differential abundance test showed that the rhizosphere of
genetically related couples of wheat species was found enriched with similar bacterial and
fungal genera from the bulk soil however, the composition of these enrichedicrobiomes

was different between locations.

The difference in the betadiversity of bacterial and fungal microbiota between wild and
domesticated wheat species was found only in the root endosphere but not in the
rhizosphere. However, differential abundace analysis of the rhizosphere microbiome
revealed a compositional shift in the rhizosphere of modern wheat species. Furthermore,
different domestication effect was observed between two couples of genetically connected
wheat species; more drastic changesere found between modern hexaploidl. aestivumand

its diploid D genome donor diploidA. tauschicompared to the other couple. In both modern
wheat rhizosphere, the bacterial microbiome was found enriched. As well as the abundance
of the fungal microbiome was increased however their diversity was reduced, particularly
pathogenic fungi, compared to their wild relatives. Furthermore, less crosengdom
connectedness was found in the rhizosphere of modern species compared to their ancestors.
Besides, the abodance of bacterial genes responsible for the production of proteins
involved in nutrient cycling was reduced in the modern wheat speciesompared to their
wild relatives. The correlation of rhizosphere microbiome with functional gene indicated the

key microbial species in natural habitats that play a pivotal role in microbial interactions.

By investigating the microbiome of wild plants, we provide insights into the influence of
domestication on spermosphere/root endosphere/rhizosphere microbiome compositbn
and function, and this knowledge can be utilized to restore beneficial associations in current

cultivars.
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Zusammenfassung

Seit der ersten Domestizierung von Nutzpflanzen haben diese enorme genetische
Veranderungen erfahren. Die Auswirkungen dieser Doestizierung auf das pflanzliche
Mikrobiom werden seit der Erfindung der "Omics*Techniken intensiv untersucht. Die
Auswirkungen der Domestizierung auf die Diversitat, den Aufbau, die Funktion und die
Analyse von Netzwerken zwischen und innerhalb der Domamevon wurzelassoziierten
Mikroorganismen mussen erst noch untersucht werden. Ziel dieser Arbeit war es, zu
untersuchen, wie sich die Domestizierung von Pflanzen auf die Struktur, die Vielfalt, das
gemeinsame Vorkommen und die gemeinsame Entwicklung von Sam Wurzelendophyten
und dem Mikrobiom der Rhizosphéare auswirkt.VerschiedeneWeizen und Gersterarten
wurden in dieser Studie aufgrund ihrer langen Domestikationsgeschichte, ihres Nahrwerts

und ihrer wirtschaftlichen Bedeutung als Modellpflanzen ausgewahl

In der ersten Phase der Studie wurden die Auswirkungen der Domestizierung adie
mikrobielle Struktur, deren Vielfalt und das mikrobielle Netzwerkvon Samenendophyten
von wilden und domestizierten Weizen und Gerstenarten untersucht. Anschlie3end wurd
die phylogenetische Ahnlichkeit zwischen den Getreidearten und ihrer Spermosphére als
Hinweis auf eine Koevolution zwischen Pflanzen und Mikroben untersucht. Das
Hauptergebnis dieser Studie warder Befund einer héheren mikrobielle n Diversitat von
Samenemophyten in modernen Weizenarten im Vergleich zu ihren entsprechenden wilden
Vorlaufern. Im Gegensatz dazu wurden bei wilden Arten mehr MikrobeMikroben-
Interaktionen beobachtet. Darliber hinaus wurde festgestellt, dasSutibacterium, eine mit
dem Menschenassoziierte Bakteriengattung, in kultivierten Getreidearten im Vergleich zu
Wildgetreide angereichert ist. Eine starke phylogenetische Ubereinstimmung zwischen
Samenendophyten und deren Wirtspflanzen wurde durch koevolutiondre Analysen

aufgezeigt

In der zweiten Phase wurden die Auswirkungen der Pflanzendomestikation auf die
Abundanz von Mikroorganismen, deren Diversitat, das mikrobielle Netzwerk in der
Endorhiza- und Rhizosphare von zwei Paaren genetisalerwandter Weizenarten (diploider
Wildweizen Aegilops tauschiivs. moderner hexaploider Triticum aestivunm tetraploider

Wildweizen T. dicoccoidesvs. moderner tetraploider T. durum in verschiedenen
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Umgebungen untersucht. Dafir wurde ene Feldstudie an drei Standorten
(landwirtschaftliche Versuchsstationen der JLU Grol$Gerau, Weilburger Grenze and
Rauischholzhausen)n Hessen, Deutschland, durchgefiihrt. Die unterschiedlichen Habitat
Mikrobiome wurden durch eine Amplikon-Sequenzierung desl6S rRNAGeres und der
ITS2Regionuntersucht. Zunachst wurde die Aswirkung der Domestikation auf das von
den Samen auf die Endorhiza und die Rhizosphare tUbertragene Mikrobiom durch den
Vergleich des Anteils der SameASVSAmplicon sequence variant) die auf die Mikrobiome
der Endorhiza und der Rhizosphére Ubertragen wuen, an den drei Standortenanalysiert.
Der relative Anteil des durch Samen Ubertragenen Mikrobioms war in der Endorhiza und
Rhizosphére des diploiderA. tauschihdher und vielfaltiger als bei anderen tetraploiden und
hexaploiden Weizenarten. Aul3erdem wule ein signifikanter Standorteffekt auf den
relativen Anteil des von Pilzen Ubertragenen Mikrobioms im Vergleich zu Bakterien

festgestellt.

Der Vergleich der unterschiedlich h&ufig vorkommenden Artenzeigte, dass in der
Rhizosphare vonA. tauschimehr Bakieriengattungen signifikant angereichert waren als bei
den anderen Weizenarten, die am selben Standort angebaut wurdddie Untersuchung der
Abundanz der einzelnen Bakteriengruppen zeigte, dass die Rhizosphare genetisch
verwandter Paare von Weizenarten mitahnlichen Bakterien und Pilzgattungen aus dem
Feldbodenangereichert war, die Zusammensetzung dieser angereicherten Mikrobiome war

jedoch je nach Standort unterschiedlich.

Ein Unterschied in der BetaDiversitat der bakteriellen und pilzlichen Mikrobiota zwischen
wilden und domestizierten Weizenarten wurde nur in der Wurzelendosphéare, nicht aber in
der Rhizosphare festgestellt. Die Analyse déinterschiedein der Abundanzdes Mikrobioms

in der Rhizosphéare ergab jedoch eine Verschiebung der Zusammensetzuity der
Rhizosphare moderner Weizenarten. Dartber hinaus wurden zwischen zwei Paaren
verwandter Weizenarten unterschiedliche Domestizierungseffekte beobachtet; zwischen
dem modernen hexaploidenT. aestivumund seinem diploiden DGenomspenderA. tauschii
wurden im Vergleich zu dem anderen Paar drastischere Veradnderungen festgestellt. In
beiden modernen WeizerRhizosphdren wurde eine Anreicherung des bakteriellen
Mikrobioms festgestellt. Auch die Abundanz des Pilzmikrobioms war erhéht, jedoch war

deren Vielfalt, insbesondere die der pathogenen Pilze, im Vergleich zu ihren wilden



Summaryll

Verwandten reduziert. Dartber hinaus wurde in der Rhizosphare moderner Arten im
Vergleich zu ihren Vorfahren eine geringere Interaktion zwischen den Pilzund

Bakterienfestgestellt. AuRedem war die Abundanz der bakteriellen Gene, die fir die
Produktion von Proteinen verantwortlich sind, die am Nahrstoffkreislauf beteiligt sind, bei
den modernen Weizenarten geringer als bei ihren wilden Verwandten. Die Korrelation
zwischen dem Mikrobiom dcer Rhizosphére und den funktionellen Genemeigte diejenigen

mikrobiellen Spezies in natirlichen Lebensraumenauf, die eine zentrale Rolle bei

mikrobiellen Interaktionen spielen.

Durch die Untersuchung des Mikrobioms von Wildpflanzen erhalten wir Einblickwie die
Domestizierung die Zusammensetzung und Funktion des Mikrobioms der
Spermosphare/Wurzelendosphére/Rhizosphéare beinfluRte und ermdéglicht die Nutzung

dieses Wissen, um vorteilhafte Assoziationen in aktuellen Kultursorten wiederherzustellen.



Chapter 1: General introduction
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1.1. Rhizosphere microbiome

The plant microbiome has an important role in overall plant performance. These host
associated microorganisms and the host are called holobiont andehsum of the genetic
information of the host and its microbiota is the hologenome (Theis et al., 2016; Zilber
Rosenberg & Rosenberg, 2008) or holobiome (Guerrero et al., 2013). Microbial symbionts
can develop close, historic, and/or cooperative relationsipis with their hosts (Zilber-
Rosenberg & Rosenberg, 2008). Most of the interactions take place in the rhizosphere, where
plant roots meet the soil. Both prokaryotic Bacteria and Archaeg and eukaryotic
(Mycorrhizal fungi, protists) macro/microorganisms constitute the rhizosphere
microbiome, which continuously interacts with each other as well as with their host plant.
The intricate microbe-microbe and microbehost interactions are frequently the sources of

major microbiome impacts on plant fithess (Lemanceaet al., 2017).

As a result of plant breeding and domestication, plants and their associated microbiome have
undergone enormous changes (Abbo et al., 2014; Bulgarelli et al., 2012; Pédaramillo et
al., 2016). Plant microbiome and domestication studiesf the different plants are essential
contributions to sustainable agriculture growth. However, there is a general lack of research
on the effect of plant breeding on microbamicrobe, microbe-host interactions, microbial
composition, and function. This resarch aims to identify and evaluate the scale of the
domestication effect on rootassociated microbiomeinteraction, structure, and functions

employing high-throughput sequencing technology.

1.1.1. Importance of rhizosphere microbiome

Every plant organ habors a unique microbial consortium and has distinct functions. Overall
plant fitness strongly depends on its microbiota and can also be increased by
microorganisms (Aschehoug et al., 2014; Newcombe et al., 2009; Redman et al., 2011). These
microorganisms constantly interact with their host plant, surrounding environment (air,
water, solil etc.), as well as each other, and develop complex interactions, which ultimately
have a neutral, beneficial, or negative effect on plant health and survival. The most cdexp
and active interactions take place in the rhizosphere, which is the interface of root and soil,
known to have diverse micro/ macroorganisms like bacteria, fungi, archaea, protis,
nematodes, viruses, earthworms, and others. The physicochemical propesi of the

rhizosphere are different from the surrounding bulk soil and a hotspot for microorganisms
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due to actively released biochemical compounds (lownolecular-weight compounds: amino
acids, organic acids, sugars, flavonoids, aliphatic acids, fatty agidgecondary metabolites,
and high molecular weight compounds: mucilage, proteingBokhari et al., 1979; Herz et al.,
2018; Schurr & Schulze, 1995). Rhizomicrobiome provides important functions for
maintaining host plant health through microbial interactions. These benefits include abiotic
biotic stress alleviation, microbemediated nutrient acquisition, pathogen suppression, etc.
Indeed, rhizobacteria likePseudomonas fluorescens, Bacillus amyloliquefaci@esssal et al.,
2018), Rhizobium (Korir et al., 2017; Montafiez et al., 2009) and fungi likearbuscular
mycorrhizal fungi (AMF) (Thirkell et al., 2020) can assist plants by irsolubilizing inorganic
P, fixing nitrogen, and making many other vital micronutrients available for plant uptake. A
classic examjpe of the beneficial plantmicrobe corporation is the mutualistic symbiosis
between nitrogen-fixing rhizobia like Rhizobium leguminosarumand legumes where
microbes provide nitrogen supply to the plant in exchange fomutrients. Alsq suppression
of plant pathogens is often found between Pseudomonas capeferrunand plants. .
capeferrund can cooperatively trigger the production ofscopoletin, an aromatic organic
chemical compound releases from the root as a secondary metabolite, which can selectively
suppress the soitborne fungal pathogensFusarium oxysporumand Verticillium dahliae
(Stringlis et al., 2018).

Most of these beneficial relationships are often triggered by different stress conditions such
as drought (Sendek et al.,, 2019) or pathogen attackA{danov et al., 2012), and these
surviving mechanisms are conserved in the plant genomélg et al., 2021 Smith et al., 1999).

It is believed that the wild ancestors of currently cultivated plants have distinct strategies
for dealing with a variety of stressors (Mace et al., 2021; Simon et al., 2021). The mechanisms
of employing microorganisms to tolerate those stress conditions and these advantageous
traits can profoundly improve plant health and survival during possible increasing climate
change. Thus, may wild crop plants showed higher resistance against pathogens and stress
tolerance than the cultivated accessions. For example, wild ancestors of Finger millet
(Eleusine coracandL.) Gaertn subsp.coracang showed stronger tolerance against blast
disease-causing fungusMagnaporthe griseaDida et al., 2021). Furthermore, wild relatives
of eggplants Golanum melongena)Kouassi et al., 2021), alfalfa Nledicago satival.)
(Humphries et al., 2021), Sorghum orghum bicolorL.) (Ochieng et al., 2021) displagd
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strong tolerance against drought. Discovering the pladbeneficial effects produced by
certain inhabitants of the rhizosphere microbiome is critical for plant health and

productivity.

1.1.2. Endorhiza and rhizosphere and microbiome assembly driving fact ors

Root endosphere microbiome

-EAOT AEAT ATITTTEUAOGEIT 1T &£ ET OAOT Al OEOOOAO 1
et al., 2020) and is transmitted to seedlings (Johnstellonje & Raizada, 2011; Lope¥elasco

et al., 2013). Another major source of the root endophyteare soil microorganisms that
penetrate (through the root tips, wounds, and stomata) and colonize the plant root
endosphere Compantet al.,2010). However, root endophytes are lesdiverse than the bulk
soil from which they emerged, since they require particular adatations to colonize the
rhizosphere and to gain access to roots (Knights et al., 2021; Schlaeppi et al., 2014). Intimate
symbiotic and mutualistic connections with the host might be developed as a result of the
long-term co-evolution of hosts with certainmicroorganisms. A field study in Australia with
470 samples (235 roots and 235 associated bulk soil) from 31 plant species across six plant
communities showed thatBradyrhizobium, Rhizobium Burkholderia, WPS2, Ellin329, and
FW68 (uncharacterized lineages) are conserved in the root across plant phyla during plant
evolution, and these core root microbiome has evolved with their host plants over million
years (Yeoh et al., 2017).

The dominant colonizers of the root endosphere are endophyti@MF, bacteria, achaea,
often specific to their host plant. Their interaction with their hosts often benefits the host
plant through better uptake of soil nutrients (Knights et al., 2021; B. Wang & Sugiyama, 2020;
Yeoh et al.,, 2017). An examplef such beneficial endophyic root colonization is the
association of cereals, nonlegume crops, andrabidopss with nitrogen-fixing bacteria
Azorhizobium caulinodangCocking, 2003).

Rhizosphere microbiome assembly is a geographical and dynamic process that is triggered
by, soil type androot exudates and plant growth stage.

Plant genotype and growth stages effect on the rhizosphere microbiome

Plants can influence the microbiome in their rhizosphere and each plant species fosters a
distinct group of rhizosphere microorganisms (Ofeket al., 2014). The evolutionary history

of host plants can significantly affect the assembly and composition of their associated
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bacterial microbiomes as proved by Bouffaud and colleagues (2014) on maize genotypes and
other Poaceaewith the associated baterial microbiome. The results showed that the
phylogenetic distance between Poaceae genotypes significantly correlated with the
rhizobacterial microbiome. The effect of plant genotype is better observed when plants are
compared with their wild relatives as recently demonstrated by Cordovez and colleagues
(2021) in tomato plants. They studied rhizosphere microbiome dynamics over successional
cultivation and found an increased dissimilarity in rhizosphere microbiome assembly
between wild and domesticated tonatoes.

The host specificity of microbes can be also associated with their genome as Pawlowski et
al., (2020) showed that specific tré lociidentified in the genome of soybean are responsible
for making symbiotic interactions with AMF. Their findings arein line with the study by
Batstone et al. (2020), where they inoculated five legume genotypes Midicago truncatula
with the known ability of selection for effectiveness in Nixation with two, ineffective and
effective NHixing rhizobial isolates ofEnsfer meliloti which were previously co-cultured for
five generations ofMedicago truncatula E. melilotiquickly adapted to its local host genotype
and derivedother beneficial microbes when they ceevolved with their host plant (Batstone

et al., 2020).

Depending on the plant genotype, the content of root exudate differs as Mdnchgesang et al.
(2016) discovered a strong variation in root exudate chemistry amongArabidopsis
accessions. Indeed, plarspecific biochemical compounds released from the root tipattract
specific microorganisms in the rhizosphere. Haichar et al. (2008) determined bacterial
communities according to preferences of carbon source (root exudates vs soil organic
carbon) in the rhizosphere of wheat, maize, rape, and barrel clover, usingstable isotope
probing approach. Sphingomonadalesvere found to be specific to monocots wheat and
maize, whereas bacteria related toEnterobacter and Rhizobialeswere considered as
generalists as they utilized both fresh and ancient carbon. Another simil@anvestigation of
the rhizosphere microbiome has revealed thatBacillaceae and Rhizobiaceae were
specifically recruited by multiple tomato genotypes (French et al., 2020).

For certain plant species growing on identical soil conditions, the influence ofgnt genotype
can be larger due to local microbiome selection of genotypes as observed by Wang &
Sugiyama, (2020) in the root microbiome of flowering plants. Furthermore, MatusAcufia et

al. (2021) showed maize genotype effect on eukaryotic rhizosphere nm@biome of three
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maize landraces and one inbred line growing in identical soil. Matu&cufia and colleagues
also found that the maize genotype can shape its rhizosphere eukaryotic microbiome. These
results suggest that plantspecific microbes are mostly affected bythe plant genotype.
Rhizosphere microbiome establishment and composition constantly change and progress
during the whole plant development stages (Chaparro et al., 2013; Cordovez et al., 2021).
The microbiome variation in the rhizosphere is mainy related to the changes in root exudate
composition (Zhalnina et al., 2018). The interaction of plant exudation traits and microbial
substrate consumption result in the patterns of microbiome formation observed in the
rhizosphere of an annual grass (Zhalna et al., 2018). Using a combination of DNBased
community mapping and isolate phenotyping, Hu et al. (2020) proved that by comparing the
rhizosphere microbiome of tomato plants(Lycopersicon esculentujin different grow stages
(seedling, flowering, ard fruiting stages), that the highest stress resistance against abiotic
and functional diversity occurs during the flowering stage. Berlanas et al. (2019) found that
the composition of fungal and bacterial rhizosphere microbiome changed between old and
young grapevine genotypesand also identified distinct microbial taxa Bacillus Glomu3

associated with grapevine rootstocks.

Depending on plant genotype or growth stage, root architecture changes, and this is highly
correlated with the rhizosphere microbiome. For example, root system architecture
significantly changed during domestication due to the selection of specific traits (Maccaferri
et al., 2016). A comparative study of root system architecture showed substantial differences
between the rhizosphere mcrobiome of wild and modern maize lines (Szoboszlay et al.,
2015). According to this study, potential Nacetylglucosaminidase activity was the main
contributor for the found differences in teosinte rhizosphere than other corn species. The
results are in line with the results of PérezJaramillo et al. (2017) where they showed the
variability in rhizobacterial microbiome assembly between the common beanRhaseolus

vulgaris) and its relatives related to changes in root length.
The effect of root exudates onionobiome composition

Root exudates (soluble or volatile) are mainly divided into two types. The first one is the
primary metabolites containing variable sugars, amino acids, and organic acids that are

released from the root apical meristem and rapidly utized by fastgrowing generalists. The
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second type is the secondary metabolites, terpenoids, phenolics, alkaloids, nitrogeand
sulfur-containing compounds, which are believed to have more roles in the shaping root
microbiome structure (Clocchiatti et al, 2021; Voges et al., 2012 Both primary and
secondary root metabolites play an important role in microbiome functioning and
assemblies such as plant nutrition enhancement, defense mechanisms against pathogen

attack, and abiotic stress mitigation.

Plant nutrition can be improved by secondary metaboliteinduced microbe-microbe, host
microbe interactions in the rhizosphere and this includes symbiotic associations with
beneficial microbes, such as mycorrhizae, rhizobia, and plant growgbromoting
rhizobacteria. For instance, as a strategy to attract nitrogefixing rhizobia symbionts
legumes produce flavonoids to stimulate bacteriahod genes (Varma et al., 2017). The
phytohormone strigolactones a secondary metaboliteyitiate the natural colonization of
many plant roots by AMF (Varma et al., 2017). Furthermore, secondary metabolites are
important in the early colonization of plant growth-promoting bacteria in roots. Using
Arabidopsis thalianaseedlings, AllardMassicotte et al. (2016) revealed thatA. thaliana
actively recruited B. subtilisvia root-secreted chemicals, which are mediated through the

chemoreceptors.

Root exudates are also important in plant defense mechanisms. For example, the
Barrassicacealant family can produce sulfurcontaining phytoalexins, which can suppress
pathogenic fungal growth. The signaling of secondary metabolites, such as jasmonic acid,
ethylene, and salicylic acid induces plant resistance (Fan et al.,, 2017). For instance,
Pseudomonasp inoculation can promote the productionof benzoic acid and salicylic acid

expression against the groundnut stem rot pathoge&clerotium rolfsii(Ankati et al., 2019).

Another group of secondary microbial metabolitess volatile organic compounds (VOCS).
VOCs are important signaling molecules whin bacterial communities against pathogens.
Alkanes, alkenes, alcohols, ketones, terpenoids, and sulfur compounds are some of the
chemical classes of microbial VOCs. Schenkel et al. (2015) demonstrated that VOCs are
produced by most rhizobacteria. Usingsolation, soil bioassays, comparative genomics, and
metabolite profiling, Carrion et al., (2018) revealed significant diseassuppressive activity

of Paraburkholderia graminisagainst fungal root pathogerRhizoctonia solaniThe antifungal
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activity of Pa.graminis PHS1 was associated with genes that encode the production of
sulfurous volatile compounds.Trichodermaspp. are also known to produce VOCs, such as

heptanal, octanal, and anethyl-1-butanol that can inhibit fungal growth (Guo et al., 2019).

Finally, stress alleviation byroot-exuded coumarins induces an adaptive reaction of plants
against iron deficiency by modulating the rhizosphere microbiome for iron mobilization
(Voges et al., 2019) Fa example, inoculation of pennyroyal (Mentha pulegiumL.) with
Azotobacter chroococcumAzospirillum brasilensereduced drought stress significantly by
increasing secondary metabolites including flavonoid, phenolic, essential oil contents
(Asghari et al., 2020). Aother microbial mechanism, phytohormones productbn by many
plant growth-promoting rhizobacteria (PGPR), to address stress management, is the

important microbe-mediated mechanism in plant performance.
Biotic and abiotic factors shaping rhizosphere microbiome

Soil microbiome can change dramatically acrogsme and geography, resulting in changes in
the microbial pool accessible for root/rhizosphere colonization. The primary drivers of
differences in soil microbiome composition are often nichéased factors, which consider
both abiotic and biotic factors. his implies that a set of attributes can contribute to a variable
selection effect on microbial populations, as well as expected and random events, resulting
in dynamic changes in microbiome assembly. The dynamic changes in the assembly of
bacterial and archaeal soil microbiome were observed by GosSouza et al. (2017) under
long-term grassland compared to other land management systems (forest and -tid
cropping). Furthermore, weather patterns and season, land usage, soil type, and
physicochemical properies, agriculture practices such as crop rotation, pesticide/fertilizer
inputs, and tillage, were all examined as biotic and abiotic variables impacting the structural
and functional diversity of the soil microbiome (Fierer, 2017; Fuka et al., 2008; Laubet al.,
2009; Schmidt et al., 2019; Yin et al., 2017). Soil texture carfluence the soil microbiome
assembly by affecting biochemical soil reactions. Fuka et al., (2008) revealed the effect of soil
texture on the gene abundance encoding proteindegrading microbes in the soail.
Furthermore, phosphorus (P) mobilization by soil microbes in forest spodosolwas affected

by soil properties and soil depth (Achat et al., 2012). Additionally, carbon and nutrient

content, moisture, and pHvalue change the rhizosphee microbiome under different land
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use. Vieira et al. (2020) showed that the composition of active rhizosphere bacterial
communities in temperate grasslands was influenced by soil characteristics, notably by soil

texture, water content, and soil type.

Agricultural intensification drastically changes the environment in which crops are grown
and strongly modifies soil microbiome assembly. Fungal communities are altered as a
response to tillage. Fungal microbiome and alpha diversity in the rhizosphere and tusoil
were significantly higher under 6 years of zero tillage compared to conventional chisel plow
tillage during wheat growth (Wang et al., 2017). The application of fungicides and fertilizers
affects the soil microbiome as much as soil agriculture praates. Fungicides significantly
change the abundance, diversity, and function of the sailicroorganisms(Karas et al., 2018;
Monkiedje & Spiteller, 2002).

Environmental stress conditions like salinization, drought, flood, nutrient limitation can
significantly alter microbiome composition and can limit microbial activity. However, some

of the environmental stress conditions can induce planmicrobe interactions that can
mitigate these negative impacts. Pseudomonas Bacillus Azospirillum, Azotobacter,
Rhizobum, Bradyrhizobium, Trichoderma, Methylobacterium Cyanobacteriaand other plant
growth-promoting bacteria interact with their host for stress mitigation (Jochum et al.,
2019). The investigation of genomewide identification and protein expression analyss
revealed that during salt stress rice roots express OsGRAM genes, which induced beneficial
interactions with Bacillus amyloliquefaciens(SN13) (Tiwari et a., 2020). It was also
hypothesized by Cortés & Blair (2018) that wild relatives of currently cultvated plants might

be repositories of genes linked to drought resistance.

1.1.3. Vertical transmission of microbes and plant domestication

Along with environmental sources, seeds can be considered as one of the important origins
of the plant microbiome. &ed microbiota serves as an initial inoculant for plants and plays
a vital role in plant development and survival (Bulgarelli et al., 2015; Johnstellonje &
Raizada, 2011)It is known that the seedendophytes can promote seed germination (Goggin
et al., D15; Li et al., 2017) and benefit seedlings in several ways, including plant growth
stimulation by improved nutrient acquisition from soil (Johnston-Monje & Raizada, 2011)

and improved disease resistance against pathogens (Diaz Herrera et al., 2016; Kh&laf
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Raizada, 2018). Seetiorne microorganisms as the first inhabitants of the rhizosphere
promote the establishment of beneficial interactions in the rhizosphere through exuding
secondary metabolites and hormones in their immediate environment, attracting
microorganisms to inhabit the spermosphere, rhizosphere, and seedling (Truyens et al.,
2015; Vignale et al., 2018; Verma et al., 2019Ylicrobes can be transmitted from seeds to
root through two main pathways: i) vertically, where microbes are transmitted fom the
parent plant through embryo and pericarp, and ii) horizontally, where microbes are derived
from the environment (Hardoim et al., 2012; JohnstosMonje & Raizada, 2011). For example,
Alternaria, Clostridium, Paenibacillus Enterobacter, Methylobacteia, Pantoea, Erwinia,
Rhizobiales, Bacillus, Micrococcus, AcinetobagctelEmericella, Stenotrophomonas,
Brevundimonasand Pseudomonaspecies, which are often reported as seelorne species
(Hardoim et al., 2012; Huang et al., 2016; Johnstovionje & Raizaddh ¢mppn + Or 1 E /
2020; OfekLalzar et al., 2016; TorresCortés et al., 2019).

The majority of vertically transmitted microorganisms seem to have symbiotic, mutualistic
connections with their hosts. An isolateBurkholderia phytofirmansfrom the Zealandrace
seed was tested as a plant promoter and resulted in promoting shoot potato biomass
(JohnstonMonje & Raizada, 2011). Usingn vitro antagonism, Khalaf & Raizada (2018)
showed the antagonistic effects ofLactococcus Pantoeg Bacillus, and Paenibaillus
endophytes against fungal and oomycete pathogen®hizoctonia solani Fusarium
graminearum, Phytophthora capsici Pythium aphanidermatum that can threaten the
developing seedlings of cucurbit vegetables. A recent study also showed that the heritable
symbiont Epichloé coenophialdSordariomycetes) is a key microbial species of tall fescue
(Schedonorus phoenjxseed microbiome, which can modulate the fungal endophytic
communities (Nissinen et al., 2019). Due to the beneficial interactions between micred and
host plants, many plants have been grown without the use of fungiciddsr thousands of
years. However, whether these beneficial associations are affected or hindered during

domestication in modern agriculture, they need a more careful investigatian

The use of highthroughput technology has recently allowed a deep assessment of the seed
associated microbiome of wild and domesticated crop species. According to previous seed
endophyte studies, plant breeding significantly shifted the seed microbioméLeff et al.,

2017). Such as, Hassani et al. (2020) found that the vertically transferred bacterial
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microbiome of modern hexaploid Triticum aestivum was less complex and significantly
variable compared to wild emmerTriticum dicoccoidesMoreover, fungal ed endophytes
of wild Triticum dicoccoidesand Aegilops sharonensisontained more taxonomically diverse
fungal endophytes with known beneficial effects than modern bread wheal. aestivum
(Ofek-Lalzar et al., 2016). Furthermore, Kim et al. (2020)ound that domestication shifted
seed microbial communities of wild and domesticated rice with a strong effect on the fungal
microbiome. These results suggest that the domestication did not affect beneficial fungal
seed endophytes. However, it reduced pathogenfangi in modern crops as demonstrated
by Leff et al(2017) in Helianthus annuus The shift in fungal communities might lead to

reduced inter-kingdom networks which are important for plant fithess (Kim et al., 2020).

1.2. Domestication of crops

Plants stated to be gathered thousand years (50,000) ago by huntegatherers; however
active domestication of the majority of crops started around 10,000 to 12,000 years ago in
different parts of the world. The first domesticated crop plants weralifferent dependingon
the part of the word e.g. in Near Eastern agriculturlor examples emmer wheat, barley, lentjl
and pegandin the SubSaharan Africa agriculture plants like sorghum, pearl millet, cowpea
and yam. This areavas called the Vavilov center after the Rusian scientist Nikolai Vavilov
how first identified these centersin 1924 (Abbo et al., 2017).

During the domestication process, farmers used a few progenitor species and only seeds
from the best plants were used to create the following generation. Thigadds to the loss of
the progenitor's genetic diversity. Plants carrying favored alleles generated the most
offspring to each succeeding generation, while other alleles were removed from the
population, resulting in a greater loss of variety in favor of deged characteristics as shown
for the maize genome (Wright et al., 2005). For example, comprehensive pganome
analyses, based on 1,961 cotton lines, revealed that 32,569 and 8,851 wreference genes
were lost from wild Gossypium hirsutumand Gossypium arbadensereference genomes,
respectively, which accounts for 38.2 percent (39,278) and 14.2 percent (11,359) of genes
(Lietal., 2021).

The domestication process can be defined as a series of selection that leads to the

segregation of desirable traits fom parent wild species that are beneficial to agriculture
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(Lenser & TheilRen, 2013). Improved yield, increased fruit or grain size, regulating plant
development, reduced seed shattering, loss of need for vernalization, loss of day length
reliance, modificaion of root architecture, and loss of seed dormancy were among the
adaptations that made it possible for humans to cultivate the plants efficiently. The
intentional and unintentional selection for agronomic, morphological, and physiological
gualities results in genetic alteration and lower genetic variation and allelic diversity of

domesticated crops as well as a rise in their vulnerability to environmental challenges.

Quantitative trait loci (QTL) regulate some of the most significant morphological changes
that occurred during domestication. For example, theéQ locus grants freethreshing in
hexaploid wheat and is also involved in several other valuable domestication traits, including
flowering time, plant height, inflorescence architecture, and encodes aatnscription factor
from the AP2family which plays a crucial role in plant growth, development, and responses
to biotic and abiotic stressors (Olsen & Wendel, 2013). QTLs also regulate plant root
colonization and symbiotic interactions and are observean several crop chromosomes. A
recent study identified 6 quantitative loci in the genome of soybean linked to the colonization
of AMFRhizophagus intraradicegPawlowski et al., 2020). The same number of QTLs were
found in 94 winter wheat genotypes linked tomycorrhizal colonization (Lehnert et al.,
2017). A similar result was found in tetraploid wheatCAT 1T OUPAO OOET ¢ CA
association study (GWAS) and singleucleotide polymorphism (SNP) array by screening
127 wheat accessions inoculated with the AMF specieBunneliformis mosseaeand
Rhizoglomus irregulare GWAS revealed four significant quantitate trait nucleotides
involved in mycorrhizal symbiosis, located on chromosomes 1A, 2A, 2B, and 6A (Ganugi et
al., 2021). Furthermore, domestication can have an impact on ecological relationships, either
through modulating the expression of specific genelnked to tolerance against pathogens

or predators or through quantitative trait selection (Chen et al., 2015).

The accumulation of deleterious mutations in the genomes of domesticated crops is a
bottleneck of domestication. Lu et al. (2006) discovered thalomesticated rice lineages have
more non-synonymous replacements, particularly radical amino acid alterations, than wild
rice lineages. In comparison to their wild ancestors, domesticated lineages have more

deleterious mutations accumulated in their genmes (Moyers et al., 2018).
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During the selection of a specific plant trait, genome modification may occur due to amino
acid substitution, split-site mutation, regulatory changes, transposable elements, or genome
duplication (polyploidy). Many previous comparative studies found more enhanced physical

features, simplified morphologies, altered nutritional content, and weakened plant defenses
(Arzani & Ashraf, 2017; Roucou et al., 2018) in domesticated crop plants compared to their
wild relatives. These morphdogical changes due to genetic alterations in the host genome
are potential sources of hologenomic diversity within the holobiont (Hacquard, 2016).

Genetic alterations might have phenotypically neutral, deleterious, or favorable effects on

plant holobiont (Rosenberg et al., 2009).

Despite the fact that the genes that underpin domestication are increasingly being identified
(Doebley et al., 2006; Olsen & Wendel, 2013; Tang et al., 2010), little is known about how
domestication influences the expression of enes that are critical in microbehost

interactions.

1.3. Impact of domestication on the plant microbiome

Although domestication improved crop yield and overall performance, plant quantitative
traits involved in advantageous plantmicrobe interactions codd have been lost throughout
the domestication process, due to the selective breeding of a few particular traits. The
genome modification (gene duplication, accumulation of deleterious mutations, removals,
and translocations of QTLs) might have changed ocemoved the genes involved in microbial
symbiosis, root traits which might lead to reduced rhizosphere microbiome interactions. For
example, several QTLs were identified in different crops such as maize, soybean, and wheat
species linked to mycorrhizal cabnization (Lehnert et al., 2017; Pawlowski et al., 2020;
RamirezFlores et al., 2020) suggesting the possible influence of genetic modification on the
beneficial associations between host and microbes.

Furthermore, domestication of crop plants can affeatoot exudates by changes (regulatory
and/or protein modifications in specific genes, structural heterogeneity, transposons, or
genome doubling) in the expression of single genes associated with protein production that
can modify the molecular structure ofprecursors (produced in the TCA cycle, or the
shikimate pathway) for the synthesis of the secondary metabolites in primary metabolism
(He et al., 2003; Jacoby et al., 2021; Ober, 2005). Gene duplication leads to the tremendous

expansion of the gene catalogccurring in higher plant evolution that might contribute to
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the diversification of secondary metabolites (Gaynor et al., 2020; Hofberger et al., 2013). The
variable secondary metabolites lead to increased microbiome diversity in the rhizosphere of
modern cultivars as reported by Cardinale et al. (2015) in wild and domesticated lattice
rhizosphere.

Furthermore, previous rhizosphere microbiome studies claim that domestication shifted the
bacterial composition (Bulgarelli et al., 2015; Péredaramillo et al, 2017; Schlaeppi et al.,
2014) from slow-growing oligotrophic microorganisms that can easily adapt to lownutrient
conditions (Bacteroidetes Verrucomicrobig ~Gemmatimonadetes fungal phylum
Basidiomycotg towards fast-growing copiotrophic microbes effigently utilizing diverse and
abundant resources Proteobacteria Firmicutes Actinobacteriaz and fungal phylum
Ascomycota (Yao et al., 2017). Péredaramillo et al. (2017) associated the microbiome
assembly change in the rhizosphere d?haseolus vulgariso the genotype and specific root
phenotypic traits such as reduced fine hairs, increased exudation of simple sugars of modern
crops. They found thatBacteroidetesare associated with thin root hairs of wild ancestors of
current bean whereasActinobacteria and Proteobacteria are related with thick roots of
modern varieties. Furthermore, this microbiome composition shift seems to be correlated to
increased fertilizer input. A recent study by Terrazas et al. (2019) showed that the nitrogen
fertilizer altered the modern barley H. vulgaressp.vulgare) rhizosphere microbiome by
planting two genotypes of wild (H. vulgaressp.spontaneun) and domesticated (Hvulgare
ssp. vulgare) barley in an agricultural soil supplemented with and without nitrogen (N).
Under Nlimited conditions, wild barley genotypes had higher nitrogen andsulfur
metabolisms than contemporary genotypes, which had richer RNA and cell capsule
metabolisms (Terrazas et al., 2019).

A further change in the rhizosphere microbiome is a reduction in pghogenic fungi
abundance as well as beneficial fungi in modern crops (Szoboszlay et al., 201&ff et al.,
2017; Shi et al., 2019; Spor et al., 2020; Tkacz et al., 2020). These results suggest that current
crop plant cultivars may have lost some of the fictional traits required to attract host-
specific root-associated microorganisns which play important role in plant defense. For
instance, when tomato rhizospheres were exposed t&alstonia solanacearunpathogen
invasions, a stronger correlation was obtaied between pathogen invasion and reduced
rhizosphere bacterial diversity and abundance, fewer bacterial interactiosinetworks, and

loss of several functional genes (Wei et al., 2018). Furthermoréhe most effective and
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commonly used recessive resistancelgnt traits against pathogenshave beendetermined in
nature. Therefore, the recessive resistance traits can be found in the wild ancestors which
are genetically more diverse and adapted to pragricultural soils. Such aswild barley is
more resistant aganst mildew and rust than domesticated barley (Schmalenbach et al.,
2008).

Many changes in plant traits occurred in tandem with gradual changes in the environment
and management techniques throughout domestication. Reduced fungal rhizosphere
microbiome in modern crops implies that agricultural practices against pathogenic fungi
might destroy the natural balance of the microbiome where bacteria and fungi interact for
mutual benefit. Agricultural methods such as plowing, monaropping, or high fertilization
rates inhibit hyphal growth and reduce the functioning of the AMF symbiosis (MartiRobles

et al., 2018; Schmidt et al., 2019). Moreover, modern agriculture reduced the dependency of
AOI PO 11T 1 UAT OOEEUAI OUI AET OEO -RoBiedktal. (H0€8) Al 8h
compared root AMF colonization of 27 different crop species and their wild relatives under
varying available P conditions. They found that modern crops only established symbiotic
interactions when P was limited whereas wild relatives beefited from AMF regardless of P
availability. Besides mycorrhizal fungi, many saprophytic fungi speciescolonize the
rhizosphere and actively consume root exudates. The rhizosphere fungal microbiome may
also indirectly boost plant defense and developmentiowever, most of the widely applied
synthetic fungicides to suppress plant fungal pathogens are netarget meaning that the
chemicals can impact both pathogenic and nepathogenic fungi (Shao & Zhang, 2017).

Crop domestication also resulted in reduced d@racellular enzyme activity such as the total
abundance of ammonia monooxygenase gene copies gradually reduced from wild to modern
wheat species (Spor et al., 2020). Functional traits of modern crops can be changed during
plant domestication as shown by Saboszlay et al. (2015) that the potential N
acetylglucosaminidase activity patterns were different inthe teosinte rhizosphere than the
other corn varieties.

The domesticationrelated changes in the rhizosphere microbiome of modern crops might
weaken themicrobial network as reported by Kavamura et al. (2020) that fewer connections
between the microbiomes of tall cultivars were observed than of semdwarf cultivars.
Domestication also displaced intetkingdom connectivity of hub species from fungi to

bacteria in rice seed (Kim et al., 2020).
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intricate networks of interactions occurring within natural microbiomes. Nextgeneration
sequencing enabled the study of microbimes at virtually unknown resolution levels,
allowing the identification of hub species in environmental samples. Based on the connection
of their frequency patterns, this enabled the examination of potential interactions between
microorganisms. Based on th connection of their frequency patterns, we can examine the
potential interactions between microorganisms (Alibrandi et al., 2020; Cardinale et al., 2015;
Manirajan et al., 2018). Exploring the beneficial interactions in the rhizosphere of wild
relatives under natural conditions provides valuable insights about the lost traits during
domestication, which could then be reestablished using wild crops as a germplasm resource
to improve the longterm performance of currently cultivated crops. For example, the
verticillium wilt disease resistance polygenic trait of wildMentha can be used to develop
molecular markers for disease resistance alleles against the stibrne pathogenVerticillium

in modern mint species (Vining et al., 2020).

Comparative microbiomeanalysis of domesticated plants and their wild ancestors allows us

to comprehend the consequences of plant domestication at the microbiome level. This
knowledge may enable us to enhance crop performance and productivity by identifying the

lost key traits that are important for making beneficial microbehost as well as microbe

microbe interactions.

1.4. Cereal domestication and changes in the genome of modern wheat
Cereals are one of the first domesticated staple food crops. The cereals are particularly
esential, accounting for more than half of all calories consumed today

(http://faostat.fao.com/stats ). Most of the currently cultivated wheat are polyploids and

developed by hybridization between different species (allopolyploidy). The genome donors
of currently cultivated species are wild diploid wheat speciesTriticum urartu (AvAvY),
Aegilops speltoideqSS), Aegilops tauschii(DD), and Triticum baeoticum Boiss (AAP)
(Valkoun, 2001). For example, the wild emmeT.turgidum ssp. dicoccoide$AvAuUBB), which
is the progenitor of current tetraploid wheat species, originated from the hybridization

between wild Triticum urartu (AA) and Aegilops speltoidebneages (BB) (Valkoun, 2001).

A C
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Wheat evolution
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Figure 2. The pathway of domestication, evolution, genome formula, crossimyents of

current wheat species(Mya, million years agoya, years ag.

Around 10,000 to 12,000 years ago, the first cereal crops durum wheaffiticum turgidum

L. sspdurum (Desf.)) and emmer T. turgidumssp.dicoccun) from wild emmer (T. turgidum
ssp. dicoccoide¥ was primarily domesticated in the Fertile Crescent alongsideith einkorn,
barley (Valkoun, 2001). After that, tetraploid wheat speciesT. turgidumssp.turgidum) was
secondarily bred from the domesticated emmer wheat, followed by the subgaent breeding
of hard-grain durum wheat (T. turgidum ssp.turgidum convar) (Gioia et al., 2015; de Sousa
et al, 2021). Hexaploid bread wheat Triticum aestivum (AUYAUBBDD) originated from a
hexaploidization as a result of hybridization between a descendardf the first tetraploid
emmer (A“A'BB) and the wild diploid Aegilops tauschiCoss (DD) (Pont et al., 2019). Diploid
einkorn wheat Triticum monococcumL. (A"A™) is another early cultivated wheat that was

domesticated from its wild ancestor,Triticum baeoticumBoiss(APAP) (Valkoun, 2001).

Hordeinae subtribes within the Triticeae tribe (Poaceae family) include another

economically important cereal, barley Hordeum vulgaressp.vulgareL.). Barley is a member
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of the Hordeumgenus, which consists of 33 specidkat carry one of the four diploid genomes
known as H, I, Xaand Xu (Brassac et al., 2012). Annual, diploid wild barley. vulgaressp.
spontaneumC. Koch (genome 1) is the direct progenitor of cultivated barley (Sakuma et al,
2011).

Cereals, being themost genetically, physiologically, and morphologically transformed
agricultural plants throughout domestication, provide an intriguing paradigm for studying
the impact of domestication on plantmicrobial interactions in the rhizosphere. Wheat has
long beena strong choice for yield enhancement, first through domestication and then
through selection and breeding due to nutritional and economic importance. However,
domestication has resulted in decreased allelic diversity. The most significant gene diversity
loss occurred in currently cultivated modern wheat species hexaploid’. aestivumand
tetraploid T. durum.According to previous investigations, the genetic diversity was lost by
69% in hexaploid bread wheat and by 84% in tetraploid durum wheat during domegation
(Haudry et al., 2007) as a result opolyploidy. Wheat ploidy resulted in improved crops;
however, the polyploidy event is followed by a breeding bottleneck (Doebley et al., 2006), in
which the limited number of plants participating in the creatian of a new polyploid species
limits its early gene diversity. Along with the reduction in gene diversity, genomic alterations
occurred in the genome of modern wheat species. For example, thiardness(Ha) locus
governs grain hardness and leads to soft wheégrains, and is found in the A, B, and D diploid
wheat genomes. The currently cultivated pasta wheat was developed by deletifta locus
from both wild and cultivated types of tetraploid (AB genome) wheat (Olsen & Wendel,
2013) during polyploidization. However, subsequent modifications, removals, and
translocations ofHain the D genome of hexaploid wheat resulted in variations in hexaploid
wheat seed quality, including semhard wheat varieties, which involved complicated
rearrangements and recombination letween genetic elements (Chantret et al., 2005).
Another effect of polyploidy includes duplication and subsequent loss of separate paralogs
(Olsen & Wendel, 2013). The alterations in the Q gene were caused by a single valoe
isoleucine amino acid replaement in the A homolog after polyploid formation and the
reunion of these nowdiverged paralogs into a shared nucleus (Olsen & Wendel, 2013). Lv et
al. (2021) discovered that the Asubgenome in tetraploid wheat species had higher levels of

histone marker modification than the B-subgenome, and that hexaploid evolution and
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domestication had a distinct impact on the epigenetic modifications between the

subgenomes compared to tetraploid evolution and domestication.

Reduced allele diversity and gene modification as a result of quantitative trait selection
during cereal domestication have resulted in drastic physiological and morphological
changes in plants. For example, a garden experiment with 39 genotypes of tetraploid wheat
guantifying the vegetative phenotype of each genotype showed shorter leaf longevity, and a
shorter root system, but higher net photosynthetic rate, leaf production rate, and a higher

proportion of fine roots in modern cultivars than in wild forms (Roucou et al., 2018).

The significant impacts of domestication and breeding on root exudate composition were
found between the rhizospheres of wild and cultivated wheat species (lannucci et al., 2017).
Furthermore, the compositional changes in mineral nutrient concentrations between high
yielding modern wheat seeds and lowyielding wheat cultivars were previously reported
(Cakmak et al., 2000; Chatzav et al., 2010). However, how the plant microbiome reacted or

adapted to domestication is mostly unknown.
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1.5. Aim of the study
The overall gal of the thesis was to explore the rhizosphere microbiome of wild relatives of
currently cultivated wheat and barley varietiessearching for traits that might be involved in
the beneficial microbial associations during plant domestication through identifing the
root-associated microbiome structure, diversity, microbial network, ceevolution of
endophytes with their host plants, root endophytes, and the rhizosphere microbiome.

The main objectives of the studies were:

1. To study the impact of plant domestation on the seed endophyte composition, diversity,
and cooccurrence by comparing four cereal crops Triticum monococcum Triticum
aestivum Triticum durum, and Hordeum vulgarg¢ and their wild relatives (Triticum
baeoticum Aegilops tauschiiTriticum dicoccoides andHordeum spontaneumrespectively),
as well as to test the ceevolution patterns by constructing phylogenetic coherence between

cereals and their seed microbiota.

2. To investigate the impact of domestication on seettansmitted and soil-originated
microbiome of the endorhiza and rhizosphere microbiome. Furthermore, to study the effect
of environment and plant genotype orboth the root and rhizosphere microbial colonization.
Finally, trace the ceevolution, by comparingthe relative proportion of microbial seed

transmission andmicroorganism recruitment of wild and domesticated wheat species.

3. To study the abundance, assembly, and int&ingdom network of the rhizosphere/root
endosphere bacterial and fungal microbiome of two genetically retad (diploid wild
Aegilops tauschiivs hexaploid bread wheatTriticum aestivunt tetraploid wild Triticum
dicoccoidews tetraploid pasta wheatTriticum durum) wild and domesticated wheat species.
Moreover, to identify key species in the bacteriak fungal networking. Furthermore, to
evaluate the effect of domestication on the abundance oficrobial genesencodng enzyme

involved in N and Rcyclesin the rhizosphere.
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suggesting an interkingdom transfers of microbes from human to plants during domestication. Co-
evolution analysis revealed a significant phylogenetic congruence between seed endophytes and host
plants, indicating clues of co-evolution between hosts and seed-associated microbes during domestica-

tion.

Conclusion: This study demonstrates a diversification of the seed microbiome as a consequence of

domestication, and provides clues of co-evolution between cereals and their seed microbiota. This knowl-

edge is useful to develop effective strategies of microbiome exploitation for sustainable agriculture.

@ 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Endophytes are harmless microorganisms living inside plant
tissues. Microbial endophytes colonize all plant organs |1, includ-
ing seeds. The presence of endophytes in the seeds of several plant
species has been previously reported, including cereals [2-5].
Microorganisms were hypothesized to have co-evolved with their
host plants and animals, and developed symbiotic relationships
with the hosts over the years [G). It has been demonstrated that
seed-borne microorganisms facilitate germination by protecting
seeds from predation and attack by pathogens [7,8| and by reduc-
ing abiotic stresses [9,10]. Moreover, these microbes have a role in
plant growth promotion and biocontrol of phytopathogens
[4.11,12]. Seed endophytes can later be critical in shaping the root
microbiota by ‘priority effect’ [ 13] as they are able to colonize very
efficiently the rhizosphere | 14). This vertical transmission of seed
endophytes was reported for some cereal species, such as maize
[2], wheat [15], and barley |3]. However, the underlying evolution-
ary principles of these interactions remain to be elucidated. This
knowledge is necessary to implement effective strategies of micro-
biome integration into the responsible management of soil and
resources, to achieve a more sustainable modern agriculture |16~
17).

Wheat and barley are considered as the earliest domesticated
crop plants and are, respectively, the first and the fourth most cul-
tivated cereals in the world (FAO - Statistical pocketbook 2018:
www.fao.org/3/CA1796EN/ca1796en.pdf). Different varieties of
barley and wheat were domesticated from their wild ancestors
about 10,000 years ago | 18]. Throughout the domestication period,
wild plants were transformed into food crops as a result of con-
scious and unconscious genetic selection of important traits, such
as grain size and shape, and seed hull elimination [19]. As the
plants evolved, their associated microbiomes are supposed to have
undergone substantial changes, too, for instance, because of the
loss of the fruit shell |2]. Several studies investigated the influence
of plant genotype, crop rotation, fertilizer inputs, fungicide and
herbicide application, and cultural practices on the composition
of seed endophytes [2,20,21|. Modern plant cultivars may have
missed some of the characteristics required to attract beneficial
microbes compared to their wild relatives, which are more adapted
to pre-agricultural soils [22-24].

Regardless of these evolutionary changes, grains of currently
cultivated crops appeared to carry similar microbiota as their wild
relatives |2,25]. However, to what extent domestication affected
the diversity of seed microbiota and whether these bacterial com-
munities preserve the same traits than in wild forms remains
unclear. In this work, to explain the effect of genetic selection
and domestication on cereal seed microbiota, wheat and barley
were selected because of their historical, economic, and agricul-
tural value. The species analyzed here include three cultivated
wheats, Triticum aestivum L. ssp. aestivum (hereafter "“Triticum aes-
tivum™), Triticum monoccocum L. ssp. monoccocum (hereafter “Triti-
cum monococcum™), Triticum durum Desf. ssp. durum (hereafter
“Triticum durum”), and the three corresponding wild ancestors,
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Aegilops tauschii Coss. ssp. tauschii (hereafter “Triticum tauschii”),
Triticum baeoticum Boiss. ssp. baeoticum (hereafter “Triticum
baeoticum™), and Triticum dicoccoides Schweinf. ssp. dicoccoides
(hereafter “Triticum dicoccoides™), as well as the cultivated barley
Hordeum vulgare L. ssp. vulgare (hereafter “Hordeum vulgare”) and
its ancestor Hordeum vulgare K.Koch. ssp. spontaneum (Coss.) Thell.
(hereafter “Hordeum spontaneum”) (Fig. 1).

In order to confirm genetic bounds with corresponding ances-
tors of wheat and barley, genetic distances need to be measured.
Several molecular methods can be used for assessing plant genetic
distances, including Amplified Fragment Length Polymorphism
(AFLP), Restriction Fragment Length Polymorphism (RFLP), Ran-
dom Amplified Polymorphic DNA (RAPD), Inter-Simple Sequence
Repeat (ISSR), Simple Sequence Repeat (SSR), among others. RAPD
analysis was selected for this study because it is an effective and
established method to measure genetic polymorphisms in cereals
[26-28).

The objectives of this study were: i) to investigate the effect of
cereal domestication on seed endophytes in terms of diversity,
structure and co-occurrence, by comparing four crops and the four
respective ancestor species; ii) to test the phylogenetic coherence
between cereals and their seed microbiota, by comparing the
genetic relatedness between cereals with that between the seed-
associated bacteria (clue of co-evolution). We hypothesized that:
i) a more diverse bacterial microbiota is associated with the seeds
of current cultivars of wheat and barley compared to their ances-
tors, due to an ongoing process of microbiome diversification; ii)
the dominant species will be different in the cultivated crops due
to the effect of domestication; iii) more correlations (representing
potential microbial interactions) will be found in the wild species,
evolutionary older and therefore associated to a better-structured
microbiota; and iv) cereal evolution has been coupled with a
coherent evolution of their associated seed microbiota during the
domestication period.

Materials and methods
Seed samples used

Cultivars of three wheat species, Triticum aestivum, Triticum
monococcum, Triticum durum, as well as barley, Hordeum vulgare,
and their corresponding ancestors (Aegilops tauschii, Triticum baeo-
ticum, Triticum turgidum, and Hordeum spontaneum) were used.
Aegilops tauschii (2n = 2x = 14, DD genomes) is one of the three wild
diploid progenitors of the hexaploid bread wheat (Triticum aes-
tivum, 2n = 6x = 42, AABBDD genome), which has three sets of
homologous chromosomes, AABBDD, where D chromosomes
derive from Aegilops tauschii and AABB from Triticum dicoccoides
129,30]. Aegilops tauschii is distributed in eastern Turkey, Azerbai-
jan, Iran, Syria, and around the Caspian Sea [31].

Triticum baeoticum (2n = 2x = 14) is the wild ancestor of the ein-
korn wheat Triticum monococcum (2n = 2x = 14). It occurs in South-
east Europe and Turkey’s mountainous regions [32].
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Fig. 1. The evolutionary history of wheat and barley crops (green boxes) and their wild relatives, both used (orange boxes) and not used (gray boxes) in this work. Dotted
arrows show the parental lines of domesticated forms. Crosses indicate cross-breeding events.

Tetraploid Triticum dicoccoides (2n = 4x = 28, AABB genomes), is
the ancestor of the durum wheat Triticum durum [33]. The A and B
chromosomes of the tetraploid Triticum dicoccoides derive from an
earlier hybridization between Triticum urartu |[34] and Aegilops
speltoides |29] (Fig. 1). Durum wheat is predominantly cultivated
in the Middle East [35]. Hordeum spontaneum is the progenitor of
currently cultivated Hordeum vulgare, first domesticated in the
Israel-Jordan region | 36| and predominantly cultivated in temper-
ate areas.

Viable seeds were obtained from the Leibniz Institute of Plant
Genetics and Crop Plant Research (IPK), Germany. Five different
accessions for each plant species were used (Tab. S1; Fig. S1). All
seeds were produced, collected, and stored under the same condi-
tions at the IPK. Therefore, the only factor expected to generate dif-
ferences in the microbiota was the plant genotype. Once arrived at
our laboratory, the seeds were stored at 4 °C until analysis.

Seed surface sterilization and DNA extraction from seeds

The analysis was performed on two seed subsamples per cereal
accession, for two reasons: i) to increase the robustness of the
sequencing results and ii) to account for the low number of bacte-
rial sequences usually obtained by metabarcoding of seed micro-
biomes [5,37]. Prior to the genomic DNA extraction, two aliquots
of 10-15 seeds per each wheat or barley accession (total number
of samples: 80) were surface-sterilized under room temperature
by immersion into 70% ethanol for 2 min and then 2.5% steriliza-
tion solution (30 g NaCl, 1.5 g NaOH and 1 g Na,COs) for 15 min
|38]. Thereafter, seeds were washed with sterile distilled water
four times for increasing intervals (5, 15, 25, and 45 min) and
under shaking at 100 rpm. Surface sterilized seeds (2 samples
per plant accession, 80 samples in total) were grounded using ster-
ile pestle and mortar in liquid nitrogen. The DNA was isolated from
300-500 mg of grounded samples. Initially, each sample was
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added into a 2 ml screw-cap tube containing 200 pl of sterile glass
beads. Then, each sample received 800 ul of extraction buffer
(2.5 g1 ' SDS, 0.2 M sodium phosphate buffer, 50 mM EDTA and
0.1 M Nacl, pH 8). Cells were disrupted for 2 min at 30 Hz using
a cell disrupter MM400 (Retsch GmbH, Haan, Germany) and then
centrifuged (Heraeus Fresco, Thermo Fisher Scientific Inc., Wal-
tham, USA) at 12,000 x g for 5 min at 4 °C. The supernatant was
transferred into a new 2 ml microcentrifuge tube (Laborhaus
Scheller GmbH & Co KG, Euerbach, Germany). The cell disruption
step was repeated by adding another 700 ul of extraction buffer
to the pellet of the same sample. Before moving to the next step,
RNA was digested by adding 5 ul RNAse per 1 ml supernatant,
and incubated at 37 °C for 30 min. The RNA digestion was followed
by 500 ul of phenol/chloroform/isoamyl alcohol (25:24:1) addition.
The tube was then centrifuged again at 16,000 x g for 5 min at 4 °C
and then the upper, aqueous phase was transferred into the new
2 ml tube. Then 500 ul chloroform/isoamyl alcohol (24:1) was
added, mixed well by inverting, and centrifuged at 16,000 x g for
5 min at 4 °C. Again, the upper, aqueous phase was collected into
a new tube. One ml of precipitation buffer [20% polyethylene gly-
col, 2.5 M NaCl] was added and incubated at room temperature
for 30 min and finally centrifuged at 16,000 x g for 30 min at
4 *C. The precipitated DNA was washed with 800 pl ice-cold 75%
ethanol, dried beside the Bunsen burner flame, and dissolved in
30 pl nuclease-free water. The DNA was quantified by Nano-
Drop™ 2000 Spectrophotometer (Peqlab, Erlangen, Germany) and
then stored at 20 °C until further analysis. This DNA was used
for both, the RAPD analysis and the 16S rRNA gene library con-
struction for lonTorrent sequencing.

Ion Torrent sequencing of prokaryotic 16S rRNA gene libraries

High-throughput sequencing is a state-of-the-art method to
analyze the structure and diversity of microbiomes [39]. Here,



Y. Abdullaeva, B. Ambika Manirajan, B. Honermeier et al.

we used the lonTorrent metabarcoding of 16S rRNA gene libraries,
using a peptide nucleic acid (PNA) probe to reduce the amplifica-
tion of plant mitochondrial and plastid DNA [40|. The V4 and V5
regions of the 16S rRNA genes were PCR amplified from the 80 seed
samples using the primer 520F and 907 R [41,42/. Fifteen ul of PCR
reaction included 10 ng of seed DNA, 1 X KAPAHIFi (KAPA Biosys-
tems, Wodurn, MA) buffer, KAPA dNTP mix 200 uM each, primer
5 pM each, 15 uM of chloroplast-PNA [40] and mitochondrial-
PNAII (AAACCAATTCACTTGAGT, designed in this work to replace
the mt-PNA of Lundberg et al., [40], which was not suitable due
to the different position of the forward primer), and KAPAHiFi
polymerase 0.3 units. The PCR was performed using a MycyclerTM
(Bio-Rad, USA) for 20 cycles with the initial denaturation for 3 min
at 95 °C, cyclic denaturation for 20 sec at 98 °C, PNA annealing for
30 sec at 65 °C, primer annealing for 30 sec at 55 °C, an extension
for 30 sec at 72 °C and a final extension at 72 °C for 5 min. The sec-
ond PCR was prepared with primer 520F and 907 R comp, adapter,
and barcodes. The final volume of 50 ul contained 2 ul of the first
PCR product, 10 pul of 5X KAPAHIFi buffer, KAPA dNTP mix
600 pM, primer 5 pM and KAPAHIFi polymerase 1 unit. The PCR
was performed using MycyclerTM (Bio-Rad, USA) for 8 cycles with
the initial denaturation for 3 min at 95 °C, cyclic denaturation for
20 sec at 98 °C, annealing for 30 sec at 55 °C, an extension for 30
sec at 72 °C and a final extension at 72 °C for 7 min.

Final PCR products were eluted and purified from agarose gel
using NucleoSpin PCR purification kit (MACHEREY-NAGEL GmbH
& Co. KG, Diiren, Germany), followed by primer-dimers removal
using NucleoMag® beads (NGS clean-up kit, MACHEREY-NAGEL
GmbH & Co. KG, Diiren, Germany). The concentration of the puri-
fied PCR products was quantified using Qubit dsDNA HS assay kit
by Qubit® 3.0 fluorometer (Life Technologies, Carlsbad, USA) and
then adjusted to 1 uM. Two independent DNA extractions and PCRs
were done for each seed accession. The PCR products were then
pooled and the final concentration was again adjusted to 26 pM.
The pooled product was used for emulsion PCR with lon One Touch
2 (lon PGM Hi-Q View OT2 kit, Life Technologies, Carlsbad, USA).
The quality of the final product was assessed using lon Sphere
Quality Control Kit (Life Technologies, Carlsbad, USA) and loaded
on a 314 or 318 chip for sequencing with an lon PGM sequencer
(Life Technologies, Carlsbad, USA).

Analysis of Ion Torrent sequencing data

lon Torrent sequencing data were analyzed using QIIME 1.9
[43]. The reads of each two replicate samples per accession were
pooled together (number of samples analyzed = 40). The sequences
were length (200-500 nucleotides) and quality (threshold: 20) fil-
tered, then chimeric sequences were removed using VSEARCH [44].
OTUs were generated at a sequence similarity level of 97% using
the SUMACLUST method [45] and the “SUMACLUST exact” option
(a sequence is assigned to the best matching OTU rather than the
first OTU passing the similarity threshold). Taxonomy was assigned
using the reference sequences of the SILVA 132 database, release:
April 2018 [46). OTUs identified as plastids or mitochondria, as
well as singleton OTUs, were removed from the dataset.

Statistical analyses were performed in R using the OTU table
generated from QIIME. Taxa summary plots were created using
RStudio 1.1.463 [47], package ggplot2 [48|. To compare the alpha
diversity indices (Shannon, Simpson, Dominance, and Equitability)
and the relative abundances of taxa between wild ancestors and
cultivated crops, the Student’s t-test on a normalized data set (se-
quencing depth: 1000 reads per sample) was used, after false dis-
covery rate - FDR - adjustment of the p-values (Benjamini-
Hochberg method). Beta diversity was calculated based on non-
metric multidimensional scaling (NMDS) of weighted Bray-Curtis
dissimilarities, calculated on a normalized data set (sequencing
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depth: 1000 reads per sample); the statistical significance of the
factors “cultivation form™ and “species” was assessed using the
ADONIS test included in the R package ‘vegan’ [49].

The sequences were submitted to EMBL {www.ebi.ac.ukfena)
under the project number PRJEB36663.

Co-occurrence network analysis

Co-occurrence analysis using high-throughput sequencing data
is used to detect potential microbe-microbe interactions as well as
to identify hub species [50-52]. Studies on cereal seed endophytes
have been carried out focusing on identification, microbial compo-
sition, and community structure [15,53] and function |4,5]. How-
ever, a complex network of interactions within the seed
microbiota and the influence of evolutionary patterns on
microbe-microbe interactions were not yet investigated. To inves-
tigate the effect of domestication on the microbial interaction net-
work, the co-occurrence analysis was performed with the Co-
occurrence Network inference software (CoNet) [54), using not-
normalized data as recommended to reduce the compositional
effect [55). Only OTUs occurring in at least 10 samples were con-
sidered. Pairwise scores were calculated for four measures: the
Bray-Curtis and Kullback-Leibler similarities, and the Pearson
and Spearman correlations. For each measure and edge, 100 per-
mutations (with row shuffling re-sampling and re-normalization
for correlation measures), as well as the bootstrap scores, were
generated. Unstable edges (outside the 2.5-97.5 percentiles of
the bootstrap distribution) were deleted. The individual p-values
generated by the four measures were merged using Brown's
method. Only edges with false discovery rate (FDR)-corrected P-
values below 0.05 and supported by at least three measures, were
retained. The network layout was generated automatically with
the “edge-forced spring embedded” algorithm, which leads to
unbiased networks showing interconnected nodes closer to each
other and less-linked ones placed in the outside position. Network
legends were created with the Cytoscape Add-on “Legend creator”
(http:/fapps.cytoscape.org/apps/legendcreator).

Random Amplified Polymorphic DNA (RAPD) analysis

Twenty RAPD primers (10-mer) (Integrated DNA Technologies,
Inc. Coralville, USA) were tested for screening wheat and barley
genotypes based on the quantity of the polymorphism they pro-
duced. Finally, five of them (OPA-17, OPH-19 [56|, OPJ-18 [57],
OPO-06 |58] and OPH-13 [59]) were selected for the analysis
(Tab. S2).

RAPD assay protocol was adapted from Mantzavinou et al. [58],
by further optimizing annealing temperature, using gradient
temperature-PCR protocol and MgCl, concentration for each pri-
mer. DNA sample concentration was adjusted at 100 ng ul '. PCR
was performed using MycyclerTM (Bio-Rad, Hercules, USA) in a
reaction volume of 25 pl containing 1 ul DNA template, 1X KAPA-
HiFi Buffer (KAPA Biosystems, Wodurn, USA), 0.4 uM each 10-
mer primer, 2.5 mM KAPA MgCl,, 200 pM KAPA dNTPs mix and
0.625 units Tag DNA polymerase. RAPD was amplified using fol-
lowing thermal profile: 5 min at 94 °C, 40 cycles of 30sec at
94 °C, 1 min at 30-40 °C (depending on primer, Tab. S2), 1 min
at 72 °C, and 10 min at 72 °C for final elongation. The amplification
products were separated on 1.5% (w/v) Agarose gel containing 5 ul
100 ml ' DNA dye HDGreen™ (Intas, Gottingen, Germany) in
0.5 X TBE buffer. Both 1 kb and 100 bp DNA ladders (Quick-
Load” Purple, New England BioLabs Inc., Ipswich, USA) were used
for size comparison. RAPD fragments were illuminated under UV
light and images were captured using Gel Doc 2000 (Bio-Rad,
Hercules, USA).



Y. Abdullaeva, B. Ambika Manirajan, B. Honermeier et al.

Gel images were analyzed using the software GelCompar Il ver-
sion 5.10 (Applied Maths, NV). The five fingerprints for each seed
accession were linked to form a composite data set (Fig. S2). The
dendrogram was constructed using similarity coefficients based
on the number of different bands (optimization: 1%, position toler-
ance: 1%) with the unweighted paired group method of cluster
analysis with arithmetic averages (UPGMA).

Co-evolution analysis

To test the co-evolution between cereals and associated seed
microbiota, we measured their phylogenetic congruence. A cophy-
logeny analysis was performed between cereal plants and the cor-
responding bacterial OTUs, using the host distance matrix obtained
from RAPD analysis and the bacterial distance matrix calculated
from the high-throughput sequencing. Cophylogeny analysis iden-
tifies the effect of evolution on diversification patterns of two or
more ecologically associated species [60,61]. To date, cophylogeny
studies have been mainly used to study host-parasite relationships
or vertically transmitted symbionts [62]. In this study, we estab-
lished the use of cophylogeny assessment to study the co-
evolution of seed microbiota from wild progenitors to modern cul-
tivars of wheat and barley. The various techniques available for
cophylogenetic assessment are divided into two categories:
event-based and topology-based (global-fit) methods [G0]. In this
study, we used a global-fit method because it can afford large-
scale cophylogenetic analyses and because the quantity of phylo-
genetic congruence generated by the cophylogenetic assessment
can be associated with the significance of co-evolution in the stud-
ied scheme |GD]. The test was a global goodness-of-fit test per-
formed with 1000 permutations, using the functions cophyloplot
and ParaFit in the ‘paco’ [60] and ‘ape’ [63| R packages. A tangle-
gram was created for the visual representation of the shared
branching events. ParaFit requires the phylogeny of the host, the
phylogeny of bacterial OTUs, and a matrix of connections as input.
It compares the observed host and the bacterial distance matrices,
and then tests for random associations between the two taxa
groups, by randomizing the matrix of association. So, it generates
P-values to calculate the contribution of each host-bacteria associ-
ation to the global statistic testing (ParaFitGlobal) for each random
association test between hosts and bacterial OTUs [64). A global
sum of squared residuals, called mgy, is calculated, which repre-
sents the sum of all connection distances in the tanglegram. The
observed miy value is statistically compared to the 1000 values gen-
erated by random permutations [65], to assess the significance of the
phylogenetic congruence: the lower this observed miy value, the
higher the statistical significance of the phylogenetic congruence.

Results

High-throughput sequencing analysis and taxonomic composition of
the bacterial microbiota

A PCR product was obtained from 78 out of 80 samples; both
replicates of one seed accession (T. durum TRI_13547, Tab. S1)
did not produce a PCR product. A total of 6,595,794 sequence reads
were produced and, after filtration of 15,696 sequences, removal of
all plant-originated sequences (5,870,289}, and singletons (1,744),
708,065 high-quality prokaryotic 16S rRNA gene sequences (1,004
to 93,702 reads per sample) remained. These sequences were
grouped into 423 OTUs at 97% similarity level.

Proteobacteria, Actinobacteria, and Firmicutes were the predomi-
nant phyla (Fig. 2A); Actinobacteria and Firmicutes were found com-
paratively higher in cultivated species. Burkholderiaceae,
Pseudomonadaceae, and Xanthomonadaceae were the major fami-
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lies. Twenty families were significantly different between wild
and cultivated cereals (FDR-adjusted p value < 0.05); the most
abundant were Pseudomonadaceae, more abundant in wild species,
and Propionibacteriaceae, more abundant in cultivated crops
(Fig. S3). In particular, at the genus level, we found a statistically
significant higher abundance of Pseudomonas in wild species, while
Cutibacterium was more abundant in cultivated crops (Fig. 3).
When considering individually each couple of wild ancestor and
cultivated derivate, Caulobacteraceae was found abundant in Triti-
cum aestivum compared to Aegilops tauschii. Pseudomonadaceae,
Enterobacteriaceae, and Xanthomonadaceae were found abundant
in Triticum dicoccoides, while Propionibacteriaceae, Burkholderi-
aceae, and Xanthomonadaceae were more abundant in Triticum
durum. Pseudomonadaceae was found a major abundant family in
Hordeum spontaneum, while Xanthomonadaceae, Burkholderiaceae,
and Propionibacteriaceae were the major families in Hordeum vul-
gare. Finally, Pseudomonadaceae was more abundant in Triticum
baeoticum compared to Triticum monococcum (Fig. 2B).

Alpha- and beta-diversity, shared taxa and co-occurrence analysis

All the four calculated alpha diversity indices were significantly
different between wild species and cultivar species (f-test,
P < 0.05). Shannon-Weaver, Simpson, and Equitability indices were
higher and Dominance was lower in cultivated species compared
to wild species (Fig. 4A). We calculated the relative increment %
of each cultivated species to the corresponding wild ancestor
(Tab. S3). This value was positive for all of them, except for the cou-
ple T. baeoticum/T. monococcum (but at a lower absolute extent
than any other couple). Interestingly, Th-Tm (having a genetic sim-
ilarity higher than the other couples, see Fig. 1) appears as the most
closely related couple also concerning the structure (beta-
diversity): in fact, T.-monococcum and T.baeoticum samples are the
only ones that largely overlap in the beta-diversity plot (Fig. 4B).

Non-metric multidimensional scaling plot based on weighted
Bray-Curtis distances were significantly influenced by factors, cul-
tivation form (ADONIS, R? = 0.078, P = 0.003), plant species (ADO-
NIS, R? = 0.32, P < 0.001) (Fig. 4B), plant varieties (ADONIS,
R? = 0.36, P < 0.001), and sets of homologous chromosomes (ADO-
NIS, R? = 0.094, P < 0.001), but not by the factor “country of origin”
(ADONIS, R2 = 0.58, P = 0.106).

The number of exclusive OTUs was higher in cultivated species
(43%) than in wild species (24%), which is coherent with the higher
alpha-diversity. 33% of the OTUs were shared (Fig. S4A). The ten
most abundant OTUs shared between wild and cultivated cereals
were Pseudomonas, Stenotrophomonas, Cutibacterium, Kosakonia
cowanii, Burkholderiaceae, Stenotrophomonas, Ralstonia, Pantoea,
Delftia, and Acinetobacter radioresistens. OTUs identified as Pseu-
domonas, Stenotrophomonas, Kosakonia cowanii, and Delftia were
found higher in wild species, while OTUs identified as Cutibac-
terium, Burkholderiaceae, Stenotrophomonas, Ralstonia, Pantoea,
and Acinetobacter radioresistens were higher in cultivated species
(Fig. S4B). OTUs exclusively found in cultivated cereals belonged
to several genera, including Cutibacterium and Methylobacterium
(Fig. S5).

Co-occurrence analysis showed that the microbiota of wild spe-
cies had higher connectivity than cultivated species (Fig. 5). In par-
ticular, despite the number of connected nodes was the same, the
microbiota of wild cereals had a higher average number of neigh-
bors (“degree”) and higher network density and centralization,
with respect to the cultivated species (Fig. 5).

RAPD analysis of genetic distances between cereal species

Of the 40 initial seed samples, four ones (one of each T. durum,
Ae. tauschii, H. vulgare, and H. spontaneum) did not give bands after
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Fig. 2. Bacterial taxonomic composition of seed endophytes of wild and cultivated species, at Phylum (A) and Family (B) levels. Triticum aestivum (TA), Triticum durum (TDU),
Triticum monococcum (TM), Aegilops tauschii (AT), Triticum diccocoides (TD1), Triticum baeoticum (TB), Hordeum vulgare (HV) and Hordeum spontaneum (HS). Relative abundance

of major taxa only (>1% of total reads) according to 165 rRNA gene metabarcoding.

RAPD PCR, therefore sample number reduced to 36 (Fig. 6, Fig. S2).
The UPGMA dendrogram was divided into two main clusters, sep-
arating barley and wheat species (Fig. 6, Fig. 52). In the barley clus-
ter, cultivated and wild barley appeared as sister clades. In the
wheat cluster, there was a further separation of Triticum and Aegi-
lops genera. Within the Triticum species, Triticum baeoticum and
Triticum monococcum formed a monophyletic group and appeared
as sister clades (Fig. 6, Fig. S2). Triticum durum and Triticum dicoc-
coides did not cluster together but were mixed with Triticum aes-
tivum. However, the accessions of Triticum aestivum were placed
in the expected position with respect to the ancestor Aegilops
tauschii (Fig. 6, Fig. S2).

Co-evolution analysis

A co-evolution analysis was performed using the host distance
matrix obtained by the RAPD analysis and the bacterial OTU dis-
tance matrix obtained by metabarcoding analysis. Co-evolution
analysis was performed on 35 seed samples since one sample did
not give a PCR product for metabarcoding and four ones did not
give RAPD profiles. The evolutionary relationships between host
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species and bacterial OTUs were analyzed by the goodness-of-fit
test. The global fit of the regression of bacterial OTUs phylogeny
to the host phylogeny was evaluated using m%y as a sample statis-
tics, which is determined by a randomization procedure and shows
the strength of associations between organisms from different phy-
logenetic groups. The goodness-of-fit test of phylogenic association
between the bacteria and the host species phylogenies revealed a
significant topological congruence (m%y = 235. 98; P = 0.024; 1000
permutations) (Fig. 7A). 52.5% of the 1000 randomizations had a
lower m%y than the observed one (Fig. 7B). Here, 62 OTUs (14.6%
of all OTUs) significantly contributed to the coherence of the tree
topologies (Fig. 7A).

To test whether the unresolved RAPD clustering of the species T.
durum and T. dicoccoides might have affected the co-evolution
assessment, we deleted these two species and repeated the analy-
sis: indeed, a more significant topological congruence was
obtained (m%y = 243.36; P = 0.0054; 1000 Permutations) (Fig. 7C).
Only two (0.2%) of the 1000 randomizations resulted in a lower
m#y than the observed one (Fig. 7D). Here, 160 OTUs (37.8% of all
OTUs) significantly contributed to the coherence of the tree topolo-
gies (Fig. 7C).
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Discussion

Domestication and breeding of plants have resulted in produc-
tive cultivars, but also in significant changes in plant microbiota
with compositional shifts, as already reported for different crops
[23,50,66-69). The idea behind our current study was to analyze
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the changes from species A to B, from species C to D, E to F, and
G to H (four ancestors and their four descendant cultivated cereal
species, respectively), and to test whether there were common
traits in these changes, which would then suggest a common effect
of domestication. The four individual wild species and the four
individual cultivated species were treated as “replicates” for the
factor “cultivation form” in our experimental design. We therefore
intended to go behind the pairwise comparisons between individ-
ual species (largely tested in literature) and to assess further
potential drivers of the microbiome that could be important at
the (co-)evolutionary level, such as domestication.

We found a more diverse microbiota associated to the seeds of
modern cereals compared to the wild ancestors. This suggests that
cereal breeding lead to a compositional shift in the plant-
associated microbiome. This finding is in line with previous studies
that showed higher microbial diversity in the rhizosphere of mod-
ern crops than wild ancestors [50,66,70]. Suggested drivers of
these changes were agricultural soil conditions, crop management
methods, and changes in root exudates in wheat |71}, since breed-
ing of modern crops resulted in increased root exudation of organic
compounds |[71,72]. Other factors, such as host genotype (2] and
environmental circumstances were indicated as further possible
drivers [20-22].

So far, the influence of domestication on bacterial diversity was
studied mainly in the root system [2250,66,70]; a few studies
specifically focused on the effect of domestication on seed endo-
phytes and reported minor effects of domestication on community
richness [2,69]. Compared to these studies, we observed the effect
of domestication in a larger set of species originally derived from
areas of different continents (Tab. S1), which can explain the
higher microbiota diversification found in our study. The relative
increment % of each cultivated species to the corresponding wild
ancestor is positive for all of them, except for the couple T. baeoti-
cumyT. monococcum (but at a lower absolute extent than any other
couple). Coherently, Tb-Tm appears as the most closely related cou-
ple in Fig. 6, which suggests that perhaps the microbial diversity is
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Fig. 4. Alpha and beta diversity metrics of seed endophyte microbiota. (A) Shannon-Weaver, Simpson, Dominance and Equitability indices of bacterial microbiota (OTU 97%),
grouped by cultivation form (t-test, P < 0.05), according to 165 rRNA gene metabarcoding. €S = Cultivated species; WS = Wild species. (B) Non-metric multidimensional
scaling plot for bacterial microbiota structure based on weighted Bray-Curtis distances. Samples are colored by plant species and shaped by cultivation form. ADONIS
significance test: R? = 0.078, P = 0.003 for the factor “cultivation form™; R* = 0.32, P < 0.001 for the factor “species”; stress value: 0.1495.
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Fig. 5. Co-occurrence network of OTUs, calculated for wild and cultivated cereal species separately. Nodes are colored by taxonomy and sized by degree (=n. of connections).
Edges are colored by correlation type (blue: positive; red: negative) and the thickness represents merged FDR-corrected P-values (the thicker, the more significant).

not high between them because the genetic similarity between T.
boeticum and T. monococcum is higher than the other couples
(Fig. 1). Moreover, this genetic similarity between the plants
appears to be reflected not only in the microbial diversity but also
in the structure: in fact, T. monococcum and T. baeoticum samples
are the only ones that largely overlap in the beta-diversity plot
(Fig. 4B). However, we argue that this observation even supports
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our conclusion that cereal domestication might lead to a general
increase in diversity, which is associated to the genetic distance.
Our beta-diversity analysis supports this idea and shows that
domesticated and wild species differ in their microbiota by plant
genotype (Fig. 4B). In fact, both factors (“species” and “variety”)
relate to the host genotype, which is known to be one of the main
factors affecting the plant-associated microbiome, and therefore it
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is not surprising that the effect of the factors “plant species” and
“plant varieties” was stronger compared to “cultivation form”.
Indeed, our aim was not to demonstrate that “cultivation form”
(in the sense of “cultivated” or “wild/ancestor”) is the most impor-
tant factor affecting the seed microbiota. Instead, we tested and
demonstrated that cereal domestication implied a certain level of
a compositional shift in the seed-associated microbiome. This fact
is not trivial, since it has important potential implications on crop
ecology and plant-microbe interactions in an (co-)evolutionary
framework. Moreover, we argue that the common shift from ances-
tors to cultivated forms can be somehow masked by the strong
genotype effect, which drives the microbiome changes in an inde-
pendent way.

Overall, domestication-related traits, as a factor for plant long-
term adaptation, appear to determine a compositional shift in
microbiomes of modern crops. Although the seeds of both wild
and cultivated plants were dominated by similar bacterial phyla
(Proteobacteria, Firmicutes, and Actinobacteria), there was a clear
difference between cultivated crops and wild progenitors, which
may link to the domestication effect. Among the enriched bacterial
taxa in cultivated cereals, we found the genus Cutibacterium (fam-
ily Propionibacteriaceae), a dominant member of the human skin
microbiota. This could result from the human manipulation of
seeds and plants during cereal domestication. It is also possible
to assume that the presence of genus Cutibacterium (family Propi-
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onibacteriaceae) in our samples could be a contamination due to
sample mishandling. However, recent studies endorse more the
idea of an interkingdom exchange of microbes during plant domes-
tication than the possibility of contamination. For example, Kuz-
niar and colleagues |73] studied eight wheat seeds microbiota in
different compartments of seed (the embryo, endosperm, and the
seed coat) and they found Cutibacterium in all the parts of the stud-
ied cultivars. Many other recent studies also found Propionibac-
terium as a member of the core microbiota of cereal seeds such
as wheat, barley, maize and rice [20,73,74,75|. Interestingly, Camp-
isano and colleagues | 76] found a subspecies of Propionibacterium
acnes in grapevine (Vitis vinifera L.), which evolved from the
human-associated strain since a time comparable with the begin-
ning of grapevine domestication. The authors concluded that there
was an event of interkingdom exchange between humans and
plants during grapevine domestication. Likewise, Yousaf and col-
leagues [77] investigated the relationships between human and
animal pathogens (HAP) with plants. They identified Propionibac-
terium and other HAPs in the grapevine endosphere in both stems
and leaves, and concluded that human and animal pathogens can
be integrated within plant tissues, adapt to the plants, and finally
become plant symbionts, for at least one stage of their life cycle.
In our work, we found a similar situation; therefore we suggest
that such exchange of microbes from humans to plants (and, per-
haps, vice-versa) might be an effect of plant domestication more
common than currently supposed.

We also found a higher abundance of Pseudomonas in the seeds
of wild species compared to cultivars. Although some species of
this genus are pathogenic to plants, several studies showed that
plant-originated Pseudomonas ssp. have the ability to promote
plant health and productivity by different mechanisms
[11,78.79]. Some Pseudomonas spp. are also regarded as biocontrol
agents against several fungal pathogens [11]. Rahman and col-
leagues [5] demonstrated that a Pseudomonas sp., isolated from
barley seeds, has beneficial effects for the host, especially under
harsh environmental conditions. This ability to cope with biotic
and abiotic stresses of Pseudomonas and Stenotrophomonas species,
which were isolated from wild beetroots, was also documented by
Zachow and colleagues [67|. Another dominant OTU found in wild
cereals belonged to Acinetobacter, which was previously found in
rice seeds [80] and was shown to possess nitrogen fixation, sidero-
phore production, and mineral solubilization abilities [81]. This
evidences suggest that wild plants, often living under stressed con-
ditions, can be supported by microbes to cope with abiotic and bio-
tic stresses [5,67].

We identified a shared microbiome among seeds of wild and
modern cereals from various accessions coming from a range of
geographic locations. The presence of a shared microbiome pre-
served across plant species and geographical locations suggests
that the seed-associated microbiome, intimately associated with
the host, is in some cases preserved during plant domestication.
These observations are consistent with other studies, showing that
maize seed-associated endophytic bacteria were preserved from
the progenitor species teosinte, growing in different geographical
places [2]. The majority of bacterial OTUs of the shared cereal
microbiome were related to Pantoea, Pseudomonas, Acinetobacter,
Burkholderiaceae and Stenotrophomonas, which were reported as
core microbiota of different plant seeds [80,82|. This suggests that
such preserved endophytes are well adapted to the internal seed
habitat (high osmotic pressure, low moisture and nutrient defi-
ciency, in mature seeds), and likely resulted from long-term selec-
tion and adaptation to the seed microhabitat. However, before
being analyzed in our study, all the cereal species were propagated
and maintained for several years on the same site. It is therefore
possible that some of the shared OTUs are derived from the com-
mon soil/site. Nevertheless, in our study, the difference between
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samples.

cereal species, as well as between wild and cultivated cereals, have
been identified as significant factors for the variation of the micro-
biome. Therefore, the existing differences can only be considered
as dependent either on the host genotype or the cultivation form.

Interestingly, although the wild cereals harbor a lower bacterial
diversity in their seeds, a higher level of connectivity was found by
co-occurrence analysis. This means that certain microbial species
may have better adapted to the seed habitat and had longer time
to develop mutual interactions. This indicates a higher level of
“maturity” of the microbiome associated with wild cereals, which
suggests co-evolution with the host and vertical transmission
across plant generations |5]. In contrast, the microbiota associated
with the cultivated cereals did not have enough time yet to estab-
lish a solid network of microbial interactions, compared to the wild
species.

All the above-discussed evidences strongly suggest a co-
evolution of the seed microbiota with the host plants, across the
period of cereal domestication. Seed inhabiting microbes are
among the most intimate partners of the plant, and they are trans-
mitted to the next plant generations [24]. Therefore, seed endo-
phytes can be regarded as one of the most adapted and specific
part of the plant microbiota, if compared to other plant habitats
(rhizosphere, phyllosphere, etc.), which are more influenced by
external factors and are usually colonized by microbial species
recruited from the surrounding environment. Coherently with
our conclusion, Wassermann and colleagues [83] found that eight
wild plants growing under the same environmental conditions
for centuries showed a unique microbiota, and shared just a very
small core microbiome, in their seeds. This is surprising, consider-
ing that they grew intermixed for decades, and suggests a strong
co-evolution. Therefore, we aimed to demonstrate the co-
evolution between seed endophytes and cereals by a co-
evolution analysis, using RAPD genetic distances of cereals and
phylogenetic distances of the associated bacterial OTUs.
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The dendrogram based on RAPD profiles showed a clear division
of wheat and barley genotype. However, Triticum aestivum, Triti-
cum durum and Triticum dicoccoides were not well discriminated.
This phenomenon can be explained by the behavior of the different
chromosome sets and polymorphisms of repeated nucleotide
sequences, the analysis of which showed close relationships
between Triticum durum and Triticum aestivum. This is likely due
to the fact that Triticum urartu is the donor of the A genome of
these polyploid wheat sorts [48]; indeed, many studies revealed
genetic similarity between Triticum aestivum and Triticum durum
[36,84]. Three sets of homologous chromosomes of Triticum aes-
tivum derive from the alloploidization of wild DD diploid Aegilops
tauschii and wild AABB tetraploid Triticum dicoccoides, whereas
the A and B chromosomes of Triticum dicoccoides derive from the
wild AA diploid Triticum urartu [34] and BB diploid genome donor
Aegilops speltoides |29]. Triticum diccocoides is therefore equally
genetically related to both polyploid species of wheat.

The cophylogenetic analysis revealed a significant coherence of
phylogenies between seed microbiota and corresponding cereal
hosts, from the wild ancestors to the recently cultivated crops,
which is a clear clue of co-evolution. This phylogenetic concor-
dance suggests a plant-microbe co-adaptation related to the plant
genotype since a stronger effect of the plant genotype on the endo-
phytic bacterial community than on the root-associated bacterial
communities was found previously [2.22]. The topology of the cer-
eal tree in the tanglegram (Fig. 7) is not totally coherent with that
obtained by the RAPD analysis (Fig. 6); the differences arise from
the clustering method applied by the specific R-script for the co-
phylogeny analysis: this is a principal component analysis, which
is not the best method for clustering RAPD profiles. The correct
method is UPGMA, like that applied for Fig. 6, where the topology
follows well the expected clustering (with the exception of T. dic-
occoides and T. durum that were not discriminated, while for the
other species the topology is coherent with the known phylogeny,
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at both genus and species level). However, the aim of this kind of
cophylogeny analysis is not to get a perfect clustering, but instead
to test whether there is significant coherence between the two
components (hosts and microbes). We found such significant
coherence, which suggests that the two associated components
have a certain level of co-evolution. The significance increased
drastically when the not resolved species (T. dicoccoides and T.
durum) were removed from the analysis, highlighting the impor-
tance to have a well-discriminated analysis of the hosts' genetic
distances for performing the co-evolution test.

The approach of identifying interactions and comparing
between seed-associated microbial communities and host plants
provides the opportunity to move beyond the linear assessments
of plant-microbial associations towards a more thorough knowl-
edge of how endophytes are related to host inherited traits. To fully
comprehend the processes responsible for these associations,
future studies on functional properties and investigations of the
impacts of host characteristics on the development of associated
microbiomes will be needed.

In this study, we used cereal cultivars and their wild relatives as
a model to analyse the effect of plant domestication on bacterial
seed endophytes, and to test whether seed endophytes might have
co-evolved with their hosts. We are aware that our dataset of four
pairs of cereal plants is actually relatively limited; therefore our
findings cannot be considered as definitely conclusive, but rather
provides: i) indications for a certain level of a compositional shift
in the seed-associated microbiome due to domestication, and ii)
clues of co-evolution. These intriguing findings, which are in part
supported by a limited number of previous studies, need to be
tested on further plant species to verify whether they can be gen-
eralized or not.

Our understanding of the development of endophytic microbial
associations at an evolutionary time scale is presently very
restricted. Our work provides new insights into complex microbial
interactions and highlights the importance of integrating bacterial
seed endophytes into both microbial ecology and applied agricul-
tural microbiology research. From an applied point of view, this
knowledge is of paramount importance to develop effective strate-
gies of biofertilization and biocontrol, which are urgently needed
to increase sustainability and responsible use of soil resources in
modern agriculture.
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Supplementary material to:

Domestication affects the compositiondiversity, and co-occurrence of the cereal

seed microbiota

- Fig. S1.Seeds of the 40 accessions of cereals used in this work, 20 cultivated and 20 wild.

- Fig. S2.UPGMA dendrogram of RAPDased gel profiles of 36 cereal accessidie dendro-
gram was consticted using similarity coefficients based on the number of different bands (op-
timization: 1%, position tolerance: 1%).

- Fig. S3.Extendederror plot showing bacterial families with significantly different relative
abundance between cultivated and wild akreCalculations and plot were made with the
Stamp softwar e, -tessthefr@Rotrdcted palues.dent 6s T

- Fig. S4.Shared and exclusive taxa of cereal seed microbiota. (A) Venn diagram showing the
percentage of bacterial OTUs (97% similaritydBwshared between cultivated species and wild
species. (B) Distribution of 10 biggest shared OTUs between wild species and cultivated spe-
cies. WF= wild forms; CF= cultivated forms.

- Figure S5.Relative abundance of the 15 most abundant OTUs exclusiveig foucultivated
cereals.

- Tab. S1.Seed accessions used in this work.

- Tab. S2.Primers used in this study for the Random Amplified Polymorphic DNA (RAPD)

analysis.
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- Table S3.Comparison of alphdiversity indices between each pair of cultivated cereatand
spective ancestor. Values are the average of five independent accessions per species (four only

for Triticum durun).
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Figure S1 Seeds of the 40 accessions of cereals used in this work, 20 cultivated and 20 wild.
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Chapter 2|61

1 Cultivated crop [ Wild form 95% confidence intervals
Pseudomonadaceae = 1 | ) i ' 9.99e-3
Propionibacteriaceae [——d : —O— 0.012
Beijerinckiaceae P O 0.038
Family_Xxviil f O 0.016
Solibacteraceae_(Subgroup_3) f O-I 0.016
Lactobacillaceae | @) 0.024
unknown_56 | 9.16e-3
Leuconostocaceae | % 0.011 =z
Gemmatimonadaceae | O 0.014 ‘%
Clostridiaceae_4 | O 0.029 5
Methylophilaceae | 0] 0.018 %
Anaplasmataceae | 8 5.38e-4 é
Limnochordaceae | 3.82e3 ©
Christensenellaceae | O 3.58e-3
Hydrogenophilaceae | O 5.56e-3
Staphylococcaceae | O 8.72e-3
Acetobacteraceae | 8 0.022
Flavobacteriaceae | 8.06e-3
unknown_54 | @) 0.015
Entotheonellaceae | O 0.022
0.‘0 31|.0 —2‘10 —‘30 —|20 —;10 (I) 1‘0 2L0
Mean proportion (%) Difference in mean proportions (%)

nt

Figure S3 Extendederror plot showing bacterial families Wwisignificantly different relative abundance between cultivated and wild

cereals Cal cul ations and pl ot wer e mad e-teswtihd ADRoOrrected Batluasmp s of t war



Chapter 2|62

A B WF CF

g N Pseudomonas
—— 6x10°
Acinetobacter radioresistens Stenotrophomonas
5x10°
4x10%
3x10®
! \ Delfiia Ix10° Cutibacterium
24% 33% 43% X/ N7
\ Y
[

Pantoea - Kosakoniacowanii

Ralstonia Burkholderiaceae

Stenotrophomonas
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Figure S5.Relative abundance of the 15 most abundant OTUs exclusively found in cultivated cereals.
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Table S1 Seed accessions used in this work.

Scientific name Biol. sta- IPK Accession Country of origin
tus number
Aegilops tauschiCoss.subsptauschiivar. meyeri(Griseb.) Tzvelev wild AE 220 Azerbaijan
Aegilops tauschiCoss. subsgauschiivar. meyeri (Griseb.) Tzvelev wild AE 233 Tajikistan
Aegilops tauschiCoss. subsgauschiivar. meyeri(Griseb.) Tzvelev wild AE 235 Russia
Aegilops tauschiCoss. subsgauschiivar. meyeri(Griseb.) Tzvelev wild AE 236 Armenia
Aegilops tauschiCoss. subsgauschiivar. meyeri(Griseb.) Tzvelev wild AE 282 Afghanistan
Triticum aestivuni. var. aestivum cultivar TRI 173 Hungary
Triticum aestivuni. var. aestivum cultivar TRI 365 Bulgaria
Triticum aestivuni. var. aestivum cultivar TRI 368 Bulgaria
Triticum aestivuni. var. aestivum cultivar ~ TRI 7987 Soviet union
Triticum aestivuni. var. aestivum cultivar TRI 13618 Georgia
Triticum baeoticunBoiss. subspbaeoticunvar. aznaburticumJakubz.)A.Filat. & Dorof. wild TRI 10059 Bulgaria
Triticum baeoticunBoiss. subspbaeoticunvar. baeoticum wild TRI 11557 Armenia
Triticum baeoticunBoiss. subspbaeoticunvar. baeoticum wild TRI 15117 Greece
Triticum baeoticunBoiss. subspbaeoticunvar. baeoticum wild TRI 15119 Greece
Triticum baeoticunBoiss. subspbaeoticunvar. baeoticum wild TRI 15122 Greece
Triticum monococcurh. var. monococcum cultivar ~ TRI 17212 Spain
Triticum monococemL. var. monococcum cultivar ~ TRI 17219 Albania
Triticum monococcurh. var. monococcum cultivar  TRI 17730 Turkey
Triticum monococcum L. var. monococcum cultivar TRI 19235 Turkey
Triticum monococcurh. var. monococcum cultivar  TRI 28870 Morocco

Triticum dicoccoidesKorn. ex Asch. & Graebn$chweinf. convardicoccoidewvar.dicoccoides wild TRI 11501 Turkey
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Triticum dicoccoidesKorn. ex Asch. & Graebn3chweinf. convardicoccoidewardicoccoides wild TRI 16629 Israel
Triticum dicoccoidegKorn. ex Asch. & Graebn.) Schweinf. convaticoccoidewar. kotschyi Jakubz. wild TRI 18478 Lebanon
Triticum dicoccoidegKorn. ex Asch. & Graebn$chweinf. convardicoccoidewvar.dicoccoides wild TRI 18504 Syria
Triticum dicoccoidesKorn. ex Asch. & Graehh Schweinf. convardicoccoidewardicoccoides wild TRI 18524 Israel
Triticum durumDesf. subspdurumconvar.durumsubconvardurumvar. hordeiformegHost) Kérn cultivar  TRI 7089 Turkey
Triticum durum Desfsubsp durumconvar durumsubconvardurumvar. affineKérn. cultivar  TRI 10715 Greece
Triticum durumDesft subsp durumconvar durumsubconvardurumvar. affineKorn. cultivar  TRI 13547 Italy
Triticum durumDest subsp durumconvar durumsubconvardurumvar. affineKorn. cultivar  TRI 16561 Italy
Triticum durumDest subsp durumconvar durumsubconvardurumvar. affineKorn. cultivar ~ TRI 28771 Yugoslavia
Hordeum spontaneui.Koch var. ischnatherun{Coss.)Thell. wild HOR 4855 Turkmenistan
Hordeum spontaneui.Koch var. ischnatherun{Coss.)Thell. wild HOR 4856 Azerbaijan
Hordeum spontaneui.Koch var. Spontaneum wild HOR 9763 Israel
Hordeum spontaneui.Koch var. ischnatherun{Coss.)Thell. wild HOR 10977 Tajikistan
Hordeum spontaneui.Koch var. ischnatherunfCoss.)Thell. wild HOR 10978 Tajikistan
Hordeum vulgared.. convar vulgarevar. densum Sér. cultivar HOR 201 Soviet union
Hordeum vulgard.. convar vulgarevar. coeleste L cultivar HOR 202 Soviet union
Hordeum vulgared.. convar vulgarevar. coeleste L cultivar HOR 211 Ukraine
Hordeum vulgaréd.. convar.vulgarevar. coeleste L cultivar HOR 229 China

Hordeum vulgaréd.. convar.vulgarevar. coeleste L cultivar HOR 789 Ethiopia
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Table S2 Primers used in this study for tRandom Amplified Polymorphic DNA (RAPD3nal-

ysis.
Primer { Slj dzSy ®€ Annealing tempe-  Reference
rature (°C)
OPAL7 GACCGCTTGT 32 [56]
OPH19 CTGACCAGCC 31 [56]
OPJ18 TGGTCGCAGA 39 [57]
OPQ06 CCACGGGAAC 32 [58]
OPH13 GACGCCACAC 38 [59]

Table S3.Comparison of alphdiversity indices betweeraeh pair of cultivated cereal and re-
spective ancestor. Values are the average of five independent accessions per species (four only
for Triticum durun).

Comparison Alpha-diversity index
Shannon Simpson  Equitability Dominance

Triticum aestivunfcultivated species) 3.956 0.857 0.665 0.143
Aegilops tauschifwild ancestor) 2.836 0.745 0.576 0.255
Relative increment cultivated species/wild ancestor  +39.5 % +15.0 % +15.5 % -43.9 %
Hordeum vulgardcultivated species) 3.115 0.802 0.635 0.198
Hordeumspontaneungwild ancestor) 1.961 0.540 0.427 0.460
Relative increment cultivated species/wild ancestol  +58.8% +48.5% +49.0% -57.0%
Triticum monococcurfcultivated species) 2.832 0.754 0.596 0.246
Triticum baeoticunfwild ancestor) 3.277 0.817 0.658 0.183
Relative increment cultivated species/wild ancestol  -13.6% -71.7% -9.4% +34.5%
Triticum durum(cultivated species) 3.182 0.842 0.683 0.158
Triticum dicoccoidegwild ancestor) 2514 0.693 0.506 0.307

Relative increment cultivateghscies/wild ancestor +26.6% +21.4% +34.9 % -48.5%
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Abstract

The seed-transmitted microorganisms from the mother plant and the soil microbiome in which the
plant grows are major drivers of the rhizosphere microbiome, a crucial component of the plant
holobiont. The seed-borne microbiome can be even co-evolved with the host plant as a result of
adaptation and vertical transmission over generations. The reduced genome diversity and crossing
events during domestication might have influenced plant traits important for root colonization by
seed-borne microbes as well as rhizosphere recruitment of microbes from the bulk soil. However,
the impact of the breeding on seed-transmitted microbiome composition and the plant ability of
microbiome selection from the soil remain unknown. Here, we analysed both endorhiza and
rhizosphere microbiome of two couples of genetically related wild and cultivated wheat species
(Aegilops tauschii/ Triticum aestivum and T. dicoccoides/T. durum) grown in three locations, by
using 16S rRNA gene and ITS2 metabarcoding, in order to assess the relative contribution of seed-

borne and soil-derived microbes to the assemblage of the rhizosphere microbiome.

We found more bacterial and fungal ASVs transmitted from seed to the endosphere of all species
compared to the rhizosphere, and these transmitted ASVs were species-specific regardless of
location. Only in one location, more microbial seed transmission occurred also in the rhizosphere
of A. tauschii compared to other species. Concerning soil-derived microbiome, the most distinct
microbial genera occurred in the rhizosphere of A. fauschii compared to other species in all
locations. The rhizosphere of genetically connected wheat species was enriched with similar taxa,

differently between locations.

Our results demonstrate that host plant criteria for soil bank’s and seed-originated microbiome
recruitment depend on both plants' genetic history and availability of microorganisms in a
particular environment. This study also provides indications of co-evolution between the host plant

and its associated microbiome resulting from the vertical transmission of seed-originated taxa.

Key words: seed microbiome, bulk soil, crop domestication, co-evolution, rhizosphere, endorhiza
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Introduction

Plant domestication significantly altered the plant's physiological, morphological, and genetic
characteristics. The targeted and non-targeted selection for specific quality traits results in reduced
allelic diversity of domesticated crops (Doebley et al., 2006). However, how the alterations of plant
genotype during the domestication influenced the assembly process of the rhizosphere microbiome

composition is unknown.

The microbiome inhabiting plant habitats or compartments are known to influence plant health by
creating intricate relationships with the host and can play important roles in plant survival (Santos-
Medellin et al., 2017). One of the most important microbial habitats for plant health is the
rhizosphere (Mendes et al., 2011). The assembly process of the rhizosphere microbiome
composition starts immediately after the seed is placed in the soil, and the seed microbiome, the
plant genotype and the soil microbiome cooperatively shape the rhizosphere microbiome
composition (Tkacz et al., 2020; Walsh et al., 2021). Adequate work demonstrated the role of soil
(Berg & Smalla, 2009; Bulgarelli et al., 2012; Lundberg et al., 2012; Schlaeppi et al., 2014) and
host plants (Bulgarelli et al., 2012; Edwards et al., 2015; Tkacz, et al., 2020) in determining the
structure of the rhizosphere microbiota. However, the dynamics of the seed-transmitted
microbiome and plant characteristics that regulate microbial assembly and maintenance remain to

be elucidated.

The vertically transmitted seed endophytes play a significant role in plant health, especially in the
early stages of plant development (Johnston-Monjee et al., 2011). The colonization of the
rhizosphere by seed endophytes might be dependent on the host plant genotype. For example,
quantitative trait nucleotides located on plant chromosomes can regulate mycorrhizal rhizosphere
colonization as found by Ganugi et al. (2021) in tetraploid wheat genotypes. Moreover, seeds serve
as a microbiological habitat for dispersal and dissemination, and this co-existence with the host for
several generations eventually leads to plant-microbe co-evolution (Abdullaeva et al., 2021). The
symbiotic, mutualistic connections of seed endophytes with their hosts have been previously
observed (Nissinen et al., 2019, Johnston-Monjee et al., 2011). Therefore, changes in plant
morphology, physiology, gene diversity loss in favor of selected plant traits during domestication
such as seed characteristics (hard, soft, big) or root/shoot architecture (Pérez-Jaramillo et al., 2017;

Roucou et al., 2018) can influence the seed endophyte assembly (Abdullaeva et al., 2021). It is

3
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