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Executive summary

Pl amitcr obe interactions are key to improving
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mul tidisciplinary approach invol ving mi cr

bi oinformatiocs.
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in the rhizosphere soil was significantly di
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facilitate the analysis of chemical signal s
vol atile organic compounds. Further mor e, r hi

performed for DNA extractiaommlagrsd sanpl6iSc o nR NsA:
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the root exudate profil e, with 485 metabol it
enriched under herbivory. Ch e nmsiocnael ocfl atsisé § @
compounds belong to the benzoxazinoids, terp:

of secondary met abloil k ¢ e BliMBradv iho ussolnye i dent i fi
signal s-miorpbantnteractions under bGdeubiedry.
in the depletieend offatder taaciindsoxandd ami no aci
Amplicon sequencingAcéeV aabaanerhatf owrodnei n t h
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roots of pl ants Fumtdleer hiembe vytoirggat i omwsr de mo |
her birveogruyl at ed compounds influenced t he gro

i solated fhomowphpbBatgggesti ng that these metabo
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Overall, this work shows that aboveground in
on plant bel owground interactions, and furth

to use this knowledge for the devel opment of
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artial dbRDA ofsihawitreg itahe dewelrasiinegd vari an:
ommunities based on compartment and insect
|l ants under herbivory; RN= Roots of healthy
nder herbivory; SN= Rhi zosfgkheme.l.of..h®EAl t hy
igur@idfdferential abundabBQ)e aafn ad nypsliisc o nA NsCeOgvu
ariants (ASVs) in the rhizofsplhdkerehdgdmge a(hldF @)
ndi cates enrichment (positive LFC) or reduc
hi zosphere underalheérybipyamyt sus ASVs are | abel
38 database); unassigned genera are | abelle
nly kingdom was assigned. Bar svalepea esen.tl AS
Hol m correction). Edrerrbar.é.ni.mdbt.alt®5 st and
Fi gur &psl.a.man correlatransfbemedepobbgd ASVs
abundance) from rhizospheteransflor mett mamabestk
peak areas. The top bfaal d hcohwesn greest a(bholl u e:e d eocgr
orange: increasedoruyn)d.erClauyshtiedr shelr barnvd 3 i ncl t
positively correlated with metabolites that
4 and 5 correlate with metabolites that decrtr
classes where associ at.i.ons.wer.e..l.essl®%ident
Fi gur &psl.agd.man correlatransfbemedeASNoeg(rel at
abundance) from rhizospheteaasfilor mett memabetk
peak areas. The first top bar shows the assi
met abolites. The secoond tifempl dbgerh antgews (rmd tuaeb
decreased, orange: increas.ed..under...,aph9 d her
Figuréehdgldbgenetic distance tree of 16S ampl.
i sol at es. The identities were Glea=ginfiinecat ius
and Tree (ACT) serv-stevatdbiapsghewiwwabthbr t
sequences were obtai ©f6d2u8.i.ng..Genei.qdGl v.
Figure&ardowd8 h of bacterial strains after 72 ho
medium supplemented with 0.5 mM of selected
l eft panel shows bacteri al growth in M9 medi
controls (DMS®ht whnéeéle sthewsigrowth in M9 me
with the metabolites. The bacterial colonies

di fferent compounds and..t.hei.r..s.ol.venz0O3xontro
Figur Numb®r of bacterial strains that exhibi
suppl emented with 0.5 mM of metabolites iden
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Supplement aryHEgmae Bf aAboveground volatile
(VOCs) collected from wheat plants after two
Each tile represents the normalised peak are
shades of red indicatéd ngr ehdng hsequ greea ki m rtehaes . u |
corner highlights compounds pweeedko miinmaen tployi nde
fFoll owi ng..he bl ooy 105
Suppl ement aryHERgmae Bf Bel owground volatil e
(VOCs) <coll ected from wheat plants after two
represents the normalised peak area of an in
red indicating .hi.ghe.ur...p.eak..ar.eeas......l06
Supplement aryHEBgmae »Bf Belvoowgartoiuned meotnab ol i t
coll ected from wheat plants after two weeks
the normali sed peak area of an individual me
i ndicating higher..peak..areeasS.... 107

Suppl ement ar yBéti gudies2erdsi on of absorbance r
EcopITgafetser two and four .weeks..of..aph0D8 feedi
Suppl ement ar yAIFplgarrear2efSacti on curves a) bef
rarefaction to the..mi.ni.mum.l.i.br.ary..si@%®.
Suppl ement ar yYARCQECeo2.6he differentially ab
four weeks of aphid feeding. LogFol-BChange w
| olgi near model and shows the significantly (
or decreased (Negatizesph€ne AGVspliant heumdér
compared to the healthy plants. The genus
Burkhol deria_Caballeronia_Paraburkholderia w
Visuali zat 0.  Pll Pa0.S. .S et 110

Suppl ement aryAFpbareadef action curves a) bef
applying rarefaction t.o..the.minimum.2Ii%rary
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Suppl ement ar yPaTabMie e2 PERMANOVA results for p
aboveground VOCs of pl ant.s..under..aphldl herbi
Suppl ement ar yfehdlalt e v2. 2&.n avootl aattiiolne so fd entoenct ed
LGMS/ MS in Data Independent Acquisition (DI A)

by comparing the fragment ions spectra with
BNV I I O M 112
Suppl ement ar yP ETRIMANOWVA r3e.sul ts of data absortk
E C O Pl i B S 114
Suppl ement ar yPaTadelWstt2 codmparing the AWCD of i
sources in samples from the rhizosphere of p
pl ant s. Comparison was performed with the AW
I T o U o O T T o o 114
Suppl ement ar PERaMAINOVA. 5 esults of dbRDA for e
in microbial communities based in the experi
oS T = U o S o I O~ TR PPRPPR 115
Suppl ement ar yDiTfafbd ree 2t.i &6l. abundance anal ysi s
communities in plant roots. Analysis of Comp
Corre-ANCOBC (g val.ue..0..0.5) . 116

Suppl ement ar BaTathl eoer3d.er. for LAMS injections

Suppl ement ar yAnTmdtl eet i3ans2.0f features based or

public |ibraries avail.ahbl.e..i.n..t.he..GNP&7 pl atf
Suppl ement ar Wnhalhlag i d.n3.0f metabolites wusing
I nformed Metabolite Annotation (TimaR) R pl a
matching with freely available expdriicment al
database developed usiavgitthdl dS1 ni LfOdWBat i on
(https:/ /1l otus.naturalproducts.net/ ). I n the
(NPC _class) and taxonomy (Triticum aestivum
combines the biological..and..chemi.c.allimatches
Suppl ement ar fFehatlulrees3 .s4.ati stically significa
di fferential abundance analysis of peak area
vol cano plot in figure 3.7. When present, an
and the tool used..f.or..t.he..annot.at.i.onl77
Suppl ement ar yQuTalbiltey 4o0f 1mer ged sequences pr o\

anal ysi2lé

Suppl ement ar YANDOaViAl ¢ e4u2t for alpha diversity
C O MMU N d e B S 218
Supplementary T&®&bFéedenBi al abundance anal ys
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Chapter 1: Gener al |l ntroducti o

This chaptséehepfoundetei amesfeamamr ch pres
project. It starts with amh-wbreatviienm e
i n agriculrtodred oafnodb itanle ¢t ammbtalpé r@si nt
The seconfiosaeséesiomh| wdokcaent me tianb onhei dt
above and bel owgr oumd eimmp thoars atesh e qotin &3 d |
mi crobe .syBhliesn i ncludes an overview
this pgrimjaddty.,, the chapter outlinesanhn

overview of the thesis structure.

1. IMoving away from pesticides

Ensuring food security and sustainability re
the United Nations' second Sustainabl e Devel

aims at creating a world free of hunger by 2

| ed & ogrtehen revolution in the 1960s, mar ked
nitrogen fertilisers, selective breeding, ch
These innovations contributed to an wunprece

wor |l dwi duel,arplayr toifc st aple grains 66Acmamda whta
al ., 2019; John WhiBladbut he0g8f0gen revoluti on
(production per uni t area) it was quickly r
sustainabl (ePelvleeagrtiime & .Felrmt8enndseizv,e 2a0glr8i)c ul t u
have made crops more vulnerable to pests and
on the excessive application of chemical i np

water systems, ahdmarms B(edadiltstk s& tBabuThe2s0e21)
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chall enges highlight the need of more sust a

bal ance agricul tural product i vibtey nwi.t h envir

The use oficpheesnmiiccaldecsompounds designed to col

has significantly i mpacted crops, ecosystems
play a role in increasing food production, t
i nclgudrienspiratory and neurol ogical di sorder s
di abdiRaxni et .alln, th@2%k)hvironment, pesticide

affecttdmggerbdnorgani sms such as fish and bird

of appd dteidci des reach their intended target,
soil and disrupting microbial (CRamiunett ials. ,cr?2
Zhou et alkFuyr R2O&mBmor e, the continuous use of

growth and induce def grFdeorrse sep.o ndsleers, ii#n® 2pH)macne
wheat, pesticides have been shown t o al t er
met abolites, while significantly reducing th
the p(lZamaw et .alOverad22) it seems i mperative t
to reduce the application of chemical pest.i
developed from knowl edge of the agricultural
can influence tpd ainiseagcetsipdaatnc,e | i ke the intr

plants and soil mi crobes.
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1. 2l.mportance -whfe-emt &ap oibe I nteract.i

agriculture

Approxi mately 66% of all known species are i
quarters of our (gJ arkaile |l sioddi,ve2®lLi&;y Kawahar
Al t hough only one million insect species ar
number of species coul dChengr&umd é&DP§Bt thah
201.8) As such, insects are a dominant form o
attributed to the wide range of ecosystem ro

one, he(rlkaaedkdroyhn, 2018; Lieutier et al., 2017

Fossi l evidence shows that i nsect herbivory
(Pal aepBoucég, 2015; Scolhut etthealf i,r slt99®9f i ni t
i mpact of pl ant -gsigntlihheraatiimssecwas only
(Berenbaum & Zanger, .20Th8;s BRwoaen kweals, al 9d5eSt)a i |
of the role of Br as=sai cgaceugpe odl wsceocsoinndoalrayt epsl an
in host plant selection by white cabbage but
chemical e¢tBeobgmpbhueml & Zdanger,, t2he0&)er m 6coev
coined to o¢agdreirtnes tobeti e €em atcwd omaj or groups
with a close and evi de@fEherelciotbhgi&c Rlavsahgtliod

butterflies and plants as an exampl e.

I n this section, the insect and plant compon:
along with a third critStcadi efsacedwggestthetihlhatn
communities play a fundamenstealt rionlteeriarct s loa i

influence is a key component of this researc
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1. 2.
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201

IAphid herbivory impacts on wheat pro

supeApfhamliadigdebael i eved to have evolved aprg
rs(@8igmon et . Q@fl .t h&021700 described aphid
oci ated with (hReercbcaocuedo uestA pahla.d, s s2a0rle0 )pr e d o mi
cialists, with more than half of all/l spec
ci es, forming intimate ecol ogical rel ati c
ids exhibit a broadeAphiost gossgpi iekbdr eme
eralistof chpatting on 912 plan(Pspecu@setc
., .2010)

ids that attack cereal crops are commonly
most economically significant species in
Sdtobion,avdmrmaddatd aRtedrgtayi(osi pthhuym paanddi t he
enbugSalpihda adp hi s RgndainPrarm vy, 2013; Shavit e
se insects are among the most damaging pe
ding to wheat yield | odsAsvyeasd ortan gliemdg €frragn ok
1; Borg .€Ehebat . pebD2d)atus arises from bot
ect damage occurs through their feeding |
ntés phloem and extract sap, di verting es:s
el op®m®embn et. allndi ”Pédtl)damage results fro
pd eatnhtogens, particularly viruses and bact

of known pPanty,viiredl$®Bdgi ng Barl ey Yell ow
DV) , one of the most devastating viral d
9: Si mon et al . | 2021) .
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Aphi ds rely on phloem sap mainly for essen
synthéslaktam et al . | 2019; BAegwev &r Agphivaéem 28

in simple sugars produced by photosynthesis

aci ds, meaning that aphids must consume | arg
nut ri(eZrgtss & Agr.awkd ,r egulléat e t heir sugar i n
excess sugars in the form of honeydew, which
of sooty mawlhddg . heAlet H ungi do not invade pl an
| ayer on | eaves, stems, and other plant surf
efficiency and stunting plant growth. 1 n so0me
reported ntol wirgemddd e ac(r Dipa pg @ardaijctetvidly. , 2027
Honeydewmecdamt e mutuali stic i ntercaecrtthanins be't

speciaesr el atkinoonvanstirpophopbDekabie, | B0®EX)change
honeydew, odagiddifd sfmngal pat hogens and parasi:t
t hent s ppeoaina s a pawadsz oolbisceprvoetde ctto aphids from |
i nfechhygpoeninfgeconvdia fromndd vri angimealgyhmneg s
bodi es ekfi Ifluerdglaalmhit d g t he spreadpoaddal afivwct i«
(St addl eDi 200.B) mi | ar |l vy, t Llhees iaunst Wsepseccid tesse r ved t
aggressively attackddi bhgs p asparaatviioduidn gvaas ppr o

effect in thewplbpuatei ohn-Nagpraighs {(Raadng gl2i018) .

1. 2. 2Wheat

Wheat is a major cfrorpmifrog o okoedy speacrutr iafy ,t he
portion of the wdhhdygs epopdll.tat Wwa®2 1gmong th
domesticated crops, with evidenc&ed OO0 dBOGEE st i

from Neolithic archaeol ogi cal (skatveasmuirna tehte aw
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2021; Shan & Qsbfosr ne, c@ro2el)st one of early a
wheat has remained essenti al tTo iglichvanl azgtti ¢
L.) consistently rankpradoagdtbreopopwdi vawimd
20, 000 known varieties providing a staple fo
gl obal popul ati2®g oduppleyiirngi 2t atiaceamor aes
et al ., 2021; SlimMmoa0 23, adl.abal0o2wheat product

806 mi Inleiso n( FtAOn 2024) .

Whil e wheat domestication introducéeédikeéeéyeag
rachi s, | arger seeds agdolubedvbBomaasreanddf a!
these advancements came at t hel Schoasnt &o fO srbeodrunce
2024)The Green Revolution of the 20th century
by prioritising Ogheusndal ¢ctios o6fo abbaeace yie
by | odWainges & Ehdanewh2@a®07)the introduction
to déeénveel opment of shorter, sturdier plants w
allocated to grain fillin(gHedsdiegn,i fHG®w&} ¢ 1y, i
evidence suggests that modern wheat varieti
t hese traits, may have become mor e suscept

including pest@cShand & addbbgrems, 2024)

1.2.3Aphids, plants and their associated

Besides their intricate associat-eon] vplddawt § h:
mi crobi al communities, with animals ranging
mi crobi ome from st r(othagmmeerl ieatn.cael nt,0l nB4n%) t h e
hol olwiasntdefiiaesdi mgl e entity for med (IBy nmome ho:

et al ..Zi R@®gnberg and Ropreesbemntge d 2t0l0eB)fihol o
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theory of evolutiono, which proposes the ter.

informati on contained in the genomes of t h
symbionts. |t also considers that the microb]
adaaptti on of their host. Mi crobes ar e, as the

new traits that would otherwise be acquired
with the rhythm of environment al change. Al
recgeb(rBougl as & Werren, 201,6;t hveorrea ni s& nSd odaonu
the microbiome can significantly contribute

i nteraction with their environment .

The microbiota composgmbi ot tihet erunkatriyon ei nc

fungi, protists, n( eQuartuondge, s ,Wearntdh eviinr uasneds Fal c ¢
Trivedi et. aMi.ccrob@e280)can -dbel i glal ieg aa red fcaoc u
endosymbiont s, according to the | evel of dej

survive an@dNpgpegaeaduBaal en MiZ02b) al partners
virtually all parts of the host (plants and :
or inside internal tissues. Classical exampl
found in | egumes, whioalsimhgr-MmiXxowmgppembdrnbbksa,
the insect side, aphids, which could not sur
provides them with eNgegwdmnl Baai an Ada thd&)gh
phyl ogenetically di stant, pl ant s and some |
functi ons, which are mainly related to nutr.i

and abiotic stresses and a(dSatpatsasteino ne.tt oaln.e,w 2el
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1.2.3.The aphid microbi ome

Aphids are a modeltbafcarerdstau dyitreg aictseomts due

bacterial endosymbionts for survival and the
et al ., 202 2; Grigorescu et al ., 2018; He
endosynbBouicohnnseprpa. i's vertically transmitted vi
of fspring). This obligate relationship invol

which form thenbacgami denmdi cated to symbi osi s
Shgienobu & Yori mot o, 20B2xhnem@m.t heu popalcyt ead 3§ Da
amino acids and vitamins critical-efvod uaplind
with aphids has |l ed to a reduction in their
met abolic functions (Chong & hMosr ani,mi2t0alt8 )o.n , T
have rectqobiltigadteoendosymlBriroratts aasboiah it a

which provi deBuncuhtnsepregant s anhab | onger synthesi

2019; Rehoz €022).

Beyond obligate symbiont s, aphids har bour
horizontally transmitted and found in wvario
salivary gl ands, and reproductive organs (
enhance hostintretmnesagbgtress tolerance, ai di
providing resistance to natural enemies (EI s
et al . | 2019; Shigenobu & Yori mot o, 202 2; Zy
benefits coméeéeat radocoishg aphid | ongevity ani
Meyer, 2019). Examples of facultative symbi ol
summari zed in Table 1. 1.
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Tabl @&Facultatiaedbbbéekerinole in aphid defence ag
stress.

StresFaCUl.t Host Outc_ome Mechani Refere
symbi o aphid
Candi da
Regi el |l
i nsecti
Candi daPea aphiPositivProtecti «
. . (Heywor
Heat stFukatsuAcyrthoRegiahdaphid fe(al 5
symbi otpi s)um Fukatsuafter het n
Candi da
Hamilto
def ensa
Hami |t Wheat ap _ _ Reduc:ed_(l_i et
(Sltobl0|P05|t|vsuscept|l
def ensa : . 2021)
mlscanth pestici de
Pesticli Reduced 1
. Pea aphi .
Hami |t (Ac rtho‘Positivrecru'tm((Frago
def ensa |sy)um natural @2017)
P by the pl
Hamilto : . .
defensaPeaph|d o N o urmm|f|(Sochar
) (AcyrthoPositivrate aftz«
Regi el . . al ., 2C
: .pi s)um parasitoi
Il nsect

Par asi t

Hamilto PositivEnhanced
Cot tmend ot . .

def en aa hIActh(f|tnessperformar( oubi

Ar sen gss) ;b natu(fitness)2020)

sSp. g yp enemi eseffect i1
1.2.3.2Zhe plant microbi ome
Mi croorganisms found in plants canlTrbe eldoc atte
al ., .20DdbdOveground, mi cp hoyblelso,scpavlledr reihs ei ntcH au d e s
| eaves, st ems, buds, and fl owers of pl ant s,
epiphytes or wi t hin ti ssues as endophyte

mi croorgani sms are attr archieadlo 9ayhtehoieont |eaxyuedra toef
surrounding the roots that is influenced dir
activity is significant(lOpuhiggehe tIhamsin 201 ¢
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al ., 20P®rigi wds aBome2mRO6)y oorgani sms are st
the root surface, rhinz @ap lzzomie scoariel ecda nt bpeetn et r a

endosph@heaet urvedi & Singh, 2016 a; Gaiero et

Rei nHHalre k & HurelMi ceoblpl diversity i n t he
considerably | ower than in the rhizosphere ai
must possess specific traits, such as <cell ul

root C¢CErtceBdoanco & Lugt.endodedrig,i o2n0all4)y, endoph
be transmitted to the next gener@lHamdhci mfetpl

al ., 200 8HUrRek n& oH uWr e k 2011)

Wheat microbiome

Phyllosphere
Phylloplane

Spicosphere

L o~ Leaf
endos

Above ground
Below ground

N Rhizosphere
Y microbial
recruitment

Bulk soil
exudates

FigurlePllaodbmpart ment s divided into ab

Overall, in plants, the aboveground pz¢

bel owground part as t he rhi zospher e,

compartment, as shownfiomtKevédmguaeet Take (202
The i mportance of the rhizosphere microbi
The interactions occurring in the rhizosphe

communities on earth and a hot spotMaf cert milcr,c
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201.8)A diverse group of microbes -peoqgofi mgco
rhizobacteria (PGPR)) have been observed to
indirect meRihmend as mest. a&ali.r,ec20 Inlke)chani sms ar e
ability to facilitate nutrient acquisition (.
iron sequestration) and to modul ate plant h
gi bberellins, ethyiemse) arkendied eacdtedme oha he p
agai nst pests and pathogens (e. g., productio

systemic r(eshiagtuanwed)i & Singh, 2016; Nagral e

2020)The effect of beneficial mi crobes in pl
at a time: studies have shown thatBachiel liusocu
subtilis, PseudomodAasesplappg.baimmmrsgves bi omas:
and vyield, i nduces systemic resistance agai
tol eranalei dti ¢ AbArleashs eest al . , 2018; Pieterse
al ., .2012)

The rhizosphere microbiome and plant str

Under stress, changes in the chemical signal
witlkry Aorhhpopbhaeksker et al ., 2018heRel pé aat
actively influence microbial communities to
their heal t h, tolerance and stress resistanc
release of chemical compounds intbstamrt isali |
evidence supports this hypothesis in respon:
abiet (e.g., droRBRght¢ etraebspr23019; Wang & So
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I n response to biotic stressors |ike insect

pl amitcrobe interactions is IinfCbhed systémic 2
Fri man, Pineda, Peetatse 0D241 ., 2014; | SKrten
colonisation of pl ant s by beneficial mi croo
primingo in which plants respond faster to
The priming effect of beneficial mi ctrhoeb e s i s
janonic acid/ ethylene signalling pathway, al
salicylic acid (hRaise tbeeresne oebts earlv.eBlaazniplideyus cer el
has been observed to trigger pl antBoderfyetnicse
ci nebryea mpacting the jasmonic gNiiek/ etth,yallene 29
whil e vol at Baesdfimemhavdédelbeen found to induce
via involvement of the sali dyllaihé raecithgat h@®:
most widely studied beneficial bacteria for

geneBraxiddBisse udo mokraisman , Pinedawhieth aahve ber
proven to improve plant resistance against

Fusarium oanyG&Glpeoowiubact er miaauliadamgreaits, of Fus
and bacterial canker(Fatispac&i Arjlym, i 201 o mat
201, 8agnaport hien orriyczeae( b( @mobadyseats ezmlnd, tZhkl9
Western cor Di abobwocwa rygirfige @&l me i et. al ., 20
Al t hough induced systemic resistance 1is key
mechani sms by whi ch mi crobes can hel p pl ar
deficiencies, extracellul ar enzymes of micro
the soiltumwhmichnimel p plants synthesize prot
defepNdagr al e et Holwevex023)his increase in res
result in a positive outcome for plants, as

i nsect h evreb ibvecerny dh¥es enr vee d al . | 2015.; Pi neda et
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The wheat mi cr obi ome

The <conceaeptrneiocfr odbi ome refers to a set of mi
associated with a host across different envi
i mportance fdqKawplaamutr ahedl tah . |, 202Whi ISe meomiiln
type has been observed as the strongest de
commun( Predence et al ., 2021st Wwhiresd elyavd iade
core microbiome for wheat by analysing microl

and roots acr ossexdainvglireap@nism i ¢ t3 .daelfr.d ri (f2i0e2d0 )1 7 7

taxa (2 archaea, 103 bacteri a, 41 fungi, anec
soils across Europe and Africa. Al though the:
of the total soi | diversity,yrotbhay abdunudmtned
rhizospher e, suggesting a consistent associ
environment al coRdudeonaos. eBiominlda¢ b2 1l)whil e s

was the primary Idrcomposoiftimincriobi ahe wheat
(Paragorn wheat cultivar). The core mi cr o

Streptomycetaceae (25. 1%) and Burkhol deri ace

bacteri al t axa declined as pl agt sa rsetarcohnegd
dependence on a |iving host.

Ther e i S growing evidence t hat -rdioowmeshha cat
interactions. Modern wheat cultivars may ha

mi crobes compared topKahemurwi ed ahces208286,; R
Recent studies are starting to show that roo
bet ween ancient and modern wheat cultivar s,
community structYue .et Fambsexa0eid )¢ he presence

special i sedt met &bb. g. , ol eami de, apiin, xanth
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emmer wheat, and a different assemblage of |

modern wheat. Their findings indicated that
shaping mi crobi al communi ties i n wi |l d whea
dominated it mgdesn their work suggested t
strongly to the diverse range of metabolites
bacteria are more adapted to the | ess diver s

These findings thicpHl irgdilte twfe @mlrant root e X
bel owground interactions. Since root exudat
communi cati on bet ween pl ant s and soil mi cr o
understand the contributi oni alfl t hleesree fciheeindIc a

of soi l mi crobes.

Despite efforts to define a core microbi ome,

Di fferent met hodol ogi es for <collection of r h
comparison of studies difficult, whil e the
applied thresholds for relative abundance ca
Further mor e, some studies focus wthhdrhe arhgue

t hat root endosphere bacteria are more stro
quallZhteyng et .alT.h,e 20203) endosphere, however,
influenced by théAkbeeld mécapbivbmbh, pabDaR}y at
research needed to disentangle the contribut
to the wheat mi crobi ome, which wil | be essen

beneficial microbes for sustainable wheat pr
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1. 2.

Mo s

t

4A p h-p Id asnoti | mi crobe interactions

of our current -pulnadmetc s bbedimg eofhict hemst |

studi es on t he effects of benefici al rhiz

dem
con
Azo
aph
( Mb
me c
t he
San
red
si g

Ye l

o

t

S

a

h

t

u

n

Si mi

phe

ot h

def
pos

def

n

e

e

nstrate a negative i MmgFadtmamnn eitnsadnot t [Rer2f:
e xt of aphid herbivory,Badaicltleud ,al Psdudam
pi,r iaMtdu dho h@awvaex been shown to significant/
ds Rbhopahesi ppmuBm tpadion navbernecaaed wheat and
l uto &2Z¥4ynN&aem et al ., 2018he Spni mar y
anism through which these bacteria enhan
modul ati on of hor monal signalling in th
os etfaund(2B®&65)i nocul atAzoons pifr iwlhlewarh Iprl aas
ced the salicylic acid response to aphi
i ficantR.deppaodpad @ti ons and, i mportantly,

ow Dwarf Vi rsust r(aBnysDnvi)t tpeadr thiyc ltehi s aphi d.

larl vy, transcMbp@at eamioc &a nZayltyyseigsk abh yd 02 B at
ul atAico ml owiotr fa(xN 3r5a) Biaaniidd | ug B4 T )i Imosul at ed
yl pr opandoieds ppoantshvbadye f or the synthesis of
r special dbeddmeg ab oSl.a taevgediymaed cht i on i n bae
restingly, their study observed t hat r

nces at wearly time points when aphid der

thf est atni canphiwhenumber s increased, bacter|

e

nce was no |l onger evident.
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2. Herbivore-Induced
Plant Volatiles (HIPVs)

AN
7

Neighbouring
plants receive
stress signal

1. Aphid attraction
viaVOCs

i

\/ ; ¢. Specialised
3 ® metabolites in
L <4 phloem sap
| [
‘\ ¢
Hormone )
__________________ signalling
(SA, JA ET)
Root exudates
modified
///75‘""&/.};;&;]'
+  communities !
\/ ' respond
___________ ot
Fi gureAph-pldamitcr obe i nteractions. Modul at
mi crobi al communities can alter the pl;
created usi.ng Biorender
Whil e microbi al modul ati on of pl ant hor mones
result in induRiende cdsau sectedpetiiobni¢liotdyBe¢d t hat i noc
Pseudomonas BtuvaiesWe€sdl7r altered plant vol
t he attraction o fMyrzautsu rpad r dHshiemagibe slop i s t hal
mut ant l ines impaired in jasmonic acid prodtl
changes wer e dependent on jasmoni c acid S i
susceptibility to aphids has been correl at
Paeni baci | | uaPpsdeBuadcoimiolmuasshe r hi zosphere, t houg
mechani sms r ema( Bl whaewgh oete dale.t, a28 i &id &Kr5)
cases of increased susceptibility have been
mycorrhiCtadaspgori um Raxzyak o& uGange, 2023) .
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i mpact of aphidséecbavedy mioar qodiamme s he

ensively studied, though recent research
eractions. Beyond the use of iHudibwirdu alt i
(2oeLO®s3tigated t he rol e of mi crobi al co
istance by comparing plants grown in soi
sus disrupted (filtered through a 0.2 O

uti ons. Thhoenierd ftihmdi mpdsanst s with a disrupt e
ceptible to aphid infestation, with microl

nt genotype.

A t-dpwn approac-hl atmotc racpbhei di nt er acti ons sugge

abu
( Wo
of

cha

stu
spe

t he

bivory can reduce rhizosphere bacterial
est at i(oFr esnecvhe reitt fad r. e2x0a2mpl e, aphi d her bi v
a reduction of the abundance of bacteri al
era asucRhodanobacter, FIl avobacteri um, Azo
ani bactein Chteopmhagaspher(erafmacna bel)a gad .p | &
erestinffryoymRihdetascmroilpe ntuesr wer e al so found
ndant in the soRQlLeotuBe ddmnulsatuen deeak a(phi d
| fgang et Hoalweyve20283hese ef-dlepéesdappeaastno
the three soil types used in the | atter
nges. Other studies have similarly report

rhizosphecroemmuadg(ttOorBisalen et aol I, ec2tOilv8e)l vy,

dies demonsimimmédmephhhdt i pt amnadactdiaomd -saadiel sp
ci fic, emphasizing the need for further
se interactions.
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Aphkidl |l ing microbes

Culturable bacteria from soil and plant tis
effective as foliar sprays to mitie&atld iaghi
bacteria has f ocuBsaecd ddhr@stelmel ogpe nmehsiac h ar e wi ¢
used in hﬁichcmdxmﬂ'rceIt al ., 202 2; ANMda ksiumgdyv meotst al
with these bacteria has been performed with
work has shown their i ns escutcikciindga | i nascetcitvsi,t yi
aphi(did v-hargeazz zi et al-lsag@®meddi Lepeal ., 2019;
202200t her mi crobes that have &pelkinciisderlven tthe L
ent homopat ho®Bemiuovef uagiMatsan minai,umabdunneum
robe¢t Ras ool et dowev2021most of these tests
undiem wiotnrdo ti ons and more research i s needeod

what aphids and bacteria woul d Semeeo &ntHemduryd

(2022powed that bacterial infection rates on
t o wh at was observed by i nocul atiinngvitthreo) b ¢
Additionally, they found that more time was T

with artificial dienes . i Ovpohéhti all t hough hes
research is needed to establish effective me

agriculture.

1. 2.55tudy system

To invest wheetaebidphmidcrobi ome interactions, t
bird ohéermpEghopal(osi pth.um parmde of the most de s
pests wqrLlidwitdel ., 20R.7; ppaMkimaulill y HaMmalges wh

barl ey(Remgpset and ,has02den extensively used
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resistance within the Chemical EcCBbbgyegrabp

2024 ; Si mon et al ., .2021; Singh et al ., 2020

The wheat cultivar 3Jeiectem(degt ivimirm Sobldy,
al so been widely wused in previous research
cultivar is hiRghopalsasicmmismnbkpaditosn avemaet i n
significantly higher aphid de&nmsomni ed. ahan @t0
ol factometer assays usi ngy sayvnetphaeetdisc svpoelnatt inhoe
time in the area containing volatiles from S
resistant wheat Il i nes, furt(hBeog eonfalr.mi ngo0:
AdditiRnapaaslii bits prolonged phloem feeding
resi stant wheat |l i nes, which may be | inked t

total carbohydratéeé6&raedsbadanet aki ds2016)

1. 3Chemical sign@ll dmitcg oibre amphied act i

1. 3. 1Chemical cues in host recognition by

Aphids recognise their hosts u(sWenbgs theaot, h 2Wils2L
Ol factory cues primarily consist of volatile
use to distingui sHthols@Bbr gl antTahlefsreo 2W0RCsh ar e |

mol ecul ar weight compounds that plants const

environment, where they can be detected by ¢
role in mediating ecological i ntse raancdt | soenesd
di spersers, recruiting beneficial mi crobes,
deterriivprlmaeirsb i nsects and pathogens. Whi | e
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vol atil es, certain classesi vér scaolmpodiustdisi beuthi

speci( bou & JandNei,ghBO6éa@ae2)ng pl ant s can al s

chemical cues, triggering responses related
Like many other insects, aphids detect VOCs
involvinegiodongntproteins (OBPs) . These pro
ol factory receptors, which then activate sen:

i nto el enpturliseasl t hat gui ol etsec& DéTAmevi aur 2

uni que blend of VOCs emitted by a plant, i

concentration, acts as a chemical fingerprin
(Loreto & DOAokbDmjc2ee2al ., 2021)

After host | ocation by aphids, the next step
for aphid success. After |l anding, aphids mov
odour s and detect gustatory cues, i ncludi ng

topygl cagnd CcBhiomret . alfheg B@R2) phase involves

ti ssue by ingesting small qguantities of s ayf
process, aphids assess the chemical compositi
concemtsr asteirovi ng as key indicé&ésbais® et . maltri®
Addi tionally, t he presence of antifeedant
acceptance. Prolondedt eml| tamt ifregddisedg enalks hi
successful hPotwed d1 eedt iadn , 2006)

Penetration of the plant tissue is perfor me

piersiuolgi ng mout hpart adapted to navigate pl

defence activation. The styl et all ows aphid
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mechani cal damage,-indededi nrgesipstaance respo

penetration, aphids secrete a gelling saliva
apopl ast, enabling efficient probing and fe
salivaarenohyma cells and sieve el ements be

contains effector proteins t hat modul at e p

prolonged feeding @9%idb ahmzsan ae xeptl. oalt.a,t i 200n2 3)

1.3. 2Activation of plant response to aphi

When feeding on plants, aphids release saliyv
i ncludidiggept eon, enhancing aphid perfor man
def enKed oshi an & .WaPlllainntg, c2anl ép)er cei ve t hese
ot her daasnsaogcei at ed mol ecul ar patterns (DAMPs)
byherbi ¢véaremur aSonmned 2dlf) t hese factors are con:
species, all owing pl ant s t BAssecoghiede Mobhem
Patterns (HAMRs)Padliwrd gigreirgge | mmhotly &PDIi Xk

2022)

I n restpoonBdphids can secretethbff$eptans  mau

stratehy an evolutionary response, pl ant s I
proteins, which recognise these eTrfiegcgeorresd ar
I mmuni tfy KaeEEdBhi an & Walling, 20AMondgNat mens et

proteins, those eifBconde dlgb d-Riceh eRe p elaRR)( NBS
genes constitute the | argest group of plant

pat hogen asddbé&EMacwroat al ., 2023)
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He

pr

sp

rbivore attack rapidly altVenfs péeadmag memb
oduction of secondary messefhgersastithheasxy

ecies (RO&timatedeprotein kinases ( MAPKs)

(TFs) , whi ch act a(sKlsoitghn a8l Dircakiexsd 2z ®EABH nge s

among the earliest pl ant defence responses,
after tH&Kl atha&&k Dicke, 202.2; OPae htth et siadn gl
activated atsitthe, wloomgi dgstance signals are
defence strategy for plant survival . This s
ions across plasma memtbraneascefaocmmubiact anigon
cel(Ivostafa et al., 2022)

The principal hormomesectnvohvedadcthi opnnsanar e
salicylic aci@dEi cahnnda nent heytiO¢anle.r, hd02nb)nes t hat
influence plant response include abscisic act
and gibbeft&hhl er aetdaddsmori0Od23aci d is consi de
core signal responsible for the transcriptioc
plants to insects+<«t uHewdwher,r mhloamosnafli me s pons
feedingfmdadhe derbivore. (esgckidrpPwiomg ,et biatl
2014 ; Fri man, Pibne dd, seti salt.he Z2@3%¥ for aphi
feeders, where salicylic acid signalling see
responereb et al ., 2012; Nal am et. alnt,er2e01t9;ng
aphids show suscepti-metdi ayed o g astmods Aagraawa
201.6)As jasmonic acid and salicylic acid sigr
some aphid species appear to mani pud¢pstte & hi s
Agrawal., Rowuéeyer, t Bi i ghtl gsrpaepceiicfoimcs;i and whi l
studies report no effect of @caharmgygleétc, alci d 2
others have observed an increase in plant de
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salicy(Xicaacétd. aThis29&R)ability highlights

i nteractiormrsvodnud itomearcyo arms race between pl a

1.3. 31l ant defence against aphid herbivor

Pl ant defence against aphids can be catego

antixenosis and antibiosis. Anti xenosis ref.
behaviour, such as plant choice armd $iemdmnng
et al ., 2021; Zhou & Jander, 2022) . This s
chemical traits that deter aphids from feedi
direct effects on aphid physiology, l eadin
reroduction of aphids. This includes the pro

defencesprenherymes, and ptldowén&séanddi bi 2008

al ., .2018)

The formation of a waxy cuticle, trichomes, ¢
an example of anti xenosi s, as these traits 1
These structur al defences constitut epetshte fir

attd2Zkang et . aAnotR®&R4key anti xenosi s mecha
Her bi-lvibdweced Pl ant Volatiles (HIPVs), whi ch
aphid predators, and signal nei ghifdwrilnaggpl a

& Er 201A9 discussed in Section 1.3. 1, pl anf

organic compounds (VOCs) to interact with th¢
foll owing herbivore damage (HIPV) appears t
bi osynt hesidse oncacawr rtihneg vol ati |l es rel eased in
(Dudareva et al., 2004)
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Whi | e pl ant vol atil es ar e associ atvaeldatwilteh
specialized metabolites are often |inked to
encountered by herbivores when they #feed on
suckipmg da, the | ack of significant cel]l di sr
|l ow concentrations of these metabolites, whi
(Z¢st & Agr.dlwakrtROeNLeés s, these secondary mef

pl ant edefpelnacyi ng roles in antibiosis strategi

Most Hed midwoced Pl ant Vol atal atsi [(eH]l me/t) almaoldi the
in plant defence are considered plant specia
at the core of pl ant response to aphids and
meabolirteeqsui red f orarmpd amdrimemes sary for regul
pl ant growth and devel opment, secondary met
competitive (lAdRayoinment aCur r emt2i3y), more thail
secondaryemehabel béen reported in the plant |
structures and functions, and it is believed
can contain around@ Abh ayr0i neett aadlo.l,i t2G2 3 At Wang
| east five classes of secondary metabolites
regul ation of plant defence: glucosinolates,

green | ea(fErvinl & tHKIlieesbenstei n, 2020; Mostaf a ¢

Glucosinolates and benzoxazinoi Bsasagiec apcaeratei
(cabbage fBmatgpieand (grasse(sBr,b r& skleicab evred t
2020)hese metabolites have been shown to i n¢
defence response to aphid herbivory. Call ose

aphids from feeding and acting as both a cl

4 3



p h
al
t h
Mo
ap
pa
Vo

ar

t h
me

di

| ofeemedi ng insectHamdetpadlhoge2®08; Mbiza et

., .2HDWWeEVeETr, the mechanism underl ying the

ese secondary met abloldécit@Bt bdnaKihise h.@n steei n
reover, these metabolites are also directl
hid herbivory and are thought to be invol\
t hwagrsh & KIliebenstein, 2020; FIl orean et 3
| atddredasrey metabolites, including terpenoi ¢
omatic compounds, al so play a role in plan
i me or induce hormonal signal |l i n(gTwraltihnvgasy s
Er b,. 2Nolt7dbl y, parasitoid insects are highl

oduced in respons(elrutrd imegrsb i&v cErre , a t2t0alc7k)

3. 4Wheat plant defence against aphid he

l'icylic acid plays a centr al role in wheat
cognized as a key phytohapmodei méeéracit hgonae
is hormone is often thought to be exploite
dedt pl ant (dZesfsetnc& sAgr,awraé cen2t016t)udi es hav
verse mechanisms by which salicylic acid c
ogenous application of salicylic acid has
mpounds coumaric acid, ferulic acid, caf fe
eat pl ants that resulted in a deicremisen r

en(akeng et .alT.he 20ppIMethyli osabfcyl ate ( MeS/
mpound resulting from the methylation of s
duced ©pl ant vol atil e, resulted in the rel

creasedcttihoen aotft rtahe aphAptdi pavasatit hatewaslp,
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en

i d

emy of t heidgroaiimna@dXiisatoa netthiaThre@02@)atil e

entified as attr €y ae heDioei htyhle bpearrzaesn e oa ndd:

(Xiao et .RUrt heromo)eyr ee of wheat seedlings f

met hyl salicylate resulted in an increase in
and isobavachalcone) and one benzdqxtrazienoiad,. |,
2025)In the | atter, transcriptomic analysis

s aclyil at e resul ted on t he di fferenti al expre
metabolic pathways, including fdavwoheinds, amd
met abol i sm. Further mor e, hor mone analysis re
j as molrioyykeuci ne.

FIl avonoi ds, and over all tot al concentratior
positively assecisatseada nwi twif 8s&aphhgicdet t avar s 2024 ;
et al .MorR&®@2er , research waihtehata nlciensetsr ahla sr esshio
antixenosis (the reduced attractiveness) of

partially be explained by the presence of 2.
antennae r es paocntdievde ) ( BbA@ onging mostly to gr
benzen(oei.dgpt amal , nonanal, decanal , hexanoic
and ethyl benzenegethghbahdahyebaydBoag krenaén
202.MA) comprehensive study by Wang et al. (202
transcriptomic and metabol omic approaches ca
wheat. Their wor k i dentdicfrioetdonfocsiid e KXy u areit a
met hyl adenosinedassdciferedi wi alci di Yiht okreisarst a
mi scamt htihe hi ghly r esiZavt9a ntNowhaddd ty, c u lhteii wa f i n
the importance of belpWwgnounhdtkaatcbdbisnsn apb
(N) availability in the soil benefited aphid
ZM9, reducing r esfiertainlciez atti din glhewe INs .
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The identification of these metabolites i S
management sktaregl esappEi-Salt e minunofandanmel at
enhanced the concentration of DI MBOA (a benz
acid by 34. 8, 70. 8 and 51. 3 %, respectivel vy, |

to 52.Zh%u et .alT.h,e 20u2Zlh)ors show that this a

di fferent profile of VOCs released by wheat
propanol , i sopenetydi ra]l camohg amnhheras. This pc
response that is not dependant on the abili
resistance to aphid herbivory. An interest.i
mel atonin, which has &ascankky gepgnoéedtatteht i
signalling in biotiDd a&nd adbi, ot2i0d 9st rCes San et
1. 4Connecting above and bel ow: The

pl amitcr obe i nteractions under apt
1. 4The role of root exudates in plant bel

Pl ants move around 50% of the f(iMae@dtcad bon 210¢
of which approximately 40% is r el ea(sSeed tiznt o
et al ..,P1 2022) rlei pad@pnotsoi ttshe soi l t hat i ncl

muci Isalgoeuughed r oaond craept ackedllist,es broadly cl ass

(Oburger & Jones, 201BhesTei amhieztodalposi 2920 p
functions, e.g., alter soil Dbiochemical prop
meal s, and communicate and maintain positive

whil e avoiding or( Mapet lalng, patdbhbigeWasrr dn 3) 2
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The diverse metabolites present iin hhighodepo
mol ecul ar( >WeDfmltbhah pabysaccharides and Pkawyn
mol ecul af <Wwe@0 @ hDal)nsx gar s, organic acids, phe

ot hepeci aneit adbd(l Watrerse n,Whad1k6)definitions vary,

typically refer to the | ow mol ecul ar weight
into primary and secondary metabolites, as
primary extabel essenti al for pl ant growt h a
secondary Ceod) smetcdaladlii t es pl ay ecol ogi cal

interactions wi t(hDelhceriy etmoanwre.g,emzhiton)i s di st i

not absolut e, as praimadryy cmoentpa b cliintge sc,ar bohyc
aci ds, ami( €Ganarii mis ehavael .i, mp2o0rilt9a)n t roles in
mi crobi al commu(nBirtoieecsk liinn g heet saoli.l, 2008; Chat

The majority of root exudati ¢Cainaartimought at o
Kranawetter & . SuHomnmeerv,er2025M)ere is evidence o
flavonoi ds, whi ch can be rel eased from mor e

(Kranawetter &. STmeerooR2025%5)p produces a r oc

meristem (undifferentiated cells undergoing
|l oosely attached <cell s programmed to be re
rel eased, tehlelssyg olradre $,e cseelclrse t e DNA, protein,

special i sed( Krtea mabwdtitters & Sumner, 2025; Ropi

et al .., Th&k&) border cells have roles includi
roots through the soil, binding cations of h
first l ine of defence against mi crobi al pat

bordes IkeaVvé been suggested to act as a deco
pat hogens, and grhewt h ndhri bptevdriHawod etol ahi

2016 ; Hawes .et al . | 1998)
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tolerance to biotic tolerance to abiotic

stresses stresses
DA 1
‘34'—"-
A Tolerance to drought and
root osmoregulation

=
P solubilization
N mmmme 0T e
soilborne fungal s
hogens
FiguBe&€lhsses of compounds present in plant rhizo
Taken Rfirzmarhudin et al. (2021)

Root exudates are affected by different f a

devel opmental stage and environmental condi't
soi l chemical properties and p(®&aepteabf, m2oO
Sasse et .alMi,rr2o0li8&)g this, mi crobi al communi

to change according to plant species and de\
and environmental factors, which is why thes:
shapi ngbimdlcrc orirBlemidti ings et al ., 2024; WhcdUaugh
primary metabolites are mainly direct carbo
communi ti es, specialised metabolites are bel

the composition of microbial communities in
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As described for insect herbivores (Section
released by plant roots have been observed t
and pat hogmindrcolpd ainntt eracti ons. These metabo
pl ant exposure to stress, are not met abol i s
antimicrobial and/ oRolsfignat | Slhgne a @ 1 Ajhtei a0 s t

known regulators belong to thenssame inltesaacd

including glucosinol at es, fl avonoi ds, cCOouma
phytohormones | i ke sali¢ibpciaovd &nHKoFpoers wman
i nstance, i-mh it Zhheb il & giumteer act i on, fl avonoi ds
nodgene in rhizobia, and further function a
concentration of t he bacteria on root sur
phtyohor mones, stimulate germination and branc
( AME)AKhayr.i et al ., 2023, Kopmrbvevd.& Kopmwis\v
exampl es of pri mary and speci al-msedobmet ab

i nteractions.
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Tabl2Edampl es of plant root metabolites mediating changes in rhizosphere micr

Compound Condition Pl ant Mi croorgani sgef fect Reference
Root pat hoge i (Lombard|eta|,2018)
Trichoder ma
aboveground Tomato and CT1o0o I ncreased ct
woundi ng
_ P!ant CUIt'VFieId rrBJrsatsasrRhizoslpahlererNegat!ve.anc(DEWOIfetal"zozs)
Glucosinol atdi fferent lerapa communities associations
met abolite s bacterial te
. . . (Lopes et al., 2022)
Pl ant cul tiwv Rhizosbher e Signi fdicfafnetrl
di fferent | eMai Ze a( shay communipties assembly at
met abolite s growth stage
Plant cul tiv Rhizosoher e i gnificant | (Lopesetal, 2022)
Tot al sugarsdifferent | eMai Zem@ys communipties assembly at
met abolite s growtthages
. . Pl ant cultiwv .
o—Amlnobutyrldifferent | eMai Ze @ y)s Rhi zosphere Changes in C(Wangetal.,2022)
( GABA) metabolite s and fungal cassembly
; Plant cul tiv Rh i h Changes in c
2,-0i hydr oXy7 qjifferent | eMai ¢Zamys 1 20sSpPNETEe assembly anc wangetal., 2022)
met h-@xy, -4 metabolite s and fungal cypregulatior
metabolic pe
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Compound Condition Pl ant Mi croorgani seEffect Ref erence

benzox3azitim e rel ated to &
(DI MBOA) formation ir
(among other
sugars metat
fungi
Wild type (V .
6-met hoxy . Changes in c
benzox—e-xz)ula\irmUtabm)1 (plamMaizZem(ay)s Rhizosphere assembly anc (Huetal., 2018)
( MBOA) Mutants exuc and fungal Ceffect
|l ess than WI
Native and i
pl ant popul ¢ . I ncreased cc
di fferent Ie(c_:l_tllir;?jsiia)tilellé[jgu?c?k;;)hby the fungi (Tianetal., 2021)
met abolite s 9 l evel s of gt
root exudate
Pl ants expos (Xing et al., 2024)
di fferent ¢ty
herbiSmadogt I ncreased cc
IituraFD S OCChinese tall Arbuscul ar NMNcorrelated v
ra POC rriadicg selFungi (AMF) increased f|I
frugiperda, )
flavescens. content in r
col Dari s
Wild type (V
mut g rZtman 2 : Rhi zosphere Changes in ¢
deficient IrMalzZeem(ay)s communities structure (Murphy etal., 2021)
dol abralexir




Compound Condition Pl ant Mi croorgani seEffect Ref erence

Changes in &
and composi t (Lebeisetal, 2015)
communi ties

Roctndospher

Wild type arArabidopsi s bacterial occ

*Compounds with the same colour belong to the same chemical <c¢l ass.

-Ditefpe-PhenyIpr0| Benzoxazi. Ami no aci¢Sugar- Glucosin- Oxylipins
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4. 2Root exudates -medi abeé nigntpéb@odti ocns u

stress

anges in root exudation profiles, trigger

ignificantly i rnd druweintcree nmi, c rvwhii aHl | i n tur n,

gati ve, or neutr al effects on plant resi
pot hesi s, pl ants can modul ate microbi al C
emical signals (i . ect, breonoetf iecxiuad a tne sc)r otbheast,
e plant's defence ag@Rwmisfte petst&lup,pd2Phdh)hoy
pot hesi s, studies comparing microbial com
ants have highlighted ditienencesriehami ago
ant responses to stress. However, only a
udates have been identified as key player s
enti fi edarce mpiantkedldc Haonges i n root exudates

e recruitment of benefi ci arloomi ccroolboensi ztah a tc

icrobial peubageom b(kHkwegpmg uenmt al ., 2020; Ton

anBal stonia sfoGanatealr NMmv20idelses@pot chandeaet e

pr

coOo

Sc

di

20

s h

ch

ofiles in response to abewmepgnolbadgpkygtanex
rrently, the best documented compounds obs
mmuni ties associated wi t h pl ants under a

umasrciorpodred ithhe bermex ddbemaeziok@2paki 0 MBOA)

opol etin has been studied related to theirtr
ffereotnesopda(Bogenglis et al ., 2019; Sun ¢
1,6 )howev eArr,a buisdionpgs imaittamd Isi aled i ci ent i n scop
owed shatompbund is needed to cr-leagtei ntghe
anges in soil mi crobi ome compositfohi)athat
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bio

et

trophic downyHym Il dpewr gprad shpardbehp Ja( rVa bsindaonpss i d |

al . . RoOr2her mor e, t he aut hor s showed t |

communities were able to enhance plant resis

signalling. I nterestingly, scopol etin has b
jasmonic aci dwebkewidlld tidNGaoataneanaghanst t he
necrotrophi tefuagus paolitnetrinnagt aa-s ppos ki Gl angl pe
speci fic (nbeicortortorpohp hv)s .def ence respon(s®wn modul
et al .., 2014)

The second 6mepbordzox2paki nfl MBOKel ongs to t
benzoxazinoids (BXs) <c¢class, which has been s
mai ze r1ro0o0t mi crobi ome, with positive correle
tolerate BXs presence and their (rTeh oaetn evre eatb u
al , .20M®Br)eover, i n anHui neter ead tsihm(ge0dL 8y chya,t

accumul ation of MBOA is necessary to trigger
t hat wi || in turespmpo8pbdwowpt @erlant Nogiapéryda t h
changes in rhizosphere microbial communiti e:c
further highlighti g ctrhoeb es penctiefriaccittiyonosf. pl an
Finally, some classes of primary metabolites
and ddmgn amino acids, present in root exu
modul ate recruitment of microbial coWwemuniti e
et al .rdRdr2tled t hat a mix of( Fdrntea deocnagn ocihca iar
hexadecanoic aci d, pal mitoleic aci)d,anactsa kec
ami noaicd dlseyci ne, | euci ne, met hi oni newempe ol i |
respoensfiobrl t he attracti on oHFs ewdenmmiaerawss! thadt e
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i nduced pl ant resistance against aBPawmagr ounc
notogimyéener nareiemh prameadk t he e xwuamd idlommagMm sho
organic acids, sugars, (audnagmieno ad i, d R 9RO e
an increase ifriabbhodamnme la8bdr e pt ogmeynceersa wer e

observed in the rhizosphere of plants. The al
of the root exudates hbwobonettt haes hdbendthrggat &0 g
the chamgpes iexudat es can have i mpacts i n b

i nteractions.

Given the diversity of pl ant met abolites an
according to environment al conditions, mor e
understanding of how different primary and s
recr mitt noef beneficial mi crobes that can res

resi stance to aboveground pests and pathogen

1. 5Main techniques used iIin this stu
soil mi crobe i nteractions

At the core of this thesis, two main technigqg

pl asnoti | microbial communities: untargeted met

amplicon sequencing analysis of bacteri al C (

t hetsechniques is presented.
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1.5Uht argeted metabol omics of plant root

Root exudate samples contain a wide diversi
amino acids, organic acids, faamtdt !l anitd h,or snp e

(Feng et Tahi.s ®RiOVedr)sity has traditionally mad

present in the root exudates using one singl
Advances in instrumentation and analysis pla
the metabol omics field, which aims at capt ul
present in complex samples. Wi thin the field

andtangeted (exploratory methods) have help

bi ol ogical sampl es. The | atter, often yields
|l ow thousands, hel ping to detect smal/l mol ec
response tamdbiadtiioti ¢ stresses i Eplaast €t ahi
2020)

Four maj or technologies have been key for t
fiegladss: chromatography maMSg ,spe qtui amethmry mMaGO®© gr
spectromdMSny ch@ill ary el ectrophoMS)s,i sanmhss
nucl ear magnetic resonanhPRer eszpede r Seunpy e( NI
HowevemMS LG one of the most widely empl oye:q
met aboldoue ctso its high sensitivity, specifici
(Broeckling et aSouzao23; abPbperRO0O@aécificall
chromatography coupled to tMSMVMEgmhmass H exeme avti rd
used in metabol omics as it all ows the simt

annotation of m&rakkmet Shalhi tee¢s al . , 2024)
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Il n -MEMS f or met abol omics studi es, a first st

mol ecules based on their physical or chemice
and mobil e phases in the i qui d chromatogr
introduced i ecortoometmass whegre they are conve

detected by the mass analyser to obtain thei!
i ons, al so known as fiprecursor ionsbo, cont i
further edr agpmemhktt ain product ions (Figure 1
analysed to obtain(Theimas met.e aluhleasre2 @fiar8apg me nt s
then used to construct the structure of t h

chemical <c¢classes or tentative identities (an

s
& ol
a
a

MS1 e

MS2

Fi gurdeFrlagmentati on of precur sor ions to obtain
annotation of compounds i n complex depmpldast I n
acquisition method is wused, selection precursor
frqrayu et al ., 2024)
During data acquisition in the mass spectrom

be performed mainly usidegpenwe néa p pardobapaklmadse:n td e
acquisition methods. The main di fdepemdentbet
met hoad ssel ecti on of precupgsesbdedonsi basied, owh
datiammdependent met hod al l precur soepeamdentar e

acquisition method is preferred in the untar
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ions are fragmented, the complexity of the d

of fragment@uo o& Hwud ra, 2020)

The steps t haMSMSo lalncaw ytshies Lithvol ves the use o
ai med at the analysis of the big datasets ¢
potenti al unwanted signal s, aligning of pr e
ions dat a. These f rfaignngeenrttpsr i@otmsp airsee da gqaasi n st é
experi meinh assitlainuccot ur al( Plhktkaba Sdasah dthealcurrz2nhi
rate of annotation using untargeted metabol o

the |l ack of mass spattyaunbdebrcarbed, mpoabot it

of the datasets. However, the tools currentl\
datasets, including clustering techniques an
structural cl asseng¢cr emmsled acnomatiantuieont or ait e s f

met abolomics and all-bwr thekdowe ¢ Bét sAlho kiatd ® =t

al ., .2025)

1. 5MRcrobi ome anal ysi s

The studwmi of oldiihabhnree assembly of al | l'iving ot
environment , including their genon{eBer gstertuct
al ., 2020; H-chuia se tb eaeln. .k ey0222) unr avel how di ff
bi otic conditi omiscrcalme iimptaerta ctitoisdns. Thr ee me
these communities have been used, including
as metabarcodi s@ggquencampgl acahysis), whol e me
and met apttroamgi¢Cesi ght et al ., 2018)
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Mar ker gene, or amplicon sequencing analysi s
to study the compositioOKwifghi cetobahbl , c2aih8
2021)Amplicon sequencing uses primers that t
interest to determine the phylogephknioghtmi €efr o
al ., .20Mh8)s region wusually contains a highly
identification, flanked by highly conserved

for PICIRmMekKmsi ght et al ., 2018)

Ampl i con sequencing of fers seve-ealt ahbldivaamea da (
protocol s, -efgeed,i veaogtsts, and suitability fo
cont ami(nGatliloammhan et al ., 2bawevEnjght basalin

The technique gened &ivley prcecwil des ogenasnd prin

i f primers do not bind equally to all DNA seq
bi 4dKnight et al ., 2018; Liu et al ., 2021)
The major marker genes for bacterial and f unc¢

and the internal transcri(bleidu septaceelr.s, bRATSR) i
and archaed8,r RRA gene i s appr anidmeatoenltya eln,s500
di fferent hypervded®9] Hameokagebdad U e/Mc2iOn2gl )t hes

regions generates short reads that can be us

identification is often based on operationa
sequences with O097% similarity, or hampl i cor
di fferentiate semquelheectsi dvd Chl saimgihemrTtheal . | 2

resulting OTU or ASV tabl es, containing DNA

counarse, i®ednddweam @Kmil ylsti set al . , 2018)
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Amplicon sequencing analysis can answer ques
in the dagmplcad,l y through three mai n approa
di versity, and differ(elnitui adt aablli.h,d azaGtPlh)andi ye
refers to the diversity within a sample con
species) and evenness (tHegdarntsh r& bArndems odn s
et al ., F02instance, the Shannon diversity i

evennescal byl ating the uncertainty of predicti

i ndividual . Ot her diversity index can focus
reads) , or evenness of the @Hsgerbht&oAnder g
201.7)Beta diversity analyses, on the other h

mi crobi ome composition of di fferent sampl es
di mensi onal reducti omumet dodmensuohahbhssoahi ngc
principadt esoywaidaln( PICio&) et .al Di, f f2e0r2eln)t i al ab
anal ysi s identifies potenti al key taxa invo
composition in response to a given condition
investigate these differenclkes,trmandonrirmpmtwendi d:
DeSEQ2i)nce no single method is universally s
mul tiple approaches to determine which yiel

insights for (Negieteaml|ldgt 20t2)

1. 6Theoibg ecti ve and research quest.

This research i-sw@ielstimmigant else wihretae¢r acti ons und e

objectives and hypotheses are:

l.Ilnvestigate changseosi i nmitcheobel arytstem i n

response herhiphody
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Hypot hephiser biivibdwces changes in the c¢omj
bel owground volatatel eandxuwmdbat es. Since [

chemicals to communicate with microbes, [

wi || influence microbial comnmuhmiizogs glhhenpe.s
.ldentify potential key metabolites in roo
recruiting specific bacterial communities

Hypot hfepshiisd herbivory triggers the releas
wheat root exudates, serving as chemical
bacteri al communi ties.

.l nvestigate the structure and compositi ol
the o0t interface in whbatbplvVanys under

Hypot hResdts:exudates influence the selecti

from the soil to the rhizosphere. Howev
successfully col oni-isred pdechtc raomges il ragpd
specifically recrurndotbaacdleonias actaipoanb,| et hoef
enriched in the rhizosphere should al so s
.Investigate changes in culturable bacter:i
key metabolites in root extulbhekathessoafy pl ant
Hypot hesdtser i al i solates of i nterest wi |
metabolites tentatively identified as str
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1. 7T hesi s outl ine

Based on the aims presented above, the struc
bel ow:

Chapt eGenl:rr al introduction and a comprehensi
resear ch -polnastoth s emt crobe interactions.

ChapteRes2ults from the first expeiil mamtc,r owle

interactions in the rhizospéadebieowefry whaat wele&k!
This chapter includes untargeted metabolite
mi crobi al communities, and 16S r RNA amplico

community structure and diversity.

Chapt®&es3lts from a second experiment, focus
to characterize root exudates wunder aphid hi
were used to annotate key metabolites differ

control treat ment s.

Chapt eMi cd4:obi ome analysis from the second ex
amplicon sequencing of rhizosphere and root
al so i nol wieessgong of bacteri al i solates with

their responses.

Chapt e@Genber al di scussion and <conclusions, S
cont ext of existing literature. This chapte

proposes future direct-ploaswti flormirce odaer d mtem aic
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Chapt:erEx2pl ori ng c¢ hasnoggiels maitc rtohbei apl|l a

under aphid herbivory

. . . . I
Pl ants communicate with their environi

|
organi sms c.almiperccheaipvteer faidrdatms s é st hthd:

|
i nvestigate chamnsgoeisl imm ctrhoeb ep | saynstt e m ini
aphid f.eeByngsing a combi nat-wv wlnatoifl evi
profiling of the rhizosphere anphwrdeduteli
i mpacted the bel owground s.ianuarItsheirnmotri
profiling of mi crobi al oo meu raictt ii e/ e SI:I‘!E

|

pl ants under aphwhtli herd&dmploirgyon Serqmmfmc:

showed bacteri al communities with | ow

those associated wiitthh healitnhcyr emlsan tisn,

Actinobacter®aercdlalss t hese results sh

with chemical and bi ol-soagiilc ailn tcehrafnagcees.

2. 1. |l ntroducti on

Aphid herbivory can significantly i mpact pl
Directl vy, aphids remove resources from plant
t hat can severely affect pl ant heal t h. I noc

respomnmisats alter the balance bef{tMeanepl aht, g2t
Si FSyaanzana et al ., 2023;. Bystcr& aAdgdmagwaal ,r exo
aphids c are fpernoseipvhbeani sms that are costly in t¢

nutriendn,ldfofcadtii ng over al(INaglraomvteht . aanld. ,p r200dL
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Whil e the aboveground effects of aphid herb

extensively studied, its i mpact on belowgro
However, geéevVeaptaendil s, it is expected that
i mpact-s@illanitnt eractions. For instance, when

and fatty acids f(rPomwetlH eierta dadtst,e yR2I0eabt)es | i mi t ¢
to synthesise these compounds. To synthesize
plants obtain nitrogen primarily from the s
nitrogen availability a(nHaroivbhearlald ,BHauné e fe ne? Oal
al ., 2017, Mitter et al ., 2013;). Nagrale et a
Beyond nutrient availability, the soil also

pivot al role in plant responses to aphid her
i nocul ati on wi t h benefici al mi crobi al strai
pawhys, resulting in changes in plant respo
pat hogens (Deb & Tatung, 2024, Di mkil et al

the study of individual microbial strains cal
soil obm cinteractions occurring i n natur al

comprehensive understanding, it is essenti al
capture the dynamic interactions within the

This chapter ffoloudgddas uannvaelsd daol(@mti ce) , one o
most i mportant staple crops (Balcerowicz, 20

i nvestigates how aphid-shedbimmerybienfintemaed i
cheoray aRMmopal(osi phwamaspadgied in this study, i
damaging pests on wheat. To evaluateotihe I m

mi crobe i nteracti on, three approaches wer e

6 4



rhi zosphere met abolic profile wer-e o laantaillyes e
met abolites, as shifts i n met abolite COmpo s
herbivory. Second, the metabolic activity of

with thei ©iypbéabhredphed pl ant met abolites woul

met abolic responses. Lastly, the taxonomic cC
examined, as the release of specific metab
mi crobi al pepel ptairamet eTls were monitored for

how aphid herbivor ysaonilghmi ¢ mdba edycramil an.t

Through t his anal ysi s, t his study ai ms t o
i nteractions bet ween aphids, pl ant s, and S
relationships i s essenti al for devel oping
har ness siodrmesnitco odbnhance plant resilience af
2. 2. Materials and met hods

2.2.1. Aphids, plant and soil materi al

The aphids used in thbat samRhiopme (0Oes i Iplih.uyan @ la i
obtained tferom Il amhgr atory cultures maintaine
(Hertfordshire, UK; coordinates: 51A48Nj36. 81
reared on wheat (Triticum aestivum cv. Sol st

Perxpeages maintained under controlil7e00d0 envi r

relative humidity, and a 16 h:8 h light:dark
of womgeapt €drous) aphids, host plants are r1efj
Rot hamsted I nsectary team.
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Two weeks prior to the start 20Bphihds ewpre i

transferred from the mai n-celodt omg, tmaiimtiaii md

identical condculi bmse gbi sedsuds t he source
experimentalOnt tdhat iagt 8f i nfestation, aphids
a f-haiered brush and placed in Petri di shes ¢
were then transported to the controlled envi

was conducted.

The soil used in this exper-iememtbaas tall ewt
t he Woburn Experi ment al F&ait mt iithudBe df52 AsthN

l ongi tude: 0OA36 N#tLaioniWwg sSTandy wled dm, cl assi:

Arenosol (FAO) , has been maintained continu
year s. The use of this bare fal Imdaw Iseogdcywas
effects from prior plant cultivation, which
and structure of soi l mi crobi al communi ties.
previous crdepd veerd plngrutt s, t hi ¢ neaitlr agrowi ce o
background, all owi c@nfdont i moirse toonthwvelshedjat e
pl ant interactions in.s&iolil mwasolkiodll eco mwhu rf

replicatessedhosmbgegand5smm)ed at 4AC until

experi ment .

2. 2. 2. Pot experiment under controll ed c
Wheat seeds were surface sterilised with 70%
for 7 and 10 minutes, respectivel vy, foll owe
water. The seeds weeeripldcetiesnwistler gkemina

incubated in the darSk bfsoerqufecutelr ydianpetead @6\dl.
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To
ap
w h
t h

tr

re transplanted into potBheonulad tnri amtge 1c &n Ki
70: 30 (v/v) mixture of wunsteribl enmeorilli taend
s added to i mprove aeration and drainage,
re favourable environment.f®rioootopphatta
t was suppl ement ecklwiatshe N.PKX ¢ eaftidliever gr a

% N, %% PR, K2 % ,M@pO) owi ng recommendations

evieaperi ments wusikach hbhisolsocogilc aly preepl i cat e
t containing 10 wheat seedlings. A total o
vironment al chamber for the duration of th

otoperib&d ati veg . hAmidditti ynal ly, five unpl ant
i were included as negative controls to or
sence of plRhantisnfweairesmcwat ered r @dgujcartl y t

d the volume of water apgdlaige @& witthecgree ased ac

ce the seedlingbeafaBtiedglkdphled)utidsi pdbt s wer e
ndomly assigned to one of the two groups (
d no herbivory (control). The extra five
aracterise microbirali zocpdieln iebd enp © saepnhg tdh e

rbivewiyh the aim to assess the st agrmrtiiomg po

he stress

avoidomrmtramisnati on between treatments, pa
hids from infested to control pl ant s, a si
ich the two groups were physicalg¢ ywistelpiam at
e growth chamber. As a result, pots were n

eat mzlnitp cages cC ont-wiimg endy HioOrodhrn omhaerhri \d s
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(Rhopal osi pLth.uym weardei put on

pl ant

after t he

condi ti

Fol l owi

on (herbivory

start

ng treat ment

ocati on,

ambad v ecgorna u nod

VWO @snt €p |

rst |l eaf (co
sampl
of apthihe keidbiecoiponasodp eifrmn o le
1

bel owground metabolic profiling, and anal ysi
sections for more details). Sampling times a
the experi ment can be found gure 2. 2.
Pre-germinated seedlings
growing until third-leaf "‘*‘*ﬁ
stage / L
ISRV, WL
‘ \ | V" Start of the \\:i;,\ ,f\\}ij{ﬁ{,.)
‘ \ iment o\ \
V \\//—[ experimen —r\ ;\\\‘3;/25—’" N
w _’\f N AR | N
| vy WAL N\
2-weeks 4-weeks
Start aphid feeding Sampling Sampling
[l [ 1
I T ] I
Aboveground
volatile organic
compounds . .
(VOCs)
Belowground
VOGS @NA NMOM- oo e st e e et e e s e .
VOCs
Carbon source
use (Ecoplates) .
Bacterial
P O — S —— o o
composition
Figuné&xderi mental design to test the eff
bel owgr oumidc rpolbaentc o mmuni cati on and microbi al res
Coll ection of rhi zosphere soil in each samp

pl amats from t hientgooirle naonvde slhoacks el y attached s

vigorous shaking was perfor med Tthea mspltfasrn r hi

met abolic prwdlidtiinlge ometnaobnpl a € ed50 nmlo fsaleaad
t ubeswhlialmpl es for DNA extraction and microbi
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passed tshreed dle it exide (s mm) t @ er damdgwd ent i al

remai ni ngurmrtqlodtrsh.e ske s adnipud iedca dwdirmtLo Eppeasglor f t L
per seaormpel waafprozen in |liquid B80tA@Jé&omdridalst
DNA extractions and one was i mmemétadldlyi cuse
activity, which wiAlflt ebe ededc sialmed i mgl, owhe pl
was measwranetdibg the rootrsemwivhie saplwadarem pba

and ndg ytihem in the ovenbeaftor7ed Awce ifgolri Mg6. hour s

of aphid in wheat pl ar
htgobiwedgcondetions, -b) Wheat p
|l ip cages containing
d) Wheat plants after a week grc

2.2.3. Aboveground measurement of VOCs f1

herbivory

2.2.Bynmnmamic headspace coll ection

To monitor changes in the aboveground VOCs e
t o ameirdi voar ydynami ¢ headspace coll ection v
entrainment kits (BJ Pye, Ki ngs Wal den, UK

descri Bemobyet and dedrli)bed. in detail bel ow

69



boro

USA)

per f

wer e

pump
extr
of t
VOCs
furt

i nje

re each sampling, all materials for VOCs

icles or contaminants from the system.

ring the system, were heated in an oven
oddPow.apabased for VOCs coll ecti on, wer
silicate tubes with 50 mg of Porapak Q

, a porous pol yseaptdersda.gnlelde Seort Wwhoels wer
of diaentdh yhle aetterderat 140AC for two hours.
otrwiede before setting up the sysheags Poly
used to entraincohlkeoptweates padithroitnhge VoO/Gesn

t wo houros r@tmodv4&0A®nt ami nant s

VOCs <coll ection, pl ant pot Bumwiediiere dwaas e d
ed into the bag at ta wWHhiolwe ra®@s owe r6ed Oc an
acting air at a'throwghate Pofa$p@a@ mubmi pl
heFibawr e The3 headspace collection duratio
for analysis, the Porapak tubes were el
her concangeatéd onhtteongehi saaleaml ume of

chtona gas chromatograph (GC).
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Fi gurdeSch.ematic figure of aboveground VOC
collected from the plantPbeapabacebésr B8
eluted with 750 OL diethyl ether and conc
under nitrogen bl owdown to be analysed using gas

2.2.3.2. Gas chromatography analysi s

Chemical analyses were performeowris¢c ngl gasec
40Nhof tomecentrated VW@Gden§ampleesi nto an Agil e
equi pped wiotlta+la Wiolnumn of 50 m | ength, 0.32
0.52 Om film thickness (J&W Scientific). Th
30AC for 5 min and temperatubB®8ACncfehbedetAt
10AC per minute increase to 230AC, with a 1t

Helium served as the carrier gas.

Samples were analysed in two randomi sed batec
and a serC2e2s adfkath7e st andards to ensure syste
from the chromatograms was based on the foll
rej=cb. 10, height reject = 0.10 and sl ope se¢

tradeosm the al kane standards were used to ca
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a dimensionless value determined by interpc
bet ween t hosal kkanoens .t hTfehen cal cul ated i ndices v

i nter nal dat abase for tentative annotation o

2.2. Bel owground met abotsioa | pr aftielrifrag eatoft

plants under aphid herbivory

Bel owground chemical responses to abovegroun
by changes in the metabolic profile of | ow n
nomol a)t igreessent i n stohiell nht hespbéetewing secti
i's described in detail

2.2.4.1. VOCs in the rhizosphere of pl ani

Polydi methyl sil oxane (i(nkRDeMS)a | clodat@endentnice b @ s |

di amdt 10 wanh,c Kk nBs, s40,ViwiR | NTERNATI)WNAle WISk d

to capture volatiles from the rhizosphere. T
coated with the sorbent material (PDMS), whi
them. Al d®gctmube was used per plant pat. Pric
i n methanol for 24 hours and placed in an ¢

remoyve contaminant s.

The PDMSwéeubepositioned in a spiral pattern
filled withFitdheresp2l4)Mmi ko -gpéami ngt ¢ethewpeat s
This was performed to increase the area of ¢
as plants developed. For sampling, the tubes
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pl aced on a stand to facilitate handling, a
remove soil particles that might have reache
were passed through glass syringes containi
concead ramdegent | e ni ttroogseon Lt rperainor to GC a
sampl e preparation, GC analysis foll owed t

(Section 2.3) for aboveground VOCs.

0P ° !
S—
—_ ‘ — J,
{ W i,,» =— /i]
IS j\/

Figudde2 owground VOCs collection. a) Pl ax
coated tubes in pots prior to the etxypeegi
Concentration of eluted samples under nitrogen ¢k

2. 2.No®Rol atile metabolites in the rhizosrtg
herbivory

Nowol atile collection was perf cPreed afcgl leawia
(20w7Y h maj or modiofkidt aggwwdafonrsrsh i z o sfrhoer ee ascchi Ip o't
were pl2akendL ithubes with perforated bottoms, v
faltabes (Figurel@.m®mL.ofThancold extraction s
with 0.05% formic acid) was slowly added to
min at 4000 rpm to facilitate solvent infilt

were collected i n uthlres. S5ApmiLoXiamaztoml v 7 mL
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recovferen e acshanopfl eesh.e The extracts were then

evaporation unt il met hanol was compl etely
resuspended in 1 mL of the same solvent, fur
resuspended in 100 OL sofwemred hwamrotl e x €Tch ea rsca mpd

8000 g and 4UC for 5 min to prevent UPLC col
solution were transferred to glass vials wit

sampl es FfQIMOFURLLNGI ysi s

MeOH +
FA 0.05%

Figubheod.l ection and -pobatsbkéenmebadbolbint es
a) 21 grams of rhizosphere soil were pl a
Falcon tube, followed by 10 mL of extractd.i
b) After extraction, samples were concent:
to 100 OL. c¢) Concentrated samples were anal ysec

Liquid chromatographmassuppedt WdIMSH)t an@de @

anal ysi s

Data acquisition was carriedi @pwesusrieagl iaqu
chromatogr apdlyas(sUPLLyslt em coupl edTCQFo nasSYNAF
spectrometer with an electrospray (ESI) ioni
For this, oa dfOlaalhi gampl e was chromatograp]l

Cl18 rewplkrase column (BEH C18 1.7 Om, 2.1 mm X

UK). The mobile phase consisted of solvent /
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solvent B (0.01% formic acid v/v in methanol
mL/ mi n. The gradienit3 wd a1 ,s &5 aisAn;, f SO151% wi ;:;n , 0

85% Al31Mmin 7iB9%,A;709R A; mil@, 5800 Wi n, 2B5% A; :
39.1 Ombd nA; 74339.mMi n, 95% A, for a tot al ti me o

mai nt ai ned at 50UC.

To capture the broad spectrum of met abol ites:s

(MS) analysis was initiallsal1pér Dattimad asnn0 f 2l

Ss), using sensitivity mode WwWint iuhégatctiawe modae
teharge ratio (m/z) of al | ions is detect e
however, met abolite annotation is not possit

met abolites i-daedepehdentaddgappiroiach WBRk app
a subset of samples (three per condition). |1
t he EM&ncti on, which fragments all -HleGGcm/ezd pr
range, independent of their intensity. A col
20 to 40 eV was applied to generate the fr
fragment ions were further analysedcftoromnmet a
22. 7). Accurate mass detection was perfor mec

ioni sati-®o®F WwWhe Qali brated with a sodium for

correction applied to maintain hi gh mass a
perfor medewmnikregphal in during each run.

2.2.5. Met abolic activity of microbi al C
Bi ol og Ed0oBi al eg, l nc. , Hayward, CA, Uni ted
di fferences in the metabolic activity of mic

plants under aphid her bi vvernyd, e sf oeltl .oanT.m g(s 2 Ohle9
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opl ates are commonly wused as fdAfingerprints

mmunahdessi siwebf pbates containing three

urces (amino acids, carbohydrates, carbo
|l ymer s, ami de s, and ami des) . A redox tetra
anges i n cordiuacatientmincridbyi ail respiration i

rbon substrate.

assess microbiabnenegahbhml iod adtiizwistpyh,er e ¢
spended in 9 mL of NacCl 0.85% (w/v) and sh
e suspension was all owed-ftod ds atitl luag i fommr wlaG
om the supernat alntaf Attheew | ldané uafi oh2%as i noc
1 of thH¥ Hmopgliattesabsor bhahncwereadengsd¢ @D
ectrophotometer (Varioskan, Thermo Fisher
ates) iymmddieat alnocul ation. The plates were

th absorbance readings taken every 24 h fo

asured to follow changes in colour devel o}
c h carbont semaaclet i e point measured, an
vel opment (AWCD) was calculated as foll ows
0QY
owo O
op

erCdi s the absorbance of each of the 31 cart

sorbance in the control well. The AWCD i s
ckground noise and to control for wvariabi
plicatpsr (oeB8)dition were usedduien teacdhosda

nstraints
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2. 2. 6. Structure and composition of bacteria

Met abarcoding of the 16S rRNA gene was <cond
structure and composition of bacterial c¢ommu
under haeprhbiidv ®NYX was extr actrend zforsspohier50s mgg of |
DNeasy Power Soi | Pro Kit (Qi agen, Hi |l den, Ge
protocol . DNA concentration was quantified
dsDNA HS assay kit (Thermo Fisher Scientific
DNA quality wabh medNawod®ddowi spectrophotomete
Scientific, Wil mi ngton, DE, United States).
assessed by seegbermyipreg vtalrd a\bll6eS rreRgNrAen uafi ntgh e
t he pri mers 515F (GTGCCAGCMGCCGCGGTAA)
(CCGTCAATTCCTTTGAGTTT) . The 16S r RNA -PCR, I
end sequencing (PE250) were performed by Nov

pl atf or mt Hroau ghhi pgunt mi ¢cr ommhail g(IsCaspoonrnausna t gt aal .

Due to costf aca@msbliyoliongisc al replicates per <co
for DNA extraction and sequencing of soil sa
2. 2. 7. Bi oinformatics and statistical an .,
2.2.7.1. Volatile Organic Compounds (VOC:
All statistical analyses wer(eBtpdarifoorTrm@dn, u 2i0r2

The GCAlIlignR pacdkageensmahn . eftasalused2@®b8)al i gl
chromatograms before stateil etaiscal vaoanaltydes. o
bel owground VOCs were analysed using the sam

the analysis was carried out separately.
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First, al |l the chromatograms (frompbpbalansgs ur

were aligned to a randomly chosen chromatogr
peaks, those present in the solvent bl anks
containing soil) were removed. The walfifgnmen
before 5 min and after 35 min, maxi mum and
peak for alignment 0.03 min, maxi mum | inear
frame cont ai nitngnet lmen dr epteaarkt iadreas of the alig
as a .csv file for statisticaab eaapalnidsmixs and
numer ilcmad tvlmat all ows thegaomparasonnbér pahbk
f oorent ati ve metabolite annotation.

Statistical analyses were performPdngnet hal M

2024)Peaks -wohbtaaarval ues awerrces g earsolvregdohdet i

interquartile range (I QR), and the remaining
l 0og10 transformation and Pareto scaling to i
variances for statistical analysis.llyaAfser 1

(PERMANOVA) and principal component anal ysi

statisdriemdediddcording to the treatment, wh
identify uniqgue metabolites present or absen
her bi v oRoyr vi sualisation of uni que peaks v

aboveground VOCs, t he packageGuCoemp |laslald e a2 Oma6p

used i n W 45t2u.d3 o

It i s i mportant to note that during vi sual
aboveground volatile organic acompolindm ¢é¥OR
condbdbwweoan excluded due to contaminati on. A
aboveground VOCs was conducted using four

Similarly, for the Dbelowground VOCs, one s.
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excluded for the same reason, resulting in f

and four in the control group.

2. 2.7 .20l &atoinl e metabolites found in the r

aphid herbivory

The raw fil eMdS ffrwolm tshcearn Cmode analysis were
for mat files (. mz ML) using the2Wgwater Dat a
Manchester, UK) f or f usrotuhrecre psroofctewsasrien.g T hne sce

processed using the PromemeaiengoWt wmase@hmmi dl Dt

et al .., T2h0e23dat a processing steps included
removal of peaks present in blanks azlcording
After al i gnme mta,s tehxepodaed as a . CSsvV file

Met aboAnalyst v.6.0. As with VOCs analysis,

PERMANOVA, followed by Principal Component A

using |l ogl0 transfomalmang.on and Pareto s
Tabl®ePa&r.ameters for alignment and deconvo-lution o
MS in the mzmine software v.4.0.3
Par ameter Val ue

Cropetention ti me 0. 3®0 mi

Mi ni mum consecuti v 4

FWHM ( Ful I Wi dt h a 0. 05 s

RT tolerance intra 0.04 m

RT tol er antceeammlme | 0.10 m

Noi se threshold MS 5. 00E+(

Mi ni mum feature he 3. 00E+(

m/ zol er and & c(angan 0.005
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Th

St

et

Av

m/ z tolerance (int 0.0015

m/ z tol er at#h e mpd a&em 0.0014

explained?24. 2 $dctkieomedpli cates per group
ntrol) were selected(L-86/ MEpgmENt atconvans
ocessing were carried out as for the full

nimise background noi se. The noise threshc

.0E3, the threshold for fr agdnetnhte iminmsi rfiwMB 2p e

ight was set to 1. 0E4. These parameter val
i fferent thresholds on individual chromatog
|l es, including peak alignment @ndsw)yeceaana
agment spectra (. MGF)GI owerle Nwumpluadade dPrtod u
l ecul ar NENPWYP kanff Arman et .alTherzQ20gdata
arched against publicly available experim
notati on. The following parameters were u:
|l erance: 0.02 ppm, fragment ion telebDailce:
d a mini mum of T4h emactocshiende psecackrse. i s a measu
w similaa dmwe IBBypyeevwal uating the cosine of t
presentingBihéremeeuxa Ehienailli.gr ir2edy@rdds eant e d
ale from O to 1, with 1 indicating identic
23. 7Met abol inei carcaabivalt ycoomimuni ti es i n the

e data obtained fr dW Btitnd oBi, oll mg . Ec dHRlyavae
atweass) analysed in RStuedgpawvkdge. . u2idg8the
al . 2024) . Each plate contained three refjg

erage Well Col AWE DPweesv ed aolplcmedneit (e s € raespl i c &
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explained in RAddateirorn hd2.s2. 3 he data was-tested
Wil k test. PERMANOVA and principal Component
compare samples from plants subjected to t wc
using the absorbaidMe hoeadi mds erakemubati on.
was perfor merdacusiMin2(Rh® et aln.t,ac2®es8dt.r7fa

(Kassambara & Mundt, 2020) packages.

To calcul ate statistical differences in AWCD,
a repeated meagpuhAdOVAwwas used to account fo
bi ol ogical replicates i n each abs-delwmaoe rea
Keul sK)( StNest was wused for multiple compariso
bet weenhr ¢edtemphtd ( hearhd voaryt r ol conditions fo
compounds were assessed wusing the AWCD meas
usi ng Wil cotxhewmp [teesst sadjwist ed wi t h a&o rOf. Dr5r)gni
i hhrest packageO. 7satlhb@Kas 2 W2 3X3)u.alDastaat i on was p
using thedplawgade® ( Wi ck hgagnp uebtr 6a.l 8s a(2kba2a 8 a ,,

202anggplvot32 4. 2 (2WiléeRKham,

2.2.7. 4. Bacteri al community analysis pi|

Once the amplicon sequences were obtained f
processing was perfor med using Quantitati v
(QI'IME2, (BOL9ed)et BIrst20d8W sequence dat a
using -dédmux2pl ugin and de(nMailsleadh awmi teht TDRAED A2 2
resulting amplicon sequence var i(aKnattso h( AV sa)l

200,2)and taxonomy was afsesatguhraed { lBikaid i the e 2 ¢
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201®%)th the Vsearch consensus taxonomy <cl as

OTUs refer enc(eQusaesqtu eentc easl . , 2013)
After processing the raw sequences in QIIlI ME2
ASVs tabl e, t heir taxonomi cal classificatio

Studi o to bEi pstocetsBeddat apwgs$ g mwd rntge d hteo
Phyl qpaecck age. @8c Mur di e & Heord dneAsSV0flr3agm mi t oc |
and chloroplasts were Ubsihgvegimmaukagpd. 8. h& d
(Oksanen et Ract riizavl)e naal gpidyac u IFa rtshlcbat a was

rarefied to the minimum |ibrary size confir mi
to cover the diver si.t ¥ uptrthdeeaan tp hian edxidevesvressaigrntpyl eis
cal cubhatiesduyal i zati on was perpachkadeumeining5t h e
di agrams were <created to observe the simileé

communitied/emsniDn gpgrclakesx gé . 7. 3 (Chen, 2022).

Beta diversity and differential mbmpad@@ece an:

v. 1. 1Br. M$H6t (et))Far. th@e234¢t heattgsaswas not rarefi

was applied to retain only ASVs present in
condition. This filter was applied to increa
t hat are more I|likely repias$erctoantmuwve tgf Blke a

analyses were conducted to compare the bacte
al |l rhizosphere and bul k soil sampl eSsum The d
Scaling (TSS)-Cummnids t dhies Birmiyllacultayt ende ttrad cg emaesi
No#Mul ti di mensi onal Scaltimagi aViidMOBEagep | ot 1 .wia3t.!|
Bor man al . 2024b) . PERMANOVA was used to as

across all sample groups, including bul k soi
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weeks ofheaphivdArdyWdi t i onal-lb s e da rdei dsut nadnacnec e an

(dbRDA) was perfor med t o i nvestigate t he i
composition of bacterial communities. For th
and four ahfetrebriwenpdyi dncl uded, with sampling
covariate. The dbRDA model was specified as:

Partial dbRDA = assafySamphisegtt i+m&ondi t
Foll owing this, a differential abundance ana

were significant hegr bfufsercnyge d hbey AmmmpHiydsi s of C«
Mi cr obi omes wi t h Bi asBCYXornred chtoidon i(mpN@&O nt e
ANCOBC packagdgq Lv.n2.& RPeddadRh,i zaGdphere sampl
control plants were used as a reference to a
under aphid herbivory. UA=sBg8bapphimeal uadvd b h)
adjusted for mebhbspluesi agmptahreASHel mvemet hoat
aggl omerated f.do ehhanaeatl hei sletection of d
taxa, conservative estimation was applied to

the results weghaplvw.s32ad i sed

2. 3. Resul t s

2.3.1. Bel owground metabol ichpmn@pds lien c ha
aboveground VOCs in response to aphid he
Pl ant aboveground VOCs were measured to inv
herbivory, as-innadme eldemplbiandar @eol atil es are exp

8 3



in response to this stress. The analysis of

herbivory triggered chRingerse ia. )l.ant chemi st

After processing the chromato@gt d&norf idleetsai(lsse e
tot al of 193 peaks, hereby referred to as V

statisticalPChAngIFy&@aubew®heeparati on between t|

VOrofiles of control pl ants and those unde
weeks of herbivory. This separation contribu
principal component 1 (18.2%). Interestingly,

fromhpl undehreralpibvarsyt ered cl oser with those o
A pairwise PERMANOYI|I @amainy i )ys h(oanwelde t2h.alt t h
metabolite profile of plants under two weekKk:s
from that of contr ol samplagss: Dt. OWd ek afmmaura o
trend was observed when camgEarmed8t)o dthleesr g a
i ndi catdnt hahti smespepimeraoatnced changes in the
met abol isoocmgndo fraefl teer t wo vheeerkbs vafhyavp migd t e mpo

dynami cg eispanftevheat plants to herbivory.
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Sampling time
159 A 2-weeks
O 4-weeks
Condition
10 7 Herbivory
NoHerb
F 51
<
(e
z g4
(o]
&)
o
-5 4
-10
_15_
PERMANOVA R2= 0.51, F = 4.56, p-value = 0.008
0 5 0 5
PC1 (18.2 %)
Figuwb®r2ncipal component Analysis (PCA) <
pl ants (NoHerb) and plants under aphid h
PCA and PERMANOVA results were obtpdiandd6t
Ellipses show 95% confidence interval for
A detailed | ook at the individual met abolite
cluster found al most excl usi ve®BypplIne npel natnatrsy
Figure&iggul eTent7at.i ve annotations, based on r
Kovats I ndex against an internal data | ibra
induced VOCs. These include green l eaf vol
|l i poxygenase (LOX) pat htwey, metvearl popennactied s ( MErvVo
met hyl erylthritol ( MER)s patemwdy,s andweéelndol
derived from the shi kiprmaatthewaaynsd (phirgneyd e ir2.ipd@)m.ot
being invol ved i n known pat hways, t hey hav
i nvol vement in direct or indirect defence,
presence of these metabolites suggests a di
herbivory
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NoHerb Herbivory
[ (E)-2-Hexen-1-ol
|| 5-Methyl-3-methylene-5-hexen-2-one
- Hexyl acetate
Benzyl alcohol Pathway
- Isophorone B LoX
. Dodecene = MEV/Non-MEV
-3- -1-v| 3- Shikimate
(Z)-3-Hexen-1-yl 3-methylbutyrate il
Z-Jasmone
B B Methyl jasmonate Function
. I Antimicrobial
Limonene Direct defence
. - Z-Ocimene = Indirect defence
Limited
L Myrtenol Multifunctional
- a- Cubebene M No
[ | Citronellyl propionate M Signalling
. Unknown
Caryophyllene oxide
- 1,3- Dimethylbenzene ;etzabo"tes
Acetophenone 1
I Methylenephenylacetaldehyde 0
Indole -1
I 3-Methylindole -2
Unknown_739
Unknown_1631
I Unknown_1867
> C
@ o
£
W 35
(AT
Figuiméeeat map showing peak intensities of
t wo weekphiadf feeding (n=4). Peak aresasor

Tentative annotations were obtained by calcul at
C22 alkanes standards retention times and

Funckegn metabolites classified as fAUnknc¢
in the ANod category, have not been commonly obs
Changes in plant aboveground VOCs after t wo

question whether aphid feeding exerted enoug
al |l ocarteisoonu, rochdd ecti ng bel owground processes |
of root BRegdatdieneg root bi omass produ<ti on,
significant but noticeable decrease in root
herbivory, with the effect becoming more pro
(pb= 0.056). tAl shauigdt inmaltlihye seisgrgeighud éasntap hi d

feeding progressively reduced biomass produc
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2 weeks 4 weeks

p =0.095 p = 0.056 °
04
2 ®
[oN
3 °
o ®
= $
£03 I
2 ~
g °
g . .
°
@ 02

)

Herbivory NoHerb Herbivory NoHerb

Fi gur8eRa®at dry weight of wheat plants unt
points. Dry weight wdsyimegsuoeds adate70DdA
di splay the mean (horizont al bar) and in
replicates per treat ment group. St atwiegl
conducted using $dthm Wedtcokmn=rank

To detect changes in the release of root exuf
bel owgvwvolbadil e orgaviOCruodmmohads!| € met abol it
anal ysed. Since aboveground differences wer ¢
aphid herbivory, only belowground metabolite

anal ysis. After processi ng7 bpedokvg r(omentda VdICist, e

detected, of which 111 were retained -for st
constant Adpssaksserved in Figure 2.9a, VOCs sar
condition (aphid herbivory and control pl a
PERMANOVA test (F= 6.48, p < 0.05). The VC

met abolites uni quely dpresagmt di(ffephbingment any
Figure @s 2performed for abowegmadnd n€E@E<xt i Dm
heat mapeal ed a subsewi bhi @diBe me paashdod @itactdse d wi t
samples from the rhizospherrbei vdobwevamt st hedae

di fferences were not statistically sidggni fica
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0.05), |l i kely due tolehi adit er@t asttiadn swas ap o poiv
met abowiitthe ssome thoelgornegeinngl eaf v ol a3hielxeesn,all i ke
and -Xpee)nt emmHMlabl vy, these metabolites were dif

aboveground (Figure 2.10)

a b.
Herbivory 40 - Herbivory
NoHerb NoHerb
5 |
20 4
= =
2° :
3 =
5 -
20
-10 4
I"T'ERMANO‘VA R2= 0.?8, F= 6.4‘8, p—value‘= 0.008 i ‘PERMA‘NOVA BZ = 0.%2, F= 2“28‘ pfvglue = 0.] 3
-10 -5 0 5 10 19 -60 -40 -20 0 20 40 60 80
PC1 (29 %) PC1 (59.6 %)
Fi gurePCA of the metabolic provol @t iolfesa)t
rhizosphere of pl ants after t wo weeks
Met aboAnal yst. Ellipses show 95% confi del

VOCs of pdamttrsgl where n=4
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L

Herbivory NoHerb
Unknown_1
(E)-2-Pentenal

Unknown_2

Normalised
Toluene peak area

-1
Hexanal 05

0
-0.5

Unknown_4 -1

Unknown_3

Unknown_9

(Z)-3-Hexenal

Unknown_5

Unknown_10
4-hydroxy-4-methyl-2-pentanone
Unknown_6

Ethylcyclohexane

Unknown_11

Unknown_12

Nonane

FigurlO Hx.at map showing peak intensities
compounds associated with phamnbigwomgdesontipd amde k s
aphiherbiwoab)y. Peak areas were Jscomal i sTe

annotations were obtained by calcul at-C2g@g

al kanes standards retention times and matching
n contrast to VOCs, the separation of sampl ¢
ess evidenol aftoert 2bohi t es (AFfi tgeurr e p r2o. c9ebs)s.i ng
hr omat ogr anvso Ifartoim en osna md$ e sa rtudm?7 &lnp eafCk & wer e
btained. Filteri-aogn$banpeablbuwsthcneas both
n the interquartile range (1 QR)0,63.amplnausnber
rom contr ol pl ants showed higher variabilit
onfir nmeed Ibayckt of statistical significance i
=0.13) . As mentioned before, a Subset of t h
nnotation of metabolitesMByMBeiamabDbagpsamdgenhe
Acqui sitiBwml Inopondenng t he approach wused for b e
nspection of the data revealed a subset of

n the rhizoaupldere apth iml Adlretrhboi uvgohr yt hes e met aboc
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reach statistical significancepagipf tOetOBadyj ust n
peak areas were significantly Foarcrelaasridt yw,nda
top 24 metabolites are displ aysdt inf Fmetua beo |2i

is available in Supplementary Figure 2. 3.

NoHerb
10723_798.5767_33.84
1520_909.686_1.72
2148_189.0546_11.11
2238_255.0359_12.87
2535_189.0537_16.27
2655_725.208_18.62
2691_263.1479_18.95
2726_725.2086_19.16
2727_793.199_19.17
2728_585.1352_19.15 ";‘g;;;‘:'rg;d
2729 757.1974_19.17 2
2775_393.117_19.37 ! 1
2860_189.0544_19.78 0
3054_717.297_20.54 :;
3174_725.2062_21.48

3223 2450454 21.95
3243_557.267_22.12
3366_709.2148_23.96
3367_777.1991_23.94
3451_709.2151_24.49

| 6042_380.2079_28.66
. 67834222175 29.68

8009_566.3423_31.02
8459_619.4457_31.42

FigundHeat map showing peak i nt evnosliattiiedse o
associated with plants under two weeks- of aphid f

transformed and scaled wusimagmetshec oRareestf
met abolite I D, followed by accurate mas:
Subsequently, spectral matching of these met

dat abases avadGll mkbdle Nat utrhbad M@Fr eduktar SNet wor |

(GNP nvironment. This analysis resulted in 2
however, none bel omfgenhettab dalhiet ecsl utstheetr ewad® st
under herbivory. These tent atSiupe |l amenttatriyoma
2. Dverall, t he -mprl efciullags owfei gbow oV@€Cs | esdi no
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rhi zosphere reveal c¢changes in chemistry in t

of aphid herbivory.

2.3. 2. Carbon source consumption rate wa:

associated with plants under aphid herbi

The ability of rhizosphere microbi al communi
tested using BEo!| owghi €l o Filnactleusd e di fferent
carbohydrates, amino acids, i maewnwolifc whcicths ,a
commonly found i n root exudat es. Mi crobi al (
was indicated by the s»b)ssowhiamic ewe reea du snegds t(o0Dc
Aver age Wel l Col our Devel opment ( AWCD) . Reao
used for exploratory and mulFiigwargna&ve adedl ys
that the | argest difference in carbon subst
point after pthwoe rwieievkasrhyotigh t he variability i
aphid herbivory was higher than that of contr
at four weeks, although the samples were mo
PERMANOVA tests configmedFmBhgthb5i<hed. QaOmp!l,i mp
herbi(Nar . ow08,0.001) , andF+th2i@33 n@ .edag)t i war
statistically sigiabil ¢8Rt a( duppleemé onnamaynal ys
homogeneity of varsi alnfce= ar2566 ,grpup 0. 866)

val idity ofSutphpd eameanltyadtjys Fi gur e 2.
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Sampling time
A Week-2
O Week-4

Condition
Herbivory
NoHerb

-3 3 6
Dim1 (31.8%)

FigurlePRincipal Component Analysis (PCA)
profiles bas®dEcoR| aBiexsl.ogDat a represent
Devel opment (AWCD) across 31 carbon sour
replicates were averaged to obtain three
symbols indicatef tbdaclhegtoopd
Samples collected thwo bweessrkey saeflteeat eah hfiaodr f ur t
as the |l argest differences were observed at

indicated by col our deWelwapsmeonbts ernv ech ei nE c26p |0
carbon sourdbéas feseed.arbon substrates that
correspoaa@gdl 6dextrinDL&tyosBlgdn@xy Benzoic A
andKeto But.Wroi diAdied ences were found in carl
bet ween rhizosphere samples fromoplaok spluade
however, differences in the rate of colour d
AWCD measured everyway ANOYA .t dhte ¢l wowed sign
of alpdérili vbowr of absorbance readihreg.,biamd yt he
F= 12.304, p <0.001; Hour : F=60. 160, p <0.00
shownFiigud & 2afi8ehour s, AWCD of samples from
herbivory was significantly higher tchean t ha
continued in subsequent incubation sampling
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AWCD was statistically signidki @a@®hinochséeweh uc
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2.3.3. Aboveground aphid herbivory reduc:

communities afterhéewbi weeks of aphid

The i mpact ofhearbboioveogbyacather i al communities in
wheat pl ant s was assessed using ampl i con S
sequences corre%$phpodndhiSvg twere obtained. Aft

mi tochondri al and chloropl ast seBBEB8N AsSyY,s 1,
remained. To account for differences in sequ
to the minimum |ibrary size (25,058) for alp
Suppl ement 25y sFiogsuutelsatmpl i ng captured the AS
samplBasct eri al al pha diversity, measured by
amplicon sequidisd/es )vamidanthe Shannon iimdtelxe ( Fi
rhizosphere oflewheasedpl aht er tlwer bwievedkrsy owh ea
comparsamploes from t He weoretrr,olt hp Isa tr ediusttii oanl I
signifiwlaen oomgpared wiftdhurs awngukle®. @B pm Boxpl

show a progressive increase in bacterial di v

(72}

ampling pointl e(ad! asnttaggeadt, tfilrldowed by two an

herbiv@8yythe final ti me siominltahradtiooé&r $,hey biuih ¢

suggesting an increase in bacterial diversit
For further analysis, a filter by prevalence
presence equal or higher to 50% in each tre

ASVs 9®5.1 A phylogenetic classification of Dbe
1% Hi gulé&)rzveal ed that al | rhizosphere sampl
hi gher relative abundance of the Actinobact e
abundance of Bacil li ( <9 %) when compared t

respectively).bd&atrdarhiealmocemamntbdbeatsnitiam sam
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point and after t Wwer leésehkasryudn dae rr eanpahrikda bl e si n
relative abundance of the Actinobacteria cl a
ot her condition. Relative abundance of Al pha
ti me, with the higheisnt saabnupnldeasn cfernadm espd iply edft s

four weeks (from 8% to 13%)

) B Bsoll ES Herbivory EJ NoHerb O
2000 *
==
o
%1500 ‘ Phylum
2 075 [T Actinobacteria
o ° Proteobacteria
. o Firmicutes
1000 = ., . s Acidobacteria
\ 5 [ chioroflexi
. g0 Gemmatimonadetes
@
Before Herb2 NoH2 Herbd NoH4  Bulk 2 [ Pranctomycetes
& Other
2-weeks 4-weeks & D Verrucomicrobia
_ 025 Bacteroidetes
0 CD DArmatimonadetes
=~
6.50 % I P
’—||—w—\ﬁ!—||—‘
5 [ ol =R T e
S 6.25 ‘ BS NH RH RN TH TN
c
& | .
@ 6,00
575
Before Herb2 NoH2 Herb4  NoH4 Bulk
2-weeks 4-weeks
Figurl4Taxonomic diversity and richness
experi ment . a) Observed and b) Shannon
Significance iishoshoWwn cbyxyomosbmpari son |

abundance plot (tabtume anlcess ll%®veal . Four
were used forB$HheBulnlk N$Rshekz.o s pehfearree bh errHb=
Rhi zosphere afutndrert vinerwdRkdéloz gsplRé&laé t bfa fptl
t wo wdldksRhi zoasfpdeewece kR der heTNbki Ror g posfp hheer
pl aatser 4 weeks.

The NMDS analysis, wbhurcthi 3 edil ®tcdrsc ¢ hef Bobagt et
among sampl elshd ) Friggweael €d signi ficant differen
structure among samples (PERMANOVA F = 3.440

rhizosphere at the initial sampling point cl

95



weeks of aphid herbivory. To isolate the &ef
constructed wusing only the sampl ehserfbrivomr wee
(Figurbd TBi 85 analysis showed that sampling t
observed variability (p = 0.001) while aphid
When sampling time was included as a covari a
the main f acitnoerd wvtahrei aenxcpel aattri buted to aphi
13.5% (p SuPpeOOar y2 .Jabl e
a.
0.14
Condition
® Bulk Soil
5; Herbivory
g NoHerb
o' 001 Time
% = * Before
=z 4 2-weeks
u + d-weeks
m Bulk Soil
~0.11
-0.2 -0.1 0.0 0.1 02
NMDS_bray 1
b.
1.0
Insect —NoHerb (10.2%, P= 026)
05
g Condition
s
@ Time —Third  (24.9%, P="
-0.5
-1.0
-1 0 1
RDA 1 (73%)
FigurléB@8ta diversity analysis ofMulbadc tde mi
Scale analysis -QUNMDSs) doifssBrmay arity di st
composition, b) Par tdiiavlerdbh RDA sdifowh agt d rhi
bacterial communities based on sampling time anc
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Venn diagrams comparing the bactErgalé c®»mmun
show that, af tagprh i tdwch ewera w0 r o/ f, rhi zosphere be
plants under aphid herbivory shared most of
the number of ASVBS5Wwads hamaltlhanr @©I66dgnt ramld s
only 87 ASVs were unigqgue to plants under aphi
point, the number of ASVs in samples from pl
becommoage similar to.Thes cpattretnpfantber !

observation that bacatrihkilzdspleesétiyncmeasdved:

2 weeks 4 weeks

1268 1726

393 87 111 77
NoHerb Herbivory

néeéveénn diagram showing the shared AS

2. 3Acddt.i nobacteria were enri chseudbjienc ttehde tror

t wo weeks of aphid herbivory

Samples from the second week of aphid herbiyv
diversity and composition when compared wit
abundance analB®&)i swasANNCecGMoemedghbe the ASVs
enriched under (&phiud eh&r. Hid)atyof 17 ASVs we't
increased under herbivory (q value < 0.05),

phylum (53%). Among t hem, 8 belong to the
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Aci di microbiia. The second most erbrAiS¢/sed ph
enriched) . TMh3eb o 8ol ed Ul t s fromcahe banaloyusnids i
Supplementar Thgéheer a showed di fferent ASVs

decreased und@ur hleo lbd eir &, Aqui sphadmang Lue
t hem, bact eBurak olodre rtihae_ Cabal | ergemiua_ Baroavie dr |

the highest | og #f4014d04c)hh.anges (4. 928,

Differential Abundance Analysis

Burkholderia @ ! @
Aquisphaera

Luedemannella ]
Bradyrhizobium
Pseudolabrys
Nocardioides
Rhodopseudomonas
(3) Streptomyces
Pantoea
Acidothermus
Smaragdicoccus
Singulisphaera
CL500-29 marine group

|

|

|

1

|

|

|

|

|

| Phylum
|
|
|

Rhodanobacter | ® Firmicutes

|
|
|
|
|
1
|
|
|
1
|
|
1

Acidobacteria

® @ Actinobacteria

Streptacidiphilus
Ammoniphilus
(2) Conexibacter ®
Reyranella ©
lamia ®
Haliangium @
Brevundimonas ®
Candidatus Solibacter
Achromobacter ®
Pseudomonas o
Paenibacillus
Sphingomonas ]
-25 00 25 5.0
Log Fold Change

Planctomycetes

® Proteobacteria

Figurel7 2ANCO-BC oft he di fferentially
LogFol dChangebwasYcal cuB@t ddgnemom mbhel Ak
significantly (g value < 0.05) enriched
in the rhizosphere of plamtshenkdeal thley bp
Bur khol deria_Caballeronia_Paraburkhol deri
visualization purposes.

ANCOBC was also performed for the bacterial
weeks of aphid herbivory, but the number of
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reduced, at this timepoint, with only 5 ASVs

abundantSuApSpMse nfEn g & 6)g.

Due to the high resolution of ASVs, there we
that were significantly enriched afHewev e, a
when examined at the genus | evel, some consi
Aci dot haenr@Bmunsgul i shpbwedai ncreased abundance ur
both ti me pASWst siBuowkhh d led €oin& xi bveateerr educed
showangonsi st ency oif n btalgee eaetirtarl aacot itchre r hi zos ph
under aphidtherbfeoengt plOartr addowblacsteagad . c
showed significant changes and differentialdl
catr ol plants and those under aphid herbivor

herbivory

2. 4Di scussi on

This study aimed Bbovegrecundawbehihdbwherbi vor
bel owgr ound -swhielatmipclraonbte i nt eracti ons. Ti min

aphid herbivory was tested (aboveground VOCs

chemi stry, mi crobi al me t aobno | d fc lraecstpeornisael acnodm
Overall, it was possible to observe that apl
system and bel eswgrl oumidc rmplbaenti nt er acnipiaocnts ; h

seemed to decr.ease over ti me
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After two weeks of her bi vaddroy, e gol @@s dst hearti tw eerde

absent , or nearly apbksepEsgupemhi Bectaoasteol i1
commonly Herdhuicvealr yyreen | eaf VOGCBEHeaxdolt er penoc
dodecane, |l i monene and caryophyll ene oxi de,
response including defence at woshdasdtpkant

pl ant c¢omnfuMaitcsautii o& Engel berth, 2022; Qiu et
2021; mMHaestsaal . and0lLlB) some cases, i ncrease pes
(Chen et .alHowe2®22) the similarity of abovegr
aphid herbivory and control plants after fou

that would require Wwhrthewil hvbetéegptooaed be

I f the stress imposed by aphid herbivory was
pl ant fitness, pl ants might haveé oadbphgd mar
resources to sustaining grow({Balrdwiher &t Raast
199.9)As younger plants are mor e (sHiusacnegp tetb |l al .1
2013,4)the initial stress from 10 aphids per |
triggered a defensive response in juvenile i
theyhtmi ave Dbecome | ess vulnerabl e, potent.
energetically costl yT hd ef ehnyspiovteh eméa tsa biosl i steppo
observawilamg s survived four; whelwseheifr apbdade &
appeared more wilted compareFdttuoetboadi e &BE
focus on the dewvsedecinfeind ai mpsacatgse o f aphid |

potent i-aflbatrwvaedeen gr owt h d mds od evveadl. op men't

Bel owground, aphid herbivory was associated

metabolite profile, assessed using untargete
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measure all possibly detected metabolites t
organi smal responsesietg.spabi btcccenhdesbsonpe
(Dudzi k et. dlnv,es203&)Ying these profiles, an
individual met abolites can further Ufianmgto t
this approach, di stinct metabolite profiles
species in response to(MarbivetyalbimRi@edidng
etal ., an0dd2 ll)egumMedi tage sativa, Pisum sativum
andi ci a( Sarbahreczos et .aMored»®&9®) by using this
studi es have identified <clusters of second:

benzoxazinoids, and al kaloids, highlighting

Al t hough this experiment aimed to capture t1l
rather than identify specific metabolites, t

possi blrlei z dsopvhCeOse, 7 metabolitemerbniwvpueg t o

tentatively hiodwvamtinoneadt i | e met abolites of i
annotated. The annotation of metabolites usi
chall enging due to the complexity of the gen
avail abl e piosi p®d éessarmr eet al ., 2019; Dudzi k e
al ., .202e4s)pite these <challenges, t-vhel aatcicluer a:
met abolites that were exclusively present un:t

gui de more targeted approaches for their fra

t hese podneanrtkiearls .bi

LGMS/ MS analysis intgtpl vdet anasrsgd epmn/ z) rat.i
mol ecule is determined using low collision e
applied to generate fragments that serve as
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this study, -thdepemdeht DAtQui sition (DI A) mo

|l oquual ity fragment spectr a, as in this mode
resulting in highly complex datasets where p
poorly m&wuoh&d HuanlTo28@&0)ess this | imitation

coul d consi deDepesidreqit DAcgui si ti on mo d e (DD
precursor ions by applying thresholds to re

(Defossez et TrAhd de <i0m@@l)i fies the complexity ¢

quality of the spectra, and could potenti al
met abol ites.
The distinct met abolic profiles found in th

mi crobe communication Wwesbiafdeyweedr byduweoht c

complexity of the rhizosphere environment, t
to establish. I n the rhizosphere, the metabo
processes, such as plant rooms ewiudlati oase mex
mi cr-mber obe interactions, or mi ¢ Haolaing!l et eapo

2014 urQler & Jones, 2018; van Dam & Bouwmeest

Nevertheless, the changes in overall profile
microbe interactions, which were further tes
of t he mi crobi al communitielscoanmdbint heestruaocH

rhi zosphere.

To investigate the i mpact of aboveground aphi
communitiesT™MvErcomplusadksto assess their metabol
a diverse set of carbon sources. Under herbi

faster growth rate, particularly in the pres
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This rapid response suggests that rhizospher !
could be efficienddryi Mend oa probr@r i inmgt( - amit et obi
al ., 2022; Mal ii kmpd typiladgn ttsha€t@wWl)d be i ncreasin
to recruit bacteria that hetespohaacmanubei @i
byw he high demand of paeéods céss naep gl caemt snae e d

f or nuttor iseunsttsaidnef encfeur Hibeve veor, kleit e elmaewd ed t c

changeé$i izwosnpihcerroebi al me tinaf b auleanpcheesd t populyat i on:
I n contrast to the above hypothesi s, evi denc
plants can reduce the content of sugars | i ke
(Hoysted ed) amddecr a@0sleB t heir i nvest ment i n

relati 6@86bhAipers etThéeé .variO0OD)on in plant res
on the degree of resi st ahnecreb jovra nsgu sfcuerptthi ebri |riet:
is needed to better understand carbon all oca

variety.

Finally, in this chapter, the structure of
investigate if plants under herbivory woul d
Bacteri al diversity was | ower in the rhizosrg

comgient with Boher nsphaidd ecsalacoemd s@a¢d omhe di ve
and adtbtaecrt er i al networks in the rhizosphere
pl aaMal acrin, et al., 2@af8tincPeasbdsthetahbhlund
speciaktiterb al Baecomielrlaud,i kkka@®s8 e bhdombrhatsomat o and

pepper r hs(zForsepnhcehr ee t al ., 2021; Kim.etlnal .,

contrast, we oOobserved a si gniPfaiema tdqipl.decr e
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under her biPvsoeruyd o meipiplsser e enri ched i n the rh
control pl ant s.

Bacteria from the Actinobacteria class were
These bacteria have been widely known for t
acqguisition and production of secondarwarmet a
et al ., 2016; Ch ukTwuenye ninea beete aalle.b,s e2rOv2e0d) t o b e
by plants when they are méluanguete@twihijlcdd Otlal
would align with the results of our work. Ho\
I's swwftf i ci ent to determine if these Actinobac
susceptibility t o t he aphi ds. Potenti al (
Actinobacteria may include enhancing nitroge
synthesi ze amrdi nsaercondary met abolites t hat n
perfor mddudbdard et, aplrodu20ldn of antimicrob
enhance belowground plant defenceMatasidmatna uc
& Takahashi, 2017; WNaz2si Bgnd®Ro& ebDubmdy ,f u2d 1hs&
research is needed to fully wunder stwhredatt he r
system.

This chapter demonstrates that davwhoegtgamtund :
responbas becameeweM@eeovehjighlights the i mp
herbivor y-s oinl prhiamrtobi al i nteractions, obser
met abol i @andctai vrietdyucti on i hnthaeceehiermdgleduoveds
diversity was accompanied by the enrichment ¢
emphasi zing their potenti al i mportance in th
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2. 55uppl ementary materi al
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| | | -
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| leI |
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Suppl ement ar $¥Heagmap adf aboveground volatile organic

plants after two and four weeks of aphid herbivory. Each tile repre
VOC, with darker shades of r ed girnedeinc astgiunagr eh ii gnh etrh ep euapkp earr e aesf.t Tchor n et
compounds predomi nantWwegeldettieme emploiannt tfthel It wwei ng her bi vory.
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indicating higher peak areas.
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Beta Dispersion

N
o
NoHerb Week4

S _

o NoHerb_Week2
N o
%: Herbivory_Week4
O —
o o

-

N .
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[ I I | I
-0.6 -0.4 -0.2 0.0 0.2
PCoA 1
Method = "bray"
Suppl ementaryd4d Begaredi @persion of abs

EcopITgafetser two and four weeks of aphid

feeding.
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Differential Abundance Analysis (ASVs)

Acidiphilium L]
Lutispora
Haliangium
Singulisphaera
Acidothenmus
Nitrosospira
Burkholderia Phylum

Bradyrhizobium @ Actinobacteria

Hyphomicrobium Bacteroidetes

Gemmatimonas Firmicutes

Genus

Gemmatimonadetes

Massilia

Planctomy cetes

1
1
1
1
1
|
1
1
|
1
1
|
|
1
1
|
Asticcacaulis L] !
. I @ Proteobacteria
Acidovorax L] 1
Mucilaginibacter 1
1

Rhizobium ® I
Devosia ® el

. 1

Bauldia [ I
Conexibacter @ |
Terrimonas :

0

-3 -2 1 12
Log Fold Change

Suppl ement ar . ANCO8ICe 02. t he differentiall
weeks of aphid feeding. LogFol dCh®8ICg ¢l'xdwna
mo d e | and shows the significRongiltyi g WRC)
(Negative LFC) ASVs in the rhizosphere of
pl ant s. The genus Burkhol deria_Caballer
AiBurkhol deriad for visualization purposes.
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Suppl ement arlyPaTalwi s e2 PERMANOVA results for
of pl ant s huenrdbeirv carpyhi d

pairs Df Sums Of F. Mo R2 p.va .adjisic
A2 vs 1.0 0.0 5.1 0. 4 0.0 0.0

A2 vs 1.0 0.0 11.7 0.6 0.0 0.0

A2 vs 1.0 0.0 8.4 0.5 0.0 0.0

C2 vs 1.0 0.0 2.7 0.3 0.0 0.1

C2 vs 1.0 0.0 1.2 0.1 0.2 0.3

A4 vs 1.0 0.0 0.7 0.0 0.5 0.5

A2 and A4 r dfeebiivno rvgepehkisd 2 and 4, respectively,
the control plants from the same sampl e

ti mes.
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o

ppl ement aryl elha mltd va.
tain

a n avootl aattii o ne so fd eit &St/ eMd5 wint Dattlae | ndependent

ed by comparing the fragment ions spectra with publicly avai
Featu SharedFMass[SpeclCompound_Name Adduct Precurs | onMo
666 7 0.9 828.'Massbank: PR308678 GF@GRMN M+HCOOQO 829. .Negat
(8-d8mehylld oxHpyr anbd] 2 hs-o
588 7 1.7 339. 19yl )-2-h&t) h yA-ebnuatat e [ MH} 341. Negat
(8-d8mehyl oxHpyr anbd] 2 hs-o
591 7 0.0 341.:9yl )-2-fhe&t) h yA-ebnuctat e [ MH} 341. Negat
449 6 0.0 293. EMBELI N [ MH} 293. !Posit
228 6 0.0 356.(Massbank: PR309 38exHMBOA M-H 356. (Negat
451 6 2.0 295. _:EMBELI N [ MH} 293. !Posit
(8-d8 me2hyld oXHpyranbé] 2hso
590 6 1.0 342. .9yl )-2-h&t) h yA-ebnuatat e [ MH} 341. Negat
Massbank: PR3-D&EB BG4 0xYy
983 6 1.6 591. methoxycH®Oheomesperid M-H 593. Negat
227 6 0.0 356. . Massbank: PR309386eHdMBOA M-H 356. (Negat
227 6 0.2 356. .:Massbank: PR30938exHMBOA M-H 356. (Negat
(4 [(3hexadec ahfood to&dyec
enoyl oxy] propyl
1101 6 2.0 802.'phosphono]Joxy}lethyl)trimM+Form 804. !Negat
547 6 1.9 529. Bi dB M+ H 527.:Posit
905 7 1.1 453. 'PE(16: 0/H}C2)1H4[3M107P1 M-H 452. :Negat
905 6 0.0 452. .PE(16: 0/H}C2)LHABM1IO7P1 M-H 452. Negat
(4SS, 4aR,[§8F)y dr-dmegt hyddper
eny3l,]4at 8t Ba+vhietbhyleB8rnahhidr
127 7 2.6 305. 'napht Hahen [ MH} 303. :Negat

Acqui sition
abl e
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(hydr oxy mezyhly]l o)xoyxnaent2dy ¥ 1] -Jo ¢
S3Hhbenzo[f] [ 2l -be@zofuran [ M+ K] +
PA(16: 0/ HICD®PGH7QJ®BPL1 M-H

1-( 5 ,-dli0oX,03, 5 ah &x arh-y88r o

di pyrr-aol bff 1g@18=ni h pr2eydan

car bamat e [ MH}
NCGC0018MB1B15H2003_Azul

b] f w2r,@&n one, d-édaalynkemBdhyl
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absorbance

Suppl ement ar3yPETRRMVANOMA results of data
Ecopl™t es
Df SumOf ¢ R2 F Pr (:
We e k 1 0. 2 0. 2 6.7 0.0
Treatn 1 0.1 0. 2 5.7 0.0
Week: Trece 1 0.0 0.1 2.9 0.0
Resi d 8 0. 2 0. 3
Toti¢ 11 0.7 1.0
the AWCD of

Suppl ement ardyPaTiarkelelss t2 .compari ng
i rhi zospbaebieavmafy cpind mtod

in sampl es

from

t he

Comparison was performed with the AWCD obt ai
Name Y. statidf p p.adjp. ad]j
22Hy dr oxy Ben:AWCD NA N A N A N A
4-Hydroxy Ben:AWCD 1.82 13.9 0.09 0.16 ns
D,-&Gl ycerol

Phosphat e AWCD 2.44 12.5 0.03 0.08 ns
D-Gal acturoni AWCD 3.22 11.2 0.00 0.03 *
D-Gl ucosamini AWCD 3.40 11.8 0.00 0.02 *
DCel | obi ose AWCD -0.3413.9 0.73 0.75 ns
D-Gal acton- c .

Lactone AWCD 1.87 10.1 0.09 0.16 ns
D-Mal i ¢ Aci d AWCD 3.12 7.71 0.01 0.05 ns
D-Mannit ol AWCD 4.10 8.25 0.00 0.02 *
D-Xyl os e AWCD 4.21 13.7 0.00 0.01 *
Gluc-o-$dospha AWCD 3.68 8.94 0.00 0.02 *
Gl ycogen AWCD 2.10 7.16 0.07 0.15 ns
Gl yt-ysll utamic AWCD 2.63 7.03 0.03 0.08 ns
Il taconic Aci (AWCD 1.46 7.95 0.18 0.26 ns
L-Phenyl al ani AWCD -0.47 12.6 0.64 0.68 ns
L-Ar gi ni ne AWCD 1.17 13.7 0.25 0.32 ns
L-Asparagine AWCD 2.55 9.16 0.03 0.08 ns
L-Serine AWCD 1.59 13.9 0.13 0.20 ns
L-Threonin AWCD -1.10 9.80 0.29 0.35 ns
N-AceDyVdl ucosa AWCD 8.21 13.9 0.00 0.00 ok ok ok
Phenyla&mihiyé AWCD -1.64 9.21 0.13 0.20 ns
Putrescine AWCD 1.78 13.7 0.09 0.17 ns
Pyruvic Acid AWCD 1.23 13.4 0.23 0.31 ns
Tween 40 AWCD O0.74 9.97 0.47 0.52 ns
Tween 80 AWCD 2.42 9.68 0.03 0.08 ns
a-Cyclodextri AWCD 1.41 7.30 0.19 0.26 ns
a-D-Lactose AWCD -0.89 7.60 0.40 0. 46 ns
a-Ket o Butyri cAWCD 0.24 13.8 0.81 0.81 ns
b-Met {DyGl ucosi AWCD 4.28 8.96 0.00 0.02 *

114

ndi v
pi e
ned



g-Ami no ButyriAWCD 2.57 9.14 0.02 0.08 ns
-Erythritol AWCD 1.67 7.74 0.13 0.20 ns

Supplement ary PERMABOVA resul ts of dbRDA for e X |

mi crobial communities based i mpthhaelrbkperiymant f arC!t
pf SUmOf F Pr(: Total v G£Xxpla
S vari e
Mode 1 0.0 2.0 0.0 0.5 0.1
Aphi 1 0.0 2.0 0.0 0.5 0.1
13 0. 4 0.5 0.8
Resi d

115



Suppl ement arbyDiTfafbd ree i2t.i al abundance analryhsizo spfthelyac todr ipd la nd. & mmuad igtrsii e hiifrd Clo enp o
of Microbi omes WIAINICOHBICa § qCorarl auet i<ddn 05)

taxon_id Phyl um Genus LFC W p-va Qv a
5c75e45b7ed1d2a6f0d83 i/ p_Proteobacg_Sphingomon 3.0 -21. 3 0.0 0.0
e6fe291048daeed02eb6al:-p_Firmicuteg_ Paenibacil 2.7 9.6 0.0 0.0
7f27c463cl23c3la66ab8lp_Proteobacg_Pseudomona 2. 2 4. 4 0.0 0.0
3a8da6éb2caa6ad4dafl2elaip_Proteobacg_Achromobac 2. 2 5.4 0.0 0.0
c7a48726e2f6ca86fdO0Ob0.p_Acidobactg_ Candidatus 2.0 7.1 0.0 0.0
82f59b6ac24edd88c4d4a2fi p_Proteobacg_Brevundi mo 1.9 -4 . 8 0.0 0.0
dO0ef 28cel64116abd36cdep_Proteobacg_ _Haliangi un -1. 8 9.7 0.0 0.0
3ad66ca8ed35cfa86f542ip_Actinobacg_1| amia -1. 6 4.9 0.0 0.0
8624cc78759¢c1d01fbc98 p_Proteobacg_ Reyranell a 1.1 -7. 3 0.0 0.0
18dc584ed9b3f3la7fc65 . p_Actinobacg_Conexi bact -0. 6 4.9 0.0 0.0
713982dfaafd2c5bc889c!p_Actinobacg_ Conexi bact -0. 8 7. 2 0.0 0.0
86ec590bc5216a031f548ip_Firmicuteg_Ammoni phil 0. 4 -4 .8 0.0 0.0
f47beleddd4de7e20e9dbc.p_Actinobacg_Streptacid 5.0 12.1 0.0 0.0
121f890e95c4db01952a0b!'p_Proteobacg_ _Rhodanobac 3.2 4.7 0.0 0.0
643e9b9539936644669a5'p_Actinobacgr—gtizcgo mar i 2.9 4.9 0.0 0.0
688513che9b7a45063622: p_Planctomyg_Singulisph 2.8 4. 8 0.0 0.0
c88f433e7fb724aa97f07!p_Actinobacg_Smaragdicoao 2.5 5.0 0.0 0.0
03e53aa8bbbeclc754dfe p_Actinobacg_ Acidothern 2.3 5.9 0.0 0.0
3da9789d812b366b23f07Ip_Proteobacg_ Pantoea 2.2 5.1 0.0 0.0
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taxon_id Phyl um Genus LFC W p-va g@-va
1931ff69d6539ab76f63f.p_Actinobacg_ Streptomyc 3.4 5.5 0.0 0.0
fel52f052d61329f69f35'p_Actinobacg_Streptomyc 1.4 5.3 0.0 0.0
delb7d4b13bed4d049f61f3ip_Actinobacg_ Streptomyc 1.0 5.9 0.0 0.0
363554a6ab57095ae390a!'p_Proteobacg_Rhodopseud 1.8 5.2 0.0 0.0
e906dacf4ad9961bdof3cip_Actinobacg_ Nocardioid 1.3 5.3 0.0 0.0
dd3b89cecb3d1db087c19 p_Proteobacg_Pseudol abr 0.8 7.2 0.0 0.0
d903338d829¢c8c6382534.p_Proteobacg_Bradyrhizao 0.5 4. 3 0.0 0.0
9e6d3839fd6ed5558c7e67 i p_Actinobacg_Luedemanne 3.0 4.5 0.0 0.0
5f083980228e2b7296dfbip_Actinobacg_ Luedemanne 1.7 -7. 6 0.0 0.0
498e52d9c7dbf 7ea60c22ip_Planctomyg_ Aqui sphaer 2.8 5.5 0.0 0.0
e6f87ae780d2f4047b601 p_Planctomyg_Aqui sphaer 1.7 5.3 0.0 0.0
ce77271d1f9b686e489b3!'p_Proteobacg_Burkhol der 4.9 4.8 0.0 0.0
91096c5afda672fe78390: p_Proteobacg_Burkhol der 4.4 8. 4 0.0 0.0
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Chapter 3: | nterrogating changes i

from wheat plahéesbdvuorwg aphid

Pl ant s communi cat e wi t h t heir envir

bel owground, play a cruci al role in s
t hat can influence plant heaktbndadhi b
projtecti:dentify potenti al key metabol i
di stinct bacteri al communi ties .i nUsrien
unt argeted meapmprodaoot,csboth volatile
and wmohatile metabolites exuded from |

i mpact of aphid herbivory on most sec
di fferent chelme mad x aczliaamsolsiedgsl, i p mas ged i
chemical signal s, potentially orchest

response to aboveground herbivore att.:

3. 1. | ntroducti on

Pl ants produce a myriad of chemically and f
estimates ranging from 200,000 to(Walkkera i |
al ., 2022; WangFernr @d mpar2iosl®dng, whil st it has
bact eEsaumer i cchoinga ad lsi around( NéPBelmetabohalit es 2
single plantmardeh amr ddReded i e et al ., 2004; H g
Primary met abol ites, essenti al for pl ant g
prokags gwodek ar y(oWaensg et al Howewvan) pl ant s (a
eukaryot es, |l i ke fungi) have additional capaéa

met abolites, whi ch comdtaa mo Inmbohset cod mptl hed ep Isaen
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metabolites wit(hShnenanetorag@dhesadD2s3e)condary me!f

provide plants with a vast set of mechani sms

abiotic stresses, increa®WahgethetWaalphgnhiz@a?2?p
201.9)

A metabolome is the reflection of the combin
proteins, and can be used to measure the ful

organi sms to t Hediurgusurdreo lCraddtanpgost & , PRi0da@o Ratt
al ., .20Flo8) this reasmen,abohpimstsdyg oéntr al r

understanding eco( Kwghlciadc h n& e®imfcet @ rothhse 20dB5Mm v

first cC 0l nneedt aibro alpM& ®,aches have been increasc
diverse fields including natur al product d
agricuBtoeekling et al., 2023)

This field can be divided into two main app

targeted met abol omi cs approach focuses on

knowl edge about their identities, bi ol ogical
met abolaommscst o i nvestigate the full spectrum
syst(eCmesar et al ., 2019Th®uldat keretofaflerrs 28 18
of exploring the <chemical diversity and <co

di fferent oasnd

A common method employed in untargeted met al
which a Afingerprintodo of the metabol ome can
systems, condi t i(oFresr,nioer ettr eadG.urmeerm2t@d ©; eQuiald os

Using this technique, gl obal changes can be
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pat hways can be studied. Based on these obs

knowledge of the organisms and metabolite cl
mi croorgani sms), hypot heses can be formul at
(Caesar et al ., 20 ®O9nhusGuoundt aHugaent,e d2 On2eOt)a b o |l o |
a critical t ool for generating hypotheses t
targeted approaches.

Chapter 2uggehsetheade saphsdsherbivory had a s

mb

i th

nd

sel ection of bacteri al communities i n whi

rved after t wo weeks of aphid herbivor

ri ment was desighneidenactiinovreshetgwd en twlee a

ates and soil bacteri al communi ties. The
ented in two chapters: Chapter 3 (presert
ter da p(treerxt ntihcr obi ome analysis). The ctU

lts of an untargeted metabol omics approa
t root exudates foll owing t wo weeks 0

bol omi cs was empdloyelangesdeitrecttheyl mdédt ab

at es, with the goal to identify metaboli
erial community assembly in the rhizosph
centr al objective of -addes métagph @lro miacss tto

ver how aphid herbivory alters the c¢hemi
soil environment . To achieve this, roo
i n@aft i loinqui d chromatography (LC) and gas
mass spectrometry (MS). Chemoinformatic

or sofMBareant GO reel y a wWesi/ IMESh I, e atl mmlgss i
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experi mehhabkdathadlbpases for compound annotati o!
LEGMS/ MS dat ahasfeedatmaoleecul ar net wor ki ng ( FBMI
Natur al Products Soci al Mol ecul ar Networking

to explore t he rel ati onsbhoilpist e amonighe d et eacntn

strategies, along with multivariate statistd.i
met abolites with a crit-assbciratedibmaatoadmil alt i
assembly in respdnsertya aphid h

3. 2. Met hods

I n this chapter, a new experiment was perfor
Chapt &ec®ions 2. 2Haweawndar ,2.i2n 2t hi s experi men
coll ected oweleyk safotferapthwiod her bi vory, as this
pronounced differences in plant BandfOmportebi al
contai whegta@ts each were grown in (a2lchd,tr ol
16 h I ight/ 8 h) d@&rek pp laodtdsptehedactdii rsdvagles ( 3

ol d pthetwptses raassesmgpged ttwo ogreopubpisd her bi vor
treatment and no, htobodowvet ptohbgolkhnl replic

groupdgaedi ti onal potwereo middaiegian g veDdicroinltarolt.o

the experiment described in Section 2.2.2, p
separated to avoid Asr asns addnttd minmdt isotneep i n
i ndividual pots were kept in mesh cages to
untreated control plants (Figure 3.1).
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Figuné&lants growing inside mesh cages -t
herbivory treatment.
3.2.1. Root exudates collection

Root exudates were -hptdrepboerdcubyhgid apptoac

based on the met hodoLloohgsiee setd eavie.l o(p20®2 3b)y and

(202.1)This was achieved by carefully removing
shaking the roots to remove the soil. The r1 0¢
washed twice in sterile tap water, foll owed
Af twears hi ng, the roots were submerged in 100

beakersthwhidemaining roots were processed,

procedure |l asted | ess than onetbourrdficemt hE
possibility of changes. i Rolrloowi negx utdlag | wa s Ipia
pl ants were allowed an additional 30 minutes
exudate collection.
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Quenching
of non-
volatile

exudates

Elution of
PDMS tubes
for VOCs

n=10 plants ‘ *

per pot

C i collection
~——

washes in Exudates

| Rhizosphere Starile water collection (2h)

[ | soil sample

v collection

Fi gur2eSa3mpl i ng methodol ogy for root exudat
Pl ant sr esmeorveed from pots, shaken to collect
and deionised water. They were then placed
and a 10 cm Polydimethylsiloxane (PDMS) 80ul
exudates Wwemwmeesnnnamnd PDMS tubes were elutec
anal ysi s.

To avoid aphid transfer bet ween plants, hea
returned to their i ndi vidual cages while aw
Once all pl ants were prepared for exudate cc¢
fl asksaicnoonng 100 mL of sterile deionised wate

cm sterile Polydimethlyhseltoahbhhd0 @ rReixiS&)r ntad b e
di amdt S0 wman,]I t hOi,cakOn ¥R | NTERNATI)ONALac&@ at
the bottomrobbd ewqldaticel e orgavioQuodmpowatesr

The collection process took mlnac el 6h e3tOvhe e nwi tt H
pl ants kept in the same mesh cages they ha

experi ment .

After collection, the plants were removed fr
were transferred to.thwBothbemlL wkealsndaiprmezmd md e |
in liquid nitrogehattthmeveax ladatdersC,wefriel t er ed

me mbr anes, and80ACor&€de aPDMS tubes wer e | eft

123



transported back to the |l aboratory for el uti c
bl anks were also collected using deionised w
was set up with only aphids (>10) inCshe dei

released by aphids.

After collecting the root exudates, the plan
groups: Three plants were taken for measurem
kept for DNA extraction. Dry weight measurem

a7 0OAC for 96 hours.

3.2.2. Root exudate processing

The filtered root eéxiuveatdor wdii ef dagse unt i
evaporated. dAyi eg, fthezexudates were resuspe
water: met hanol solution and thoroughly V O |
concenundeeda gentle shdeamsobfpentiedgéen 700

water: met hanol solution. Foll owing this, t he
2 mL Eppendor f tube to be concentrated ag
concentrated exudat eas 2Weér eOLr eod u snpeet rhdaendo 1§ ( > 9 ¢
and centrifuged at 4AC for 8 minute2s0ACThe r

unt i | further use. A schemagu8.er8presentatio
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Sample preparation for metabolomics workflow

L

| I
L
“on \/ \
Collection of Filtering Freeze drying Reconstitution Nitrogen Reconstitution
root exudates (0.2 ym) in 2 mL MeOH evaporation in 0.2 mL of
(2h) MeOH

e Sa@ampl e preparvactliaotni | eef rmon exudates f
ates samples were thawed at 4 AC and fi
filtered exfurdeaetzeése dvefrcer tfhiewmwe days and r
anol solution. Next, the exudates were ¢
0% met hanol , concentrated a second ti me
dgmal LCMS anal ysis.

Vol aOridaef@ompounds s(avmpdse) processing

The PDMS tubes were eluted with 1 mL of di e

undargentl e strdamaoffimiatlr oogppd ume of 50 OL. /
were k€pt A€t until -MBalysis by GC
3.2. 3. Unt argeted metabol omics of wheat |

herbivory

3.2. 3.-DepPadant Acquirsoietkiuodnat(edsDA) of

Foll owing sample preparation, a 50 OL aligqu
transferred into HPLC vial inserts for anal
Met abol omi cs Quality Assurance and Quality
(Broeckling et al ., ,220d2d3;t i Bwwanns bdtan&ls. ,an?0 2

samples were added to ensure systAen abliet ab

describing theseTabmpldaslis shown (
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Tabl &D&@scription of blanks and quality control s
exudates
Na me Description
Process bl agBlank sample passed through |
sampl e processing and analryis
concentrated, and r es ursopoetn d e |
samples (n=3).
Solvent bl afgfA methanol (>99 %) sol vent t h
sampl e preparation process ¢
samples (n =1).
Standards sqA solution containing a mi
schasftoside, gal angi n, a n doo
ng/ OL (n=1)
Quality Contlntsrtandy QC samples created by
sampl es all the root exudates sampl es
vials thattWweoagbhpueteatthe LCMS
The biological sampl es, bl anks, standar ds,
orgserdi into a single batch for -anaanldygsgmss vi a
spectromdSrmS. (LTlhe sequence of the batch wa
mini mize potential instrument drift and cont

sampl e

Data acquisition was

| igquid chromatography
spectrometer with an

Liquid chromatography
Section 2.2.4. 2.

Mass spectrometric an
with adeganaent

lchasise d CQUH iTgdhy @ dussu me
(UPLC)

el ectrospray (ESI) i

conditions were mai

alysis was conducted
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threshold is applied to peaks deteicaer in fu
furtfreargment ation in the <collision cell. T h e
i nstrument sof twar e (MassLynx, Wat er s) was
switching criteria from MS to MS/MS included
and an intendi t50 0tOhr As malsd @ ange of 50 to 11
collision energy ramp in the transfer cell s
from 30 tohi9gh envasfsori ons. Accurate mass det
sensitivity-T@BdewasThkhal Qbrated wusing a sodiul
| ock mas s correction waskepppl i @d dwiri mg | eac
exclusion 1ist, basedode pureyiofuscéwt &i s caam

was created to prevent the fragmentation of

3.2.3.2. Chemoinformatic analysis: Data ¢

Foll owing sample acquisition in FastBBA mode
opesnourf e haniz MLsithlpe vendoWasef swBbreaConnect \
This was pernfadorimedcotmpati-bolbi ¢ce ana hyftdipaal t
conver simamMLt ddbatmatprocessing and spectral al i
usi nade processing wi z amzmd n eno d & waao fe. Ow Be
representative samples per condition were ini
noi se thresholmsf eaantdur mi,niirpipe n siiizpeedcessi ng
parameters. Noi sean eivretl ebnOsietfy® resfeMtS ath MS1 00 f
spectra, with a mini mum f eaGhurroemahl ewigg ratms i rwte e
cropped ttoo 0eemi¢tattei ng peaks associat.ed wit|
Asobserved inhdipguoees83sidng pipefihegogenedafed
further anal:yls)ans, . mgnfc | uidi @g containing MS/ MS
annot;at Znponangf filechemmaalt edlubsadmigei catfitaviar e

Sirius; v3pcdyv. 0Ofile Iisting precursor ion mas
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areasand c4s)v af i | e coinntfacirnmantgi oend gfeor mol ecul ar
and visualization.
a.
Moleiulard
. snpeelévt(rgl ﬁbargry @GNPSZ
e match
[ 1L~ [ = memre — [2] S i &
ADala—Dgpenc[J)%n; Data Processing \
cquisition atistica e on
A
b . Strategies for spectral annotation of compounds used in this study
1. Library matching 2. Compound Classification
Experimental databases Xy
2 Feature 1 SH Us )
o
; ERGNPS2 SRS,
S In silico database 3. Integration in Feature-
e Based Molecular networks
@ g o9
E Compound in library . 1 &"1‘\;\' CyiO
P ’
§  ISDB a2 s
Figua®ideline for untarget ed -vmeltaathioll eo mi
(L-&S/ MS) . a) Data processi ngDeipnevnod evnetd A
mo de, file conseuscenf 6 omatp,enamzahi mea ove ¢
generating four files for met abolite a
anal ysis. b) Met abolite annotation str
dat abase matching, chemical <classidgiatit
all annot aotlieoccnusl airntnoetmvor ks .
Met abol i te annotBas eodn Monlde cFuelaagrurNet wor ki ng (F
Gl obal Natur al Product Soci al Mol ecul ar Netw
Al 1 datex pfoirt estzmi nemv. 4. 0. 3 were uploaded 1in
ProdSaadi al Mol ecu( @NPSet&povkiagment for met al

against experi mefFretaatiB aleielr aMoil e ud - BNM®) wor ki r
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metadata file specifying samplecoden®ICti es

bl anks) wasFBMMIisdadi zat i on.

Met abol ite wasn pteatfioomegde amsr sn@gr ai on and MS/ M
mas s tol erances set t o 0.02 Da.daMandc hes k
experi meprtcdlr al udiimg at hes c cAAs icnoesiisnmdolrar.i ty s c
thresholwdhsofsedbe@€ted for | ibrary matching (fr
100% matawh )t h a minimum of Lfidurar matmahedi peg:
performedalalgaspett raaviai l ialbt &r iitve | @GNRIS ar net w
constructed in GNPS based on MS/ MY esaitmuirleasr i t
were constructed usisngmidsamirneymufm .o i aared at

mat ched peaks, with clusteripregtmreaqpieri mgda.m

Met abolite annot atsownr awwe ithago lot her open

For chemicalotltbBeifdemti oined features (uni gt
sampl espfreecur sforragammednt data cogfafnée wast heac
usitnigpge soStRaU® ¢DehOkobp et applyi2d9)he Con
Class Predi €CANOP UBoedmilcecal ¢l asses were assi gl
Natur al ProdukKitmCétasalifne®ii2dh pat hway, supe
classes of compounds were predAncotedt ifom duweal
was filtered based dOn@BhromnbDi tende wbere 2% |

l evel of 100 %) .

I n addition, a taxonomically {heéos alkitnvaaR pr o a
V.2L. Q Rut z et . Tahlisg f 2WwdM©e hed spectral nd®ti &i agal
Spectr al Dat abase (I SD8hd,of whneant urpead e @ pbrloed,u ¢
candi date metabolites based offrtitteicun apcent &
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in the LOTUS databag®uadfz radtAmninao,t g2i0i@a@) caqusal i t
filtered based onOéa45cohfoebcteostorwhere 1 | ¢

of 100%) .

l ntegration of annotation tools on FBMN

Theesulting molecular networks were visual i z
where nodes represented individual met abol i
cosine similarity scores between the MS/ MS f
of met adeat ancwerrpor at ed i nt o troetiwmotreg rvwitu ad li
annotatiohRi rtsdgl snodes-c ovkeack lcaod eodr on t he c
classifications derived from the different a
mat,cthemi cal c Joatsasxi of niocnaitci aolalnyn oitnafteiiosmed | i se t h
coverage of annotated metabolites. Pie char
areas between treatment s)wleher lmidderdy tws .norde@ sh

node size was scaled accor ddepg!| t®s )s,t alhii ghliicg

met abolites that showed significant differen
3.2.3. 3. Confirmation of identity of S
chemical standards

Foll owing the s(deatalsdleéim@elctama)l Bfsii2sed f eat ur es
selected for identity c¢ owafsi ronbasteiravhielduasoc aphhd
concentration in plant root exudates. Aut hent
prepdarmed i nal concentration of 100 ng/ OL. The
LGMSMSunder the same conditionseatsi a3n)dl. 2.xud

After data conversion, standard files were
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sampllaes = 3) frominomimé emsecauufdtawatrsd,. BGappl yi ng th
same parameSeet s odmslB3TABe alignments were then

whet her the retention times of standard peak:

The foll owing standar/7dthet h-avieg edr, Shy@doxy
(hydr oxy meayhly]¢)Mayx-ldern z o x3anien (HMB O-8-H e )
(BenchChem, USA; acat &i 80 ab6d@dr8iavireyr;c kC&2)# 4637
p-Coumaric acid (Merck, Ger many; Cat# 90088) ;

Cat# 24(75228)D0 hydr oxyl®en aide(2adiod Di)HOAMEmMa n

Chemical, USA; Cat# CAY53400) .

3.2. 4. Unt argeted metodOdClsomi cs profiling
Afteot rvol atil e eaxtdroanccte ndwnadt@ minaorf | ow of ni
chemi cal anal ysis of t he extracts was car

Chromatography Quadrupol e Ti me of FI i ght M
GC/ QToF) with a 8890 Gas Chromat ogtrhap3hly syst
columm (&BHhgtmmXi®n25 di am@mefri IXmOt Ri5&Rness) .
conditions were: Initimiln,Tefmpl I30wWeCd hoy da t5 AR,
150AC with a Mmohslglt frimremmpmfwas 110AC/ min to 250A
of mi5n (tot al mun) teixmereaxcx.s2 (4 OL) were inje
splitless injector programmed with a heater
and set to a 20: 1-MSplwiats matni ovi t hhd h@TdF Il | owi
el ectron energy 70 eVQAQGouGCealtlanpeLRsuard 21

were run on the system to establish retentic
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and mass spectra produced were tentatively i

l' i brary (2020).

Chemoinformatic anal ysi s: Data processing

To process VOC dataset s, the datsaurfdeé ebomwmate
. mzML wusing the softwar & eMSAdolnevbeaamearivei $1e @ . 24 1
t hmzni ne s ovf.t4dwtalr.ezllet er mi ne parameters for al i
Using the processing wizard mode, a noise th
feature height of 1000 were applied. After a
ti mes and peak areas was generated for do

Met abofAma6bRBaOng et al ., 2024).

3.2.5. Statistical anal yses

3.2 .Fokt. exudates

Thef eattualktent ai ning alll dietect e dathaladtithraders )

respective peak areasvkeBMMNStwaethpdsO B alk ki i nSbah ¢

al ., .2®&2%d%) ank removal step -whtE Bappénedt paskc
removei nftoemmsity features that were | ikely no
frame was savdad easanal uploaded i nto vt.h6e OMet a
for further statistical analysis.

Il neMbBt aboAnal yst 6 plt &atef odramb a was nor mali sed b

weight to ensure that metabolite concentrat:i
| dgx ransformati on was applied to reduce skew
to minimize the influence of | arge peak area
smal l er peaks that could also be biologicall
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variance and those that remained stable acro
step wa sfolusoend ng standard gui del i nes for t
met abol omics datasets based on the variance
relative standaridntdervgrumanrigenl (e QR)t hé&d Principa
Analysis (PCA) was performed t oThe scissst rtihbeu tsi
of QC samples in the PCA was manuall ysrevi ewe
the QC sampimesewefeomethe dataset, waansd t he
conduwi et t he s awhplags pflraonmms subjected to af

unt r ecaotnetdr ol s .

The statistical anal wist Boutnct uel e @fCoals|acevmd o ShAy
PERMOVA test to evalwuate differences between
analysis was perfor med g@fsdlindg cah angmebi(ntad g DmMC)c
test,vailtuukspadjusted using a false discover.y
0. 1. A habbhertpreshold was chosen to increas
i mportant metabolites thattomighe bewostheatr ws Si

due toammpalel ss ze.

Addi tional stati ctoindallct eadaliwisdeRRSWBaudld o Te am,

2030 For the molegcstar weetewprekd ortmed for t h

arefasom networks of interest. The analyses w
ti dywenrRs@Wikc kéatamal .veaed@sam) OBsanen et al . 201
ggplwt.(5Wilckham H. 2016) . For wvisualeszati on

ggpub.r0. 6Kdssambar a) gAh.i d EW.R2XAIguUi e B.an@2017)

VennDet 4. Gue@ al . 2024) were used.
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3.2.Baokt. vol atiles (VOCs)

The VOC anal ysi s tphiep edsdtmeap sf dlolvaiwheed innoen e x ud a
analpsithbudghering was based sotehnhgtant| PRaks
The same PCA, PERMANOVA, and heatmap anal ys

significant VOCs influenced by aphid herbivo

3.2.5. 3. Pl ant dry weight

The data from plant dry aralghsedriomt RaS8dudinh
(RStudio TeamiiniGd 2Wi ho@waom@mamet rTihce taemsatl.yses we

performed usi ntgi dyhwe Pavdekgagne 2avddgplvot32 5. 1

3. 3. Resul t s

3.3.1. Plant biomass production was signi

herbivory

Aphid herbivory signifikiagur)e 3HAfhSee antag ch elf d retc
observed in the aboveground pl ant parts, Wi
pl ants under her bt Wwer yh ecaobnirifwgodend st ¢ no. her bi
Al t hough the dry weight of r o(opt s= wQr.s0®n50)t S i
bi omass tended to be higher in contr o.l pl ant
The toeehtoot ratio did not differ significantl
there wassigmifmhorcgant trend towar-tdr eaatleadwepr| arnat

These results suggest that aphid herbivory c
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pl ant resource distribution that affected 1

bel owground.

. Shoot

p= 0.0079 W "o 0.42

0.4+
0.51

&
—

a -
ot 3 -
5 &
2 3
0 0.2
2 00+ - - -—- -=-| K
=]
p =0.095
\\ .
0.5 0.01
Herb'ivory NoH Herb'ivory NoH

Figuba)3.Dry weight of shoots and roots of

Root to shoot ratio of plant dry weight. TI

test . The error bars repr etseernbti vtohry st aPnl daes
herbivory; NoH = Untreated control s.

3.3. 2. Unt ar get ed -vnoeltaatbioll eo nel xcusd aotfe sn ofnr o m
This results section is divided into two ma
annotation of metabolites to identify compou

the gddadlenofmétyahglites thatimotuthd bentrextvah
herbivdhg second section presents the statis
wheat pl ants under aphid herbivory and cont
annotations sd oslktihfatrsact eriexudate composition
effecthesed yfi Mdi ngs wi || provide a foundatic

mi crobi al community dynamics in Chapter 4.
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3.3.2.1. Met abolite annotations

Met abolite annotation was performed foll owir
samples and pr-dsedSi gt @af &< descrA bteod ailn oFe
2,2fldat ur esi Qiuegweeraek si diemttiHe esddampl es. As des
met h®&eksti on,mMul2.idpl22e annotation strategies w
met abolites present in the root exudat es. T
experimentalinf GNIRIS)kBAAnddat abases. Additionall
i nfor meidmaRP owa sT usiem g$amlnroetfaitneomssnymet abol it e
previously reporamed&i nal wh,eathe CANOPUS <cl| as s

applied to predict the chemical classes of u

Met abol ite annotation against public experim

Gl obal Natur al ProdlectwoB&cngl|l (MbP&Fubpbatform

Spectral mat ching against experiment al dat a
all owbd annotationaofos9s3 dlelat sampl es. Subse
curation based on ppm accuracy error and ad
met abolites, corresponding to an annotation

Tabl2TBese putati vecdndrdetdatsiecomet abosldclt pat hw

the shikimate pathway, amino acid metabol i sn
others. A summaryseiftbatcbembtaphesenmedabno
Figure 3wiet h at mbemgmet abol ite classifi.cation f
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200
150 I NPC_Pathway
B Alkaloids
B Amino acids and Peptides

Carbohydrates

100 Fatty acids
[0 Polyketides
[ shikimates and Phenylpropanoids
B Terpenoids

5 E—

0 . .

GNPS TimaR SIRIUS

Annotation tool

count

Figube€l ssi fication odanmetabobntéeésoinbaasael
classifier (NPC) at the pathway | evel

Met abol it eusinimptsaitliiocno plrieldr a&rtii @esn arfd chemi cal
The second annotation tool empl oyed in this
spectr al matching in two stages. I ni tiinal | vy,

Si lsipceoct r al database (irabDE) ,ngf wIf| d wed poy eantn
based omprexacunarssi srearchespwici iiic bWastbases
casTer,iticum(wbeBhbhdumSDB matching resulted in
metabolites, accounting for 10.7% of the det
chemilccl asses based on MS/ MS frafmgnot,at BolB [
nearly 50% of the putatively annotated met al

and amino acids cl asses.

I n the second stage, the accuraetermassdofvith

LOTUS databzue ated dat abase {foac uesxipnegr i snoelne lay
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met abolites reported i n wheat, l eading t o
previously described in this plant speci es.
overl apped with thosE&hds®mmet tSDIBo Imattehi wegr e c
the same pathways, class, and superclass by
| SDB and accurate mass mdéembnsgr atgiangrst orLdr
bet ween t he tawop raonancohteast i (bieg ureemg3d .A71) .met ab ol i
were annotated bazdsedgsolfelt heomcmatr at e mass ¢
present in Aheampmpdhearnsi.ve | ist of the metab

met hodol ogy is proviTdbdxxi 8. Suppl ementary

[0 0D
/IR
ISDB LOTUS
Candidate structure NPC pathway
W0 B Alkaloids
= B Amino acids and Peptides
3 Carbohydrates
(&) Fatty acids
Shikimates and Phenylpropanoids
. B Terpencids
0 B NA
| i .
LOTUS LOTUS
and ISDB
Figur7eSm@Bectr al mat ches at t he pat hwayNPIC¢
according to taxonomically informed meta
di agram showi rbgettwlee nowaermloamti ons from LO-
and | SDB (MS/ MS) tool s. b) Bar pl ot show
pat hway | evel using the NPC classifier wus
and the metabohi bes hmaOdlw&dand | SDB.
The chemical classificati on of met abol ites

i nvesti gaCempouusndnigCl ass Prig€CAINOtPiUBSna moadcuhlien e
l earning prediction moduVe6f0®ni ¢ han &Il RYIUS 15
in the classification of 1,294 features. Foll

score greavbar thekamobf8dencenod aaaloe adi odst o
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1 represents 10&8dgmicroshfhitdleaat e )Pr od Bactth wGlyass,s i f
Supercl adiehssvela tot al of 201 features were
of conf(Ridewrcel h3e.sbe) .201 features represent 9.

detected in the root exudat es.

A |l ow overl ap was observed among the three
(Figur)e, 3wi8th only two featur es Fsuhratrheedr moy et h
di fferent strat evpires sfthorenagmremo tdda tfif e ent chem
(FigureF®r6)tnsd acnlceemi cal ¢l assi fication in C

fatty acids t avhibleeian hemaaitea ,h DB NI owed t he

annotati onamifnomaaicnildys and peptides, shi ki mat
and al kCawleaiadtdh,r etehestrategies all owed the che
features, which represent 20.17% of all feat

203 CANOPUS
200

150

100

Intersection Size

50

GNPS
[ cANoPUS
[ 1spB

20015010050 0
Set Size

Fi guBe&gu3dnmary of annotated features using
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Il ncreasing annotat i-baxs gcb wdal evd u lha rF eMdid tuwaeer ki n

To gain more information about the metabol it
the GNPS enkWéavoBasead ,Mol ecul ar Ne twwosr ku snegd (tFc
propagate t he annot at IF8MN de¢d omwisb etdh ea balvieg
experiment al spectra based otns thMS/sMS)i,l aad t |
expected that metabolites with simikchasspect
( Nothias eBasaé¢d,or0”Bh¢ MS/ MS similarity, the
fimol ecul ar tamblrkesp whefir featmoesfdichteons
The resulted FBMN from wheat root ewhuedraet es ¢
some c | usspteecrtsr aolff fami |l i as gabnupbe obsaobpded (po
are connected to f ea.tlnr etsheoff igiumiel,dire aMJds/sMvSa d
feature, and the colouring represents the fe

the three strategies for chemical <c¢classifica

140



- _." . -
T -
. .
L - J
-
-
- -
- - - ‘_ ok
. W - -
H .
. L - ] - - -
- = -
]
- - - - - - -
- - - ] - -
- - - - -
- L] - L] - -
- L - - . - . - - - - -
- - - L -
- = - - - s 8w
. w W - - - -
- " '] - &
- = - - a2 " -
- - -
" - a = - - a = L
& W & & @ L] - - ' ® - -
- " = @& - - - - - . - - - -
- - - - L . @ - - L -
- W = L] L L L L -
- - - = - - w - .
- - - ] - - = -8 8w
= - = " - - a
- L] - -
- - ] . - - -
- - a - =
& @ L] - L] - L] -
- - . - L] L] - - - -
- L] L - - .
- L] L L
- . = = - - - = - = L = -
- & - .
= - a - - = w
- L] - & = - =
L] . L] - -
- - " - " - '
- - L] L] - = = -
L - L - - L - - - - =
- - L] - L L L . -
L = & L] L] - L -
- = = L E
- - - - -
& " s " - =

I GNPS J SIRIUS-CANOPUS I ISDB-DNP

Fi gureFela.t-Based Mol ecul met aled wior &s of ound ir
wheat plants. Col oured nodes (points) indi
annotation tool: experi ment al l'i brary mat «

CANOPUS (Purpl e),adaibmstr yi madgiclhHDaNG® : d aQraabnagsee) (| S D

To il l ustr atBe streadw Mod aetcwrlear Net wor ki ng ( FBMN)
propagati on, Fi gtulrree e3 . mdI| epcruelsaerntmset wor ks i nt
annotations from all/l three approaches wused
features t hat wer e tentatively identified

experi ment al l'i brarthesanmBgt atnicom Ppporreavtit diugs I nye t
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unannotated features were grouped with anno
shar e a similar chemical structure or bel on
enabled the putative classification of mol ec
flavomaeadh, nwt he root exudat es, providing a n
met abolite composition.
Massbank:UT000225
Massbank: 9,10-DIHOME|9,10-
FA18:2:20 o PRETIE™ Ao 12
| ] (+-)9,10-DIHOME
FA 18:2+30 [ | .
*
‘o. ] || * ht
(2)-5.8.11- [ |  (10E,15E)-9,12,13-
trihydraxyoctadec-9-encic FA 162420 t”hydm;i)é?‘coﬁidﬁegg"‘o‘15'
Massbank:UT000223
ol
R orone u
Apigenin 6,8-digalactoside
MS2 chemical class annotation MS2 annotation strategy
Massbank:F1000727 . ’ IINPC Class : Other octadecanoids A ISDB-DNP
Isoschaftoside |soschaftoside NPC Class : Miscellaneous polyketide O GNPS
’- -I:IPtC Clafsl: l;lavones g ﬁ,A‘NOF’US |
jot annotate ot assignen
[ | .‘
MS1: Chemical class annotation of candidate compound
NPC Class: Other octadecanoids
[ NPC Class: Flavones
Figurl@oM8Il ecul ar families detected in plan
met abolite feature within the molsdacguwlcamur ¢
features. Arr ows indicate met abol ites i«
experiment al l'ibraries in GNPS.
A tot al of 41 mol ecular families were ident.i
than three connected nodes. Among t hese, sSi X
one feature that could be putatively annot a
agatnexperiment al ddabhbas8mBgd rGINAP&S8y . t he numb
features wi t hin each of t hese net wor ks, wh
annotated cioampdouinmissome cases otbeablamdonat
tentative chemical classification. This app
additional 91 features, expanding the propor
by 4. 1%. Consequentl vy, a total of |l 24t 2F%oof
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exudates were assigned to a chemical cl ass,

met abolite annotation.

Tabl 2M8&1l ecul ar networks where an annotated compo
features

Net wocRef erence annotatioMoIecaalliniaIryfl\lurr]ngg(I
1 9, 0 hy dr2o&kogt adeceno Ot her Oct ad 49
(10E,-95E2t rli3hydr oxyc

2 10,d5enoic acid Other Octad 22

3 | soschaftoside FIl avones 14

4 3-Dehydroxyshi ki mate Shi ki mic ac 7

5 Azel aic acid Fatty Acids 6

6 Cryptotanshinone Diterpenoid 4
3.3.2. 2. Significant changeswvolnati he cloe¢

exudates from wheat plants occur wunder a

After met abolite annotati on, statistical ana
aphid herbivory on aboveground plant tissues
signals released into fTbeashibveiahiroott el
obtained after pmahkiwkd.ghmenwa utshfeBgdd Stsatds i n
website, an extended tool f o(rPaaknkailry sShsa ho fetn
202 F#ratures detected in blank sampl ecffwere
of 0.30g oertwi hhose above this threshold as
resulting in the removal of 1060p5e afkesad mrtetsi sa,nd
mo s t features were shared between treatment
herbivory treatment and 2Af tueritqautei sstoi & ale amal

were performed ivh 6M&Ot &®boAnal yst
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System suitability and potenti al instrument
quality control (QC) samples. Principal comp
alignmegur g BllLustrate the performance of th

di stributed acros&datt htetheanad gitnmiang,r umi ddl e,

chromatograms demonstrate consistency in pe
enabling the identiifoincsatiinonr eotfe nmiimamr tu arei aatn
Overall, the sdfro®@ sabmphesent hroughout t he
robustness and reliability of the analytical
a b.
81 :gr:nivow 1686 f
+QC bﬂAEB i
2 S 126 i
Ew.mzs : “'\
F 2 © 8.0E5 P
= 8snEs i
g g I
§ e ' & ‘z‘zE: E \ 189.0544
R 0450 \ 563135954
7 0080 TE———— : = /’\* —
15.80 16.00 16.20 16.40 16.60 16.8
84 Retention time
- — 280724_SC_QC1_neg_modified. mzML filtered 280724_SC_QC2_neg_modified. mzML filtered

280724_SC_Q3_neg_modified. mzML filtered @ 149.0107 = 149.0107 @ 149.0107

C . PC1(39.8%)

gurnndQBdal ity assurance of the i

Fi nstrument
of all bi ol ogi cal replicates (n=10) as qu
the QC samples compared to the biologicaf
a randomly selected feature (m/z 149.0107
replicates, ¢) Complete chromatogram with over]|l e

To identify differences in root exudates bet
and contfolb pekagfbimwmotryy)filtering was perfor mec
high intravariqaumdd twi tchoint rohea(0@C) hesamplwe d h

constant values across expenieeqguahticloeadr ang

filter (Pang et al ., 2024) . The intravarian

144



features, respectivel vy, reducing noise and i
anal yses. Foll owing these preprocessing ste
retained for further st asait $oin¢ ala s a ndaelsycsriish.e «
met hoSest BoB. S was damppliimpd ove t he di Pterfiolret i on
i nvestigating features t hanto-moelrat isliernti of & cctainar

exudates of plants under aphid herbivory.

The profile of metabolites found in the root
pl ants were experiencing stress ung@erguaphi d
3.1))Z2aad the PERMANOVA results (F= 5.46, p =
vi sualised using a volcano pl ot, showed a to
di fferent in wheat plants undern hresred9d vO5 I %) p
wer e increased under herbivory, whil e 36 (
suggedboit g udbovwnedul as p®ad donfcound g oion tekeidat es
of pluamdts herbivory. The | i st of met abolite:

pl ants under aphid hsuppivemegnt &t v hDavml é n3 .t he
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FigurltesBatistical analysis of the metabol

under aphid herbivory. a) PCA showing the
under herbivory andrlkeepalkskeyntplhacbafi Giencle
Vol cano plot showing the results of the d
rate correction (FDR =,0m.11) .c hGomlgoeur swirtenprresent |

that increasedcddenm ppdok dathea bi vory, while

size of the circles increases according to the r
3.3.2. 3. Il nt egrati on osft aneitsatbioclsi t e annot .
Il ntegration of the statistical dat aset wi t h

reveal ed that of the 75 significant features
had compound matches when searched against

Amogn thebse, feat ur e Mansnsobtaantke:dP RBD 938 He W MBOA +
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i ncreased under herbivory, wh i he
decreased.
Given the |limited number of annotated

include metabolites that, svwioidMed ol @t chtaamtgiest i

fold cémmalgyesi s ( FEi glutries 3apl@2rbogac h

relevant metabolites that might

from the smal/l sample size. A total

increasing and 283 idecrywyasAmgngnidlees derhHs

chemical |l y Fdlgaus sbiafSieelld3 pn t heir

met abol ites) of the <classified

with 24 belonging to the tfhwdwys.aclind @awnndt raan
upregul ated metabolites exhibited
shi ki mates and phenyl propanoi ds,

36% were classified within t htehwey K.i mad dei tainan

three met abolites, gr ouplkidg uarse

benzoxazinoid class but vwdrke 0c altueeg aroi ztehde aasb

specific benzoxazinoid category

MS/ MS

"30.t1h3er

me d

been

of

spectr a.

compounds

greater

no

he
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Terpenoids

Shikimates and Phenylpropanoids

Polyketides|Terpenoids

Polyketides
>
1]
=
S

EI Fatty acids
o]
o
Z

Carbohydrates

Amino acids and Peptides

Alkaloids

Alkaloid-like

-30 20 -10 0 10
log2.FC.
Figurl8CRBemi cal classif-regul abhedf mh
based on MS/MS annotation tools (
Ti maR) .

eabbDVDt
GNPS |

Wh e n analysimwgeghleabédormet abolwetreesh,e fnaotstty e
downregul ated grogap umde rc alk &d bahmgaolfyoslids . Seve
of these metabolites clustered witamidn wiehhe s a
putatively annotated under t he "Ot her oct a
classificatBasre.d Modtewrud ar Net wor king (FBMN)
di stinct cluster containing thki gnarjeoTrlitdy4 )o.f

network comprised five metabolites confident
dat a l'i braries, al ong wi th t en additional
octadecanoids”" by CANOPUS or TimaR. Statisti
a sighi friecdauncnt i bhese met abol iteBi gwmder 3. heirbb

highlighting the robustness of these finding
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: 4.8e-10
FA18:2+QOO
FA18:2+30() % o
] OO o ®
2
(Z)-5,8,11-
tr|hydr0xyoctadec 9 Q) O E
enoic acid E EU
FA182+200 £
Massbank:UT000223 2
Nessba Tadce: o2 ®
dihydroxy-12Z-
octadecenoic acid| O
(+-)9,10-DIHOME -1
O%O
Herbivory NoH
Figurle4 M®l ecul ar network annotated as oct
octadecanoid network represent the total s
heal thy plants and orange representing roo
statistical significance is represented b
statistically different. b) Mean compari sol
anal ysed-tuwsitng pa< t0O. 05) .
Anot her group of metabolites significantly r
compoumweks e tentbanovalted, was t he benzoxa:
benzoxazinoid features increased in the exuc

Among t hem, HMBOAs htow@d a statistically sign
0.057), whil e the other tfwd dalcshangxi, biwti & ch
increasing by BD-g3l7ucamsdi ddd BoOyA 1. 06 6. A compar.i

for these feat uFdgwreda s3.pr®sented in
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1104_DIBOA B-D-glucoside 2269 _HMBOA + O-Hex 2276_HMBOA

Normalised peak area
o

HerSivory NoH HerBivory NoH HerSivory NoH
Figunél Bcrease in peak area of features
based on their MS/ MS spectra. -Hexl y wlasa
statistical significance after multiple compari s

3.3.2.4. Confirmati ome@ul atdechtmdtya md| ihteg d

Among tdhlreemidcal |y cl asgiifvieedvefreatsierlexct ed for

confirmation agains,t asheimi cavlas stpasdabde t o

annot aid vend on MS/ MS spectral matichesi Wi thob
Il i br dTraibd se AZsdown i n Figures 3.ilc landde 0.nle7
benzoxazinoi-GiHekHMBOwWh i c h increased under h
met abolites t hatDi HOMEe asseadl:i cYy,| 1@ aci-d, aze
coumaric aci d. To validate their identities,

MS andpearoemd t o pool ed uXxC rsga ntplee ss adme 3pi pel i ne
the metBedtions 3.2. Folranda3u2e3. Pad retent
the chesmianalar ds (Figur ecdnfli6dents ugpmpmattatnigon
retention time and MS/ MS fr alime@ME a(l Figghunreen t3..
al i gmietdh peaks in the QC samples but exhibite
in the standard. This discrepancy may result
evaporation and resuspension of the standar

exudate .sampl es
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Tab
f ol

| 8M8t abolites selected for confirmation

d change

FeaturCompound MS/ MS ma Fol d_ct
8,9 (4 9,-AiOHOME Experi me 1.7
2,4 4Hydroxycinniln silic -1. 5
3,1 Salicylic ac In silic 1. 2
4,6 Azel aic acid Experi me -0. 8
2,2 HMBOA-He x Experi me 2.7
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Base peak intensity

Base peak intensity

t

t

f

HMBOA-O-Hex Azelaic acid
356.1000 187.0993
1.1E7 | . 1 .
Chemical standard T4ET Chemical standard
1.0E7 HMBOA-O-Hex
9.0E6 1 e 1.2E7 A
>
8.0E6 i g roe7 ]
7.0E6 1 i o 2 187.0976
| 2 £ 8.0E6 -
6.0E6 3 - ﬁ S o x QC samples
5.0E6 e & 6.055
4.0E6 356/0072 b
3.0E6 \ Retention time g 4.0E6 1
2,06 | QC samples 2 0E6 |
1.0E6
356.0970 356.0960 356.0943 356 187.0967 187 pO71 187.0951
0.0E0 = 0.0E0 -
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00
Retention time Retention time
p-Coumaric acid Salicylic acid
9.0E6 163.0393 . 11E7 1 137.0246
Chemical standard ' Chemical standard
8.0E6 1.0E7 1 Salicylic acid
7.0E6 9.0E6 |
.'E 8.0E6 1 g
6.0E6 - g 3
@ 7.0E6
5.0E6 1 < 8 e
= 6.0E6 1 4 ooma
H nm=1 a7
4056 1 § 5.0E6 { N ]
a “ foroeas ) k.
3.0E6 1 ﬁ 4.0E6 { sm Ww 8w R T
m 3.0E6 1
2.0E6
1 og6 163.0380 QC samples 2086 1 QC samples
! 1.0E6 |
163.0396 i 163.0381 163.0381 163.0391 0268 137.0232/ © / 137.0220 137.0232 137.0258
0.0E0 0.0E0
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00
Retention time Retention time
FigurnéLiBqui d Chromatography (LC) traces on a C18 column showing
exudates, represented by the pooled quality control sampl esdfwarCmi( m
v.4.0. 3. For t he -Ghhenp oaumd ss aHHMBXOYAl i ¢ aci d, a zoom was applied as
than in the standards.
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9,10 DIHOME

5.0E6 313.2365
313.2361

Chemical standard

4.0E6 \

3.5E6 1

4.5E6

3.0E6 1

2.5E6

2.0E6 A

1.5E6

Base peak intensity

1.0E6
3132368 3132368 QC samples
5.0E5 513 2364

. ¢ 313.2359 34503
0.0E0 L

28.00 28.20 28.40 28.60 28.80 29.00 29.20 29.40
Retention time

Fi gurlgLBquid Chromatography (LC) trace o

aut hentic chemical standards for 9,10 D
represented by the pool ed qualsiatnyp |Iceosn tarnod
standards were aligned on the software mzMine v.

3.3. 3. Unt argeted metabol omics of VOCs e

Vol atile organic compounds (VOCs) from wheat
polydi methylsil oxane (PDMS) t uU-bel atnislia ee % theka
coll ectM®nanadCysis identified 229 metabolic
descri Medhd®wasti on 3. 2. 4, a blank removal st
i nt ensaftfy ocfutd. 30, reducing the dataset to 11
To improve data distribusddnhy theotdad-rray e e iwg
transfor medtrocandedParf ol l owing the saohatpilpel
met abqlMettehsods SectPBORMANQRVA)anal ysis did not
di fferences between conditions (F = 0.99, R

principal component anal.yl®8i s (PCA) results (

Whi Heestt s identified no statistically signitf
(FDR) co(Frgat eooBnel 8bhompound with theall ueest

(p = 0.003) was of particul dlationalresnst Anet
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The analysis of MS spectra revealed a Cosine
but fudtmherctdcaon with chemical standards is n

of this compound.

Predicted Spectrum for (E)-.beta.-Farnesene_SemiStdNP

20 30 39 a8 58 68 77 87 9% 106 115 125 134 144 153 163 172 182 191 201 210

1 input Spectrum [l Predicted Spectrum

Figuné®Ma8tching spectrum for feahémentsénei a
to |library matching against NIST I|Iibrary. C

3.BLscussion

This asitmeElg deter mine whetdrmboaplhtr o utlmes spu easnt vy
alters bel owground chemi cad ulsdifglnuael nlcien gmiicnr o
communi ties neéelsri nphear gebéed. met alwalso npiocsss,i bl €
charesetsehifts in the ovenroamoll ama ol teeb e kainda ppe © f |

i deyptoitfenkéwnl mgt abol i tes afifnecteadimyg hdeérebikwnol

on how abovegr cwuamhapter eéoed mwgr ound Tmwl aonutr i nt
knowl edge, this is the-vfoilragti | £t unkyt atb@ | i hee @
VOG anail gsto invesdtnidgateed aphindyes | hhersoceot e X
findings reveal that aboveground aphinadatherbi
onlpri mamey abolites, but mostly Slple semdeltiab ol i
met abolites, including oxidized fatty aci d:
benzoxazinnoriodost . e XTthekasteesr esul t s highlight h o\
stress can reswapthenteereavctironment, raising

about the role of atbdese cachremiuddli ngi drenefic
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mi crobes, particul ssel gbaowhegr gcé mcha8efopd@®eopbdDt e

expense of Bellscwgprobndity

3. 4. hproving our understanding of plant m

ofimet abol ites through untargeted metabol oo

Studying root exudates presents various chal
selection of plant growth conditions, sampl e

of analy(iObafkFrgeoolks Jones, 2018; wvan Dam & Bc

Peri s et deavle.n, raZdx@dOl)ecti on and processing, on
remai ns the annotation of meobhboil i eec,ompau
anal ysed -MS/i M. LICh our study, | i brary match

all owed the annotatibntef BeB&coedt he mbhetaba
percentage s eems | ow, it i s consi stent Wi
met abol omics studies, which report &mrnotati
when wusing a C18 <column for d hmenrt a cmheetra bsaaltii t

( Not hias et aGuer 2dnr2d ; etQualros 2024)

In this study, different annotation tools we
of experi ment al data in public databases. Tt
silico aM®oamnotoamti on based on t axoeBaosmeyd and

Mol ecul ar Net wor ks ( FBMN) t o cluster featu

i ntegrating these approaches, it was possi bl
of all the featotresxtfioanedsi nThihe hi ghlights

can coeptemach other to gain information abo
met abol i sm. However, despite advances i n al
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features that were significantly increased u

any chemical cl ass wusiSomogne t Hoefs ed emetra tbaeldi tteoso |
potenti al luyn kmerphrreensiecnatl signals emitted by pl @
aphid herbivory. It wi ||l be interesting to e

future wor k.

The annotation against public experimental d
the annotation tools when ncosppeadceodt i bns ek ai
fragments. I n this study, mo st of the anno
| i braries belonged or corresponded to report
features have not been previously espoAned

examplfeeaitsare 8724, cl assi fodlaedc | as sa ofme mett arbp
characteri madd tkey pae npé RHu lsdrriva teutrTelaé . ¢l @929 | i
mat cAn,dr asticmrAesponds to a metabolgietheusr epor
Penici |l IAi usnear ch for t his met abol ite i n pu

(https:// masst.gnpsdidr gnoptl asshonwws at /match for

Neverthel ess, mo st compounds of t his cl ass
activities |Iike antimicrobi al(,Naczyitroteotxial,. ,an
which could potentially have a role in the r

example highlights the complextey arfdttlee sé¢hy
of determining t he preci se sourasesocfi att e s

met abolites may not always align with known
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https://masst.gnps2.org/plantmasst/

Study of plant root VOCs

Al t hough the majority of the resulvtosl aitn [tehi
fraction of root exudates, the VOCs fracti o
putatively i-bfleaatndsg ene.asWHiE)e the analysis o
esbhli shed, with widely available and expansi

I nstitute of Standards-M&ndi Pealhiyol odpe MHEI BTk

in the sample collection process as the conc
thesebmketbaes quickly interact with soil or ga
present i(nEitlheer ss oeitl al . |, 20 1510 tThhiosl Is teutd yal .n,o
met abolic profile differences were observed,
variability, making them difficult to interp

identified were also preseng thatheéehbl aonkcea
of plant root VOCs was | ow. -hTohuirs cloil K eselcyt iiomd i

wasnsiuf ficient for capturing detectahbl e VOC

However, in this effort to isolate plant r oo
soil, it was possible to identify a metabold]
herdrw, whildidates |t heal tmed bpltt ¢ bel needs fo

i mprovement to enhanc.e TWddsd dhidgave lif tuidtaymatieu r set u

as increasing attention is placed on the pla
pl amitc r wbmmum i c(aBoiuvowmmeest er et al ., 2019; Hone
3.4B@l.owground metabolic responses and pt
Aphids are well known for their ability to m:

themaporft planduroces heir feedi ngalslioceaft i roend uc
nutrients to oitnhcelru dsidiiiglo r kugarss et Wdli | e 2Z@EHM)i n

aphids rel eadeucehf fesct enmgzy mes, pr otddihmg, an
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modul ate plant hormone si aloridmgeagd etr as s
Goggi n, 2007 ; Mor kunas etl mllantef0gbift daw set
from aphid herbivory is followed by changes

byl ant gr owtihnchloydmemgesi ¢ aci d, salicylic ac

and absc(iGiar damengo et al ., 2010; Jaouannet
2011; Z¢st & ®@Agrawal, 2016)

I n this study, a metabolite annotated as sali
to decrease under aphid herbivory. Moreover,
observed in the reported nmeettaabbool |iotneisc sb ea noanlgyi st
s ame corawlsiwdme found to decrease i n t he e X
herbivory. These results point at a disrupt.i
to aphid herbivory, which could suggest t ha

mani puhg or supressing plant defence respon

understanding the meaning of these changes i

pl ant hor mone responses at earl i er stages
aboveground taesseesupFeguiasion of indole ac
acid and jasmonic acid was shown to occur af

was maintained after 96 hoyrTgzi nn el e adlens @10
sorghum, the diffietamd¢e amelt wescempes bl e genot
with an increased | evel of salicylic acid anct
sorghum genotype Tx2783, while the susceptib
concentration of ej asnnmesitataoindthat omwas signi
six days of gpduiachgheertbiavliohrey 2@8R) ts for sali
oxylipins shown in this thesis SCShapwhkeaal i gn

cultiwvar used oiwevehjsisgstudgsedH in speciali:
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erivieidk e t hose belonging topotihet ibrepzaxxaai

emegponse.

effect of aboveground aphid herbivory on
n observed to wvary depending ol Bahe S pe
eractions. KarFsosre men (@ 2 @8epto wald. t hat 72 hod
veground herbBvevycbyyneeabazabibdgaepl ant s
ect jasmonic acid concentration on plant
formance of a root herbivore. Neverthele
acted underyaphsdhherbeea shown gmMevinous.|

al .and0ilsb)suggested by the results in thi:c

ond plant hor mones, a diverse set of spec
i mpacatesplbawmesaphid herbivory. For i nstan
erved to increase in | eaves of resistant
i d, but not i(MmPamsete paliAb,lb é2e0nddda)otf s met ab ol i
en | eaf vddraitvd esf rcdmstshe-ahdt bgnaeindi pgdat kw
wn to negatively affecrteaiphtialntprerf ea tnrcael
rg. ,et20Mo)r eover, in cereals, one of the m
wn to be regulated in plant | eaves by aph
ihls et al., 2013l tShhoauvgiht tehteiarl .c,o0 n2c0eln8)r at
s not always correlate widhmamgegsats.talhnc,e 2aQ
s results chapter, it was possible to de
mary and specialised metabolites, -pointin
ci finc hri @olsatbied ween plants and aphids, and
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the diversity of specialised metabolites pro

|l e«kmown metabolites that @apwlid phaerlaey i oolse
The i mpact of aphid herbivory neredaagltdvwegr ou
investigation, as shifts i n pl ant hor mones,
met abolites can directly influencesaloiidylmicr
acipd ays a key role in plant defence by acti
( SAR) , a mechanism that pri mes both | ocal a

pathogéeaber., eRB08d) pat hogseal ideyleenweelg s i Have be
shown to af fpelcamtbeonéei cindaleracti onss;alfiocry liincst
acirdeduces nodul e f or maftiixinn gb yb&ich err miuznor boi guenn
mel idmd isal icgtieambdbweaonbser ved during the ear
arbuscul ar mycosathi{oBrahj ambh elr ddrist &2M®i2Nng h
aphid herbivory alters root exudate coemposi:t
mi crobe interactions and may reveal the rol e

pl ant defence responses.

3.408y |l i pibresnzanxdzi noids i n root exudates

i mpacted under aphid herbivory

It hssudy, the untargeted met abol omi ¢ anal y:c
changes in thefrepdtanesudatdesCompbuddbepbi abry
annotatedsaatsur at ed, bfealtatnygi agi dtso the wexyelipi
significantly decreased uchadnepro uanpisi danmert @it va
benzoxazinoids (HMBOXA, OHMBGWUcto@wede) shown to

i ncrease
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The oxylipins class has been identkifngdoms a

ommunication afiMopbéaetc hd eTtleeaste , me2t@HEHIO)iI Vi & & s
rom the oxidation of wunsaturated fatty acid
inolenic derd:.v¥)Heac&li dDi ngr e 2pR2O¢ursors of g
olatiles in pvV@Q#tisgt aarge orugppiodfl v synt hesi se

esponse to stresses,(Swgihmatso i emtsealt. he2®2 ;0

0lL5)Under herbivory, agreans IIdemi val asi gasal
eighbouring plants and att(MMatsoat &r &ingeh b1
02 hp this study, a decrease in the detected
8:2) in root exudates of plants under aphid

he role of these Thatrees wmlctisd cdeeulid/asa gpesds t
ake up nutrients tfhtes a ntolfe rppl halnote mi essaopu,r ces t

eedimg Iditiemcr e a beel,| o matieicoonug cc etsh € Stho dvt £t a l

2022)Further mor e, plants wild/l need to rel oc:

metabolites to defend fromoaphiddatlerchiuv ar ys.u

t

hat observed decreases in fatty acids may b
ignalling moleculestsuoh gsemat hehfj asmanal

esponse to biotic stress.

The role of these oxylipins should be furthe
with microbi al communities in both benefici
met abolites have previously-fbegn ebomonitomat

t

hr oungehc haani sm t hat resembl es( Afafceledt adét qalor,

Pohl & Ko.c kRPtl aadx¥4) pins can also exert direct

has been demonstrat@dd@ hgdlr Daxcytl a de cnesridliick eac i

met abol ite observed t o significantly decr ea
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samc&el erotini a( Bebh ®evwdrn oetumal . |, 2020; Gr
could suggest that in the rhizosphere o
ase in theswel doaptouamsisa modul at or of th

tur e.

econd class of chemical compounds of ir

benzoxazinoids. These are a group of I

tknowel Iby their toxicityHaodmahl etophthi

compounds are typically stored in plant
oxicity and are released in response t

gen( Sat tZahcok@ 0 éB8alenegti c studies in maize

xazinoid | evels peak within the first 2
¢ Baggrshina et al ., 2020; NealAlethoalhh,
xazinoids have been primarily considere

es suggest theyhedanialgs @agaentt sasa nidr erven

r i aP sseuucdho nacsn a(sB gtuytri dlmi na et al ., 2020; N

di g cprlodbret i nt eractions mediated by benz
d tPrseetu dtohmotnrassi n can tol erate high conce
r of this <c¢l ass, and show the preferen
ol ite. Moreover, these compounds have
action of pl ants wststudioés heabe v srheos
xazinoids that form stable complexes wi
root wor m, asnthhese ther birovor d 3 omat hese ¢

xazinoid breakdefwanpe odgaitngior(eHue baitop at

163



al ., .20b&) authors suggest that the response
i species depeaemnhiensiitss ,chaptwwas observed that t hi
the release of three classes of -Wemzardzi nc
DI BOmd-gl ucosi de. wWewoe offo utnhde steadwb & hc @i jyuogpasti @ e s
our datwheth is the Ainactivedo form. Previou
convert these compoundbsy tuositnhgeidri fd cetriewma fearzr
glucosi ded estsheet ogl ycosi de, which can be a r
source, and the benzoxazinoid, which some mi

carbon and eneNregayl sedurades, 2012)

Given that not al/l mi crobes can degrade thes

to suggest that when whebovetaphsdaher bt vacdl

they may use benzoxazinoids as chemical <cues
as shown for ot he(rCoctrtoopns elti kael . mai2z0el 9.; Kudj c
Moreover, bacteri al iosbosleartveesdh & v ® md imafi e ee nwte r @

tolerance to thege et ampedaubwdnddha nlicderedionx azi noi d
exuding Trhomethsen et ahisabiDg88b hlwadther i al ampl i

sequermrcismug tGh afprtpemmwhad ch i ndicated that the st

communities in the rhizosphere from plants u
similar to that Affteourdpanr mwlearktss the I mpac
rhi zosphere mi cr obi ome communi ty was |l ess
community structure more closely resembling
coupatentially be explained by the decline i
during plant devel opment, but further resear
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Overall, this chapter shows that wuntargeted

how aboveground aphid herbivory impacts pl ani
exudates. In the following -zhapdtieat edt hmi cirny
communwililkesbe explored in detail
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3. S5uppl ementary fil

e s

Suppl ement arnyBaftathl er3.er for LCMS
' Sampl e
1 Solvent Bl ank
2 Solvent Bl ank
3 Process Dbl ank
4 Standard
5 QC1
5 Sample 10 NoH
6 Sample 3 Herbivor
7 Sample 4 NoH
8 SamplHer8i vory
9 Sample 15 NoH
10 QC2
11 Sample 9 Herbivor
12 Sample 13 Herbivo
13 Sample 5 NoH
14 Sample 1 NoH
15 Sample 12 Herbivo
16 QC3
17 Solvent bl ank

injections
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publ i c

Suppl ement ar2yAnTmdtl aet i3ons of features based on | ibrary matching with
Feature_ID | LibraryName SharedPeaks | Mass Spean/z Spec CompoundName Adduct Precursom/z lon Mode
Difference Charge
15 BERKELEMAB.mgf 4 0.0762024| 405.025 -1 quinic acid 2M- 405.101 Negative
CollisionEnergy:205060 2H+Na
183 GNP4.IBRARY.mgf 4 0.0016022| 191.018 -1 Citric acid M-H 191.02 Negative
570 MSNLIBENEGATIVE.mgf | 5 0.0011902| 266.088 -1 312693724 [M-HJ- 266.089 Negative
573 MSNLIBNEGATIVE.mgf | 4 0.0501099| 533.182 -1 BF1935 [M+CI} 533.132 Negative
1042 BERKELHEMAB.mgf 4 0.0036926| 429.15 -1 tryptophan 2M- 429.154 Negative
CollisionEnergy:102040 2H+Na
2269 MASSBANK.mgf 4 0.0022888| 356.096 -1 Massbank:PR309386 HMBOA| M-H 356.098 Negative
O-Hex
2465 MONA.mgf 7 0.0040283| 593.147 -1 apigenin 6,8digalactoside [M-H]- 593.151 negative
2552 MONA.mgf 7 0.0050659| 563.136 -1 5,7-dihydroxy2-(4- [M-H}- 563.141 negative
hydroxyphenyh8-[3,4,5
trinydroxy-6-
(hydroxymethyl)oxas2-yl]-6-
(3,4,5trihydroxyoxan2-
yl)chromen4-one
2555 LDB_NEGATIVE.mgf 5 0.0772705| 725.241 -1 Leprapinic acid [2M- 725.164 Negative
2H+Na]
2640 MSNLIBNEGATIVE.mgf | 5 0.005188 | 563.136 -1 Isoschaftoside [M-HJ- 563.141 Negative
2759 SUMNER.mgf 5 0.0011597| 593.148 -1 Saponarin 50eV M-H 593.149 Negative
2935 MASSBANK.mgf 11 0.0053101| 563.136 -1 Massbank:PR307031 NP M-H 563.141 Negative
000062(6)
3033 MASSBANK.mgf 12 0.0048828| 563.136 -1 Massbank:FIO00727 M-H 563.141 Negative
Isoschaftoside
3433 MASSBANK.mgf 10 0.0056152| 563.135 -1 Massbank:PR307037 NP M-H 563.141 Negative
000062(6)
3544 MONA.mgf 5 0.0039063| 577.152 -1 5,7-dihydroxy2-(4- [M-H}- 577.156 negative
hydroxyphenyh6-
[(2S,3R,4R,5S,6B4,5
trinydroxy-6-
(hydroxymethyl)oxas-yl]-8-
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[(2S,3R,4R,5R,634,5
trinydroxy-6-methyloxan2-
yllchromen4-one

3655 MSNLIBNEGATIVE.mgf | 15 0.0048218| 533.125 -1 SCHEMBL12907661 [M-HJ- 533.13 Negative
4508 MSNLIBPOSITIVE.mgf | 4 0.0155945| 317.159 -1 NCGC003809661 [M+H]+ | 317.175 Positive
4525 GNPSNIH 4 0.0613098| 327.061 -1 NCGC00385045 M- 327.122 positive
NATURALPRODUCTSLI 01_C19H2006_(3R,53}3- H20+H
ARY_ROUND2_POSITIV Furyl}8a-hydroxy7'-methyl
mgf 3.4,5,5'5a,7',8",8a’
octahydrospiro[furar3,6-
naphtho[1,8bc]furan}
2,2'(4'H)dione
4625 MONA.mgf 4 0.0713959| 169.085 -1 Gallic acid [M-HJ- 169.014 negative
4630 MONA.mgf 7 0.0015106| 187.096 -1 Azelaic acid [M-H]- 187.098 negative
4794 MONA.mgf 4 0.001709 | 187.096 -1 Azelaic acid [M-H]- 187.098 negative
4853 BMDMSNP.mgf 4 0.0018921| 255.067 -1 1,8dihydroxy3-methylanthra | [M+H]+ | 255.065 Positive
9,10-quinone
5301 LDB_POSITIVE.mgf 4 0.077301 | 459.125 -1 Cryptochlorophaeic acid [M-H] 459.202 Negative
5684 GNPSMSMLS.mgf 5 0.141602 | 365.191 -1 3-DEHYDROSHIKIMATE 2M- 365.049 Negative
2H+Na
5830 NEGMSMS.mgf 4 0.0035095| 343.21 -1 ent-16(RSP-epi-SFD1410- M-H 343.213 Negative
PhytoF
6007 NEGMSMS.mgf 4 0.0037231| 343.209 -1 ent-16(RS)L3-epi-SFD149- M-H 343.213 Negative
PhytoF
6328 GNP4.IBRARY.mgf 4 0.0330963| 239.033 -1 alizarin M-H 239 Negative
6524 MONA.mgf 4 0.0020142| 267.064 -1 FORMONONETIN [M-HJ- 267.066 negative
6599 GNP4.IBRARY.mgf 4 0.0883179| 625.338 -1 Rubranoside D M-H 625.25 Negative
6924 MASSBANK.mgf 4 0.038208 | 313.2 -1 Massbank:UT00022%,10 M-H 313.238 Negative
DIHOME|9,16dihydroxy127
octadecenoic acid|($9,10
DIHOME
7013 GNP4.IBRARY.mgf 9 0.0072022| 677.418 -1 (10E,15E),12,13 2M- 677.425 Negative
trihydroxyoctadecal0,15 2H+Na

dienoic acid
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7232 GNP4.IBRARY.mgf 9 0.0036926| 327.214 -1 (10E,15E),12,13 M-H 327.218 Negative
trinydroxyoctadecel0,15
dienoic acid
7458 MASSBANK.mgf 9 0.000885 | 329.23 -1 Massbank:PR309108 FA M-H 329.231 Negative
18:1+30
7621 GNPNIH 4 0.101013 | 635.406 -1 NCGC0017001a3!(E}N-(4- [2M+Na] | 635.305 Positive
NATURALPRODUCTSLI acetamidobutyh3-(4-hydroxy | +
ARY_ROUND2_POSITIV 3-methoxyphenyl)prog2-
mgf enamide [IINbased on:
CCMSLIB00000848670]
7733 MONA.mgf 5 0.0578003| 329.23 -1 (2)5,8,1ttrihydroxyoctadeed- | M-H 329.288 negative
enoic acid
8051 MASSBANK.mgf 8 0.0023193| 327.215 -1 Massbank:PR309101 FA M-H 327.217 Negative
18:2+30
8103 MASSBANK.mgf 8 0.0029907| 311.22 -1 Massbank:PR309094 FA M-H 311.223 Negative
18:2+20
8169 MONA.mgf 4 0.0926971| 239.128 -1 1,4-dihydroxyanthraquinone [M-H} 239.035 negative
8224 MONA.mgf 4 0.0170898| 287.219 -1 Epitestosterone [M-H]- 287.202 negative
8454 BERKELHEMAB.mgf 4 0.0404968| 353.228 -1 Rauwolscine M-H 353.187 Negative
CollisionEnergy:102040
8724 MONA.mgf 14 0.0039063| 485.25 -1 andrastin A [M-H} 485.254 negative
8815 BMDMSNP.mgf 4 0.170319 | 311.22 -1 (2S)2-(3,4dihydroxyphenyb [M+Na]+ | 311.05 Positive
5,7-dihydroxy2,3-dihydro-4H
chromen4-one
8923 MASSBANK.mgf 9 0.0025024| 313.236 -1 Massbank:UT000223 9,10 M-H 313.238 Negative
DiIHOME|9,1edihydroxy122
octadecenoic acid|($9,10
DIHOME
9000 MASSBANK.mgf 10 0.002594 | 311.22 -1 Massbank:PR309094 FA M-H 311.223 Negative
18:2+20
9099 CMMGREFRAME 4 0.0032044| 388.152 -1 DMPR695 free base [M-HJ 388.155 Positive
NEGATIEIBRARY.mgf
9373 MONA.mgf 5 0.0707092| 327.231 -1 (3E,12EB,12dimethy}8- [M-H} 327.16 negative

methylidene6,18
dioxatricyclo[14.2.1.0?,?]nona
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eca3,12,16(1%triene-7,17-
dione

9386 MONA.mgf 5 0.127502 | 315.251 -1 Epiafzelechin Trimethyl Ether | [M-H}- 315.124 negative
9416 GNP\IST14 5 0.0997009| 297.241 -1 Spectral Match to M-H 297.141 Negative
MATCHES.mgf Decylbenzenesulfonic acid
from NIST14
9424 MONA.mgf 6 0.14502 329.067 -1 Hydroxyprogesterone [M-H} 329.212 negative
9446 MONA.mgf 6 0.127899 | 311.22 -1 5,6,2-Trimethoxyflavone [M-H} 311.092 negative
9487 MONA.mgf 5 0.0744019| 311.166 -1 5,6,2-Trimethoxyflavone [M-H} 311.092 negative
9492 MONA.mgf 6 0.0327148| 287.235 -1 Epitestosterone [M-H]- 287.202 negative
9540 MONA.mgf 5 0.142609 | 317.21 -1 (2R,3RP-(3,4 [M-HI- 317.067 negative
dihydroxyphenyh3,5-
dihydroxy7-methoxy-2,3-
dihydrochromenr4-one
9554 GNP\IST14 6 0.0100098| 297.151 -1 Spectral Match to M-H 297.141 Negative
MATCHES.mgf Decylbenzenesulfonic acid
from NIST14
9579 MONA.mgf 4 0.091095 | 327.251 -1 (3E,12EB,12dimethy}8- [M-H} 327.16 negative
methylidene6,18
dioxatricyclo[14.2.1.0?,?]nona
eca3,12,16(19%riene-7,17-
dione
9660 MONA.mgf 7 0.0915833| 295.226 -1 Cryptotanshinone [M-H} 295.134 negative
9667 MONA.mgf 4 0.084198 | 311.198 -1 1-[2-methyl-6- [M-H} 311.114 negative
[(2S,3R,4S,5S,6B},5
trinydroxy-6-
(hydroxymethyl)oxa#2-
ylJoxyphenyllethanone
9672 MONA.mgf 6 0.0387878| 323.22 -1 (3S)5-[(1R,2R,8a8)-hydroxy | [M-H}- 323.259 negative
2,5,5,8atetramethyt
3,4,4a,6,7,&hexahydrelH
naphthalenl-yl]-3-
methylpentanoic acid
9699 GNPENIST14 4 0.0898132| 297.241 -1 Spectral Match to M-H 297.151 Negative

MATCHES.mgf

Decylbenzenesulfonic acid
from NIST14
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Suppl ement ar3yAnTnaobtlaet i30.n o f met abolites using the Taxonomically I nformed Metab
' ibrary matching with freely avail aib# il deaxtpaebraisnee nd eavl e | soppeecdt ruas idnagt atbhaes eMS 1a nidn faoni
(https://lotus.pDatumaltpmreodadbd €., nenat ches using only MS/ MS (NPC_class) and taxon
combines the biological and chemical mat ches.
Feature_ID| Feature m/z | Feature NPC_Class Class | Candidate Candidate Candidatestructure name Score Score Score
RT score | Structure adduct biological | chemical | final
molecular
formula
19 | 191.0182907 2.09 | Hydroxy fatty 0.540 | C6H80O7 [M-H} 2-(Carboxymethytp-hydroxybutanedioate;hydron $ 0.9 1 | 0.616616617
acids Hydron;2hydroxypropanel,2,3tricarboxylate $ Citric
Acid
46 115.002922 2.13 | Dicarboxylic 0.540 | C4H404 [M-H} 2-Butenedioic acid 0.9 1| 0.616616617
acids
175 | 180.0653491 2.47 | Aminoacids 0.540 | CO9H11NO3 | [M-HJ (2S)2-ammonio3-(4-hydroxyphenyl)propanoate $ 0.9 1| 0.616616617
Tyrosine
183 | 191.0183643 2.48 | Hydroxy fatty 0.540 | C6HB80O7 [M-H}- 2-(Carboxymethytp-hydroxybutanedioate;hydron $ 0.9 1| 0.616616617
acids Hydron;2hydroxypropanel,2,3tricarboxylate $ Citric
Acid
316 | 130.0861395 2.95 | Aminoacids 0.540 | C6H13NO2 | [M-H} (2S,3Sp-ammonio3-methylpentanoate $-Isoleucine 0.9 1| 0.616616617
316 | 130.0861395 2.95 | Aminoacids 0.540 | C6H13NO2 | [M-H} (2S)2-azaniumyl4-methylpentanoate $ Leucine 0.9 1| 0.616616617
396 | 130.0862397 3.17 | Aminoacids 0.540 | C6H13NO2 | [M-H} (2S,3Sp-ammonio3-methylpentanoate $-lsoleucine 0.9 1| 0.616616617
396 | 130.0862397 3.17 | Aminoacids 0.540 | C6H13NO2 | [M-H} (2S)2-azaniumy4-methylpentanoate $ Leucine 0.9 1| 0.616616617
413 | 345.1321265 3.18 | Gibberellins 0.540 | C19H2206 [M-HJ- Gibberellic acid 0.9 1] 0.616616617
690 | 194.0447167 4.98 | Aminoacids 0.240 | C9HIONO4 [M-H}- (2R}7-Methoxy-2-hydroxy2H-1,4-benzoxazine3(4H} 0.9 1| 0.616616617
one
768 | 164.0701965 5.45 | Aminoacids 0.540 | C9H11INO2 | [M-H}- (2S)2-azaniumy3-phenylpropanoate $ Phenylalanin 0.9 1 | 0.616616617
1015 | 194.0447456 7.35 | Aminoacids 0.240 | C9HINO4 [M-HJ- (2R}7-Methoxy-2-hydroxy-2H-1,4-benzoxazine3(4H) 0.9 1| 0.616616617
one
1043 | 159.0914781 7.52 | Aminoacids 0.540 | C11H12N202 [M-CO2H]- 2-azaniumyd3-(1Hindol-3-yl)propanoate $ DL 0.9 1| 0.616616617
Tryptophan
1046 | 203.0810415 7.52 | Aminoacids 0.540 | C11H12N202 [M-H}- 2-azaniumyd3-(1Hindol-3-yl)propanoate $ DL 0.9 1| 0.616616617
Tryptophan
1104 | 342.081063 7.86 | dummy 0.540 | C14H17NO9 | [M-H]- DIBOA betd-glucoside 0.9 1| 0.616616617
1213 | 342.0840047 8.46 | dummy 0.540 | C14H17NQO9 | [M-H]J- DIBOA betd-glucoside 0.9 1| 0.616616617
1271 | 137.0237783 8.82 | Simple phenolic | 0.540 | C7TH603 [M-H}- 4-Oxoniobenzoate $-#Hydroxybenzoic acid 0.9 1| 0.616616617
acids
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1271 | 137.0237783 8.82 | Simple phenolic | 0.540 | C7TH603 [M-H}- 2-Carboxyphenolate;hydron $ Salicylic Acid 0.9 0.75 | 0.575075075
acids
1278 | 197.0439711 8.77 | Simple phenolic | 0.540 | C9H1005 [M-HJ- Syringic acid 0.9 1| 0.616616617
acids
1319 | 137.0232922 8.96 | Simple phenolic | 0.540 | C7TH603 [M-H}- 4-Oxoniobenzoate $-#ydroxybenzoic acid 0.9 1| 0.616616617
acids
1319 | 137.0232922 8.96 | Simple phenolic | 0.540 | C7TH603 [M-H} 2-Carboxyphenolate;hydron $ Salicylic Acid 0.9 0.75 | 0.575075075
acids
1701 | 121.0283471 11.07 | Shikimic acids 0.540 | C7H602 [M-H}- 4-Hydroxybenzaldehyde 0.9 0.5 | 0.533533534
and derivatives $
Simple phenolic
acids
1703 | 167.0341078 11.14 | Cinnamic acids | 0.540 | C8H804 [M-HJ- Vanillic acid 0.9 0.25 | 0.491991992
andderivatives $
Simple phenolic
acids
1746 | 167.0336437 11.22 | Cinnamic acids | 0.540 | C8H804 [M-HJ- Vanillic acid 0.9 0.25 | 0.491991992
and derivatives $
Simple phenolic
acids
1863 | 194.0440316 11.68 | Aminoacids 0.240 | C9HIONO4 [M-H}- (2R}7-Methoxy-2-hydroxy2H-1,4-benzoxazine3(4H} 0.9 1| 0.616616617
one
1864 | 164.0344132 11.68 | notClassified 0.540 | C8H7NO3 [M-H]- Coixol 0.9 1| 0.616616617
1896 | 167.0338309 11.77 | Cinnamic acids | 0.270 | C8H804 [M-H}- Vanillic acid 0.9 0.5 | 0.533533534
and derivatives $
Simple phenolic
acids
2054 | 197.0439098 12.48 | Simple phenolic | 0.540 | C9H1005 [M-HJ- Syringic acid 0.9 1| 0.616616617
acids
2058 | 180.0652378 12.48 | Aminoacids 0.540 | C9H11INO3 | [M-H}- (2Sy2-ammonia3-(4-hydroxyphenyl)propanoate $ 0.9 1| 0.616616617
Tyrosine
2083 | 197.0440579 12.53 | dummy 0.000 | C9H1005 [M-H]J- Syringic acid 0.9 0 | 0.45045045
2139 | 197.0439439 12.67 | dummy 0.000 | C9H1005 [M-HJ- Syringic acid 0.9 0 | 0.45045045
2145 | 153.0182498 12.75 | dummy 0.000 | C7H604 [M-H]- 2,5-Dihydroxybenzoic acid 0.9 0 | 0.45045045
2145 | 153.0182498 12.75 | dummy 0.000 | C7H604 [M-H]- 3,4-Dihydroxybenzoic acid 0.9 0 | 0.45045045
2158 | 197.0440056 12.84 | dummy 0.000 | C9H1005 [M-H]J- Syringic acid 0.9 0 | 0.45045045
2212 | 151.0388772 13.00 | dummy 0.000 | C8HB803 [M-H}- 4-Hydroxyphenylacetic acid 0.9 0 0.45045045
2212 | 151.0388772 13.00 | dummy 0.000 | C8H803 [M-HJ- Vanillin 0.9 0 | 0.45045045
2214 | 197.0440229 12.98 | dummy 0.000 | C8HB803 [M+CH202 | 4-Hydroxyphenylacetic acid 0.9 0 0.45045045
H}
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2214 | 197.0440229 12.98 | dummy 0.000 | C8H803 [M+CH202 | Vanillin 0.9 0 | 0.45045045
H}
2214 | 197.0440229 12.98 | dummy 0.000 | C9H1005 [M-HJ- Syringic acid 0.9 0 | 0.45045045
2246 | 193.0493533 13.17 | dummy 0.000 | C10H1004 [M-H}- Ferulic acid 0.9 0 | 0.45045045
2276 | 194.0445381 13.17 | dummy 0.000 | C9HINO4 [M-H}- (2R)}7-Methoxy-2-hydroxy2H1,4-benzoxazine3(4H} 0.9 0 | 0.45045045
one
2322 | 166.0500013 13.29 | Simple oxindole | 0.240 | C9HINO4 [M-COH]- (2R}7-Methoxy-2-hydroxy2H-1,4-benzoxazine3(4H} 0.9 1| 0.616616617
alkaloids one
2323 | 194.0445821 13.29 | dummy 0.000 | C9HINO4 [M-H}- (2R)}7-Methoxy-2-hydroxy2H1,4-benzoxazine3(4H} 0.9 0 | 0.45045045
one
2408 | 193.0490648 13.52 | dummy 0.000 | C10H1004 | [M-H]- Ferulic acid 0.9 0 | 0.45045045
2465 | 593.1469647 13.74 | dummy 0.000 | C27H30015 | [M-H]- Vicenin2 0.9 0 | 0.45045045
2465 | 593.1469647 13.74 | dummy 0.000 | C27H30015 | [M-H]- 0.9 0 | 0.45045045
2480 | 119.0488165 13.80 | dummy 0.000 | C9HBO3 [M-CO2H}- 4-Hydroxycinnamic acid 0.9 0 | 0.45045045
2480 | 119.0488165 13.80 | dummy 0.000 | C9HBO3 [M-CO2H]- Coumarinic acid 0.9 0 | 0.45045045
2480 | 119.0488165 13.80 | dummy 0.000 | C8H80O [M-H}- 4-Vinylphenol 0.9 0 | 0.45045045
2490 | 163.0389333 13.80 | dummy 0.000 | C9HBO3 [M-HJ- 4-Hydroxycinnamic acid 0.9 0 | 0.45045045
2490 | 163.0389333 13.80 | dummy 0.000 | C9H8O3 [M-HJ- Coumarinic acid 0.9 0 | 0.45045045
2528 | 305.0682081 14.00 | dummy 0.000 | C15H1407 [M-HJ- (+)Gallocatechin 0.9 0 | 0.45045045
2552 | 563.1358853 14.06 | dummy 0.000 | C26H28014 | [M-H]- Neoschaftoside 0.9 0 | 0.45045045
2552 | 563.1358853 14.06 | dummy 0.000 | C26H28014 | [M-H} 5,7-dihydroxy2-(4-hydroxyphenyh8- 0.9 0 0.45045045
[(2S,3R,4R,5R,634,5trihydroxy-6-
(hydroxymethyl)oxar?-yl]-6-[(2R,3R,4R,58)4,5
trinydroxyoxan2-yljchromen4-one
2640 | 563.1358184 14.34 | dummy 0.000 | C26H28014 | [M-H]- Neoschaftoside 0.9 0 | 0.45045045
2640 | 563.1358184 14.34 | dummy 0.000 | C26H28014 | [M-H}- 5,7-dihydroxy2-(4-hydroxyphenyhs- 0.9 0 | 0.45045045
[(2S,3R,4R,5R,634,5trihydroxy-6-
(hydroxymethyl)oxar?-yl]-6-[(2R,3R,4R,58)4,5
trinydroxyoxan2-yljchromen4-one
2695 | 165.0547381 14.46 | dummy 0.000 | C9H1003 [M-H]J- Acetovanillone 0.9 0 | 0.45045045
2747 | 165.0547482 14.63 | dummy 0.000 | C9H1003 [M-H]J- Acetovanillone 0.9 0 | 0.45045045
2759 | 593.1477584 14.65 | dummy 0.000 | C27H30015 | [M-H]- Vicenin2 0.9 0 | 0.45045045
2759 | 593.1477584 14.65 | dummy 0.000 | C27H30015 | [M-H]- 0.9 0 | 0.45045045
2798 | 210.040126 14.76 | dummy 0.000 | C9HINOS [M-H}- (2s)2,4-Dihydroxy7-Methoxy-2h-1,4-Benzoxazin 0.9 0 | 0.45045045
3(4h)}One
2873 | 203.0812841 14.93 | dummy 0.000 | C11H12N202 [M-H} 2-azaniumyd3-(1Hindol-3-yl)propanoate $ DL 0.9 0 0.45045045
Tryptophan
2935 | 563.1357474 15.10 | dummy 0.000 | C26H28014 | [M-H]- Neoschaftoside 0.9 0 | 0.45045045
2935 | 563.1357474 15.10 | dummy 0.000 | C26H28014 | [M-H}- 5,7-dihydroxy2-(4-hydroxyphenyhs- 0.9 0 | 0.45045045

[(2S,3R,4R,5R,634,5trihydroxy-6-
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(hydroxymethyl)oxar?-yl]-6-[(2R,3R,4R,58)4,5
trihydroxyoxan2-yljchromen4-one

3033 | 563.1361167 15.27 | dummy 0.000 | C26H28014 | [M-H]- Neoschaftoside 0.9 0 | 0.45045045
3033 | 563.1361167 15.27 | dummy 0.000 | C26H28014 | [M-H}- 5,7-dihydroxy2-(4-hydroxyphenyhs- 0.9 0 | 0.45045045
[(2S,3R,4R,5R,634,5trihydroxy-6-
(hydroxymethyl)oxar?-yl]-6-[(2R,3R,4R,58)4,5
trihydroxyoxan2-yljchromen4-one
3063 | 121.0288962 15.38 | dummy 0.000 | C7H602 [M-HJ- 4-Hydroxybenzaldehyde 0.9 0 | 0.45045045
3173 | 93.03391412 15.71 | dummy 0.000 | C7H603 [M-CO2H]- 4-Oxoniobenzoate $-#ydroxybenzoic acid 0.9 0 0.45045045
3173 | 93.03391412 15.71 | dummy 0.000 | C7H603 [M-CO2H]- 2-Carboxyphenolate;hydron $ Salicylic Acid 0.9 0 0.45045045
3174 | 137.023113 15.71 | dummy 0.000 | C7H603 [M-H}- 4-Oxoniobenzoate $-#Hydroxybenzoic acid 0.9 0 0.45045045
3174 | 137.023113 15.71 | dummy 0.000 | C7H603 [M-H}- 2-Carboxyphenolate;hydron $ Salicylic Acid 0.9 0 | 0.45045045
3223 | 563.1359387 15.92 | dummy 0.000 | C26H28014 | [M-H]- Neoschaftoside 0.9 0 | 0.45045045
3223 | 563.1359387 15.92 | dummy 0.000 | C26H28014 | [M-H}- 5,7-dihydroxy2-(4-hydroxyphenyhs- 0.9 0 | 0.45045045
[(2S,3R,4R,5R,634,5trihydroxy-6-
(hydroxymethyl)oxas2-yl]-6-[(2R,3R,4R,58)4,5
trihydroxyoxan2-yljchromen4-one
3287 | 593.1472687 16.16 | dummy 0.000 | C27H30015 | [M-H]- Vicenin2 0.9 0 | 0.45045045
3287 | 593.1472687 16.16 | dummy 0.000 | C27H30015 | [M-H]- 0.9 0 | 0.45045045
3295 | 164.0340766 16.21 | dummy 0.000 | CBH7NO3 [M-HJ- Coixol 0.9 0 | 0.45045045
3342 | 563.1361569 16.40 | dummy 0.000 | C26H28014 | [M-H]- Neoschaftoside 0.9 0 | 0.45045045
3342 | 563.1361569 16.40 | dummy 0.000 | C26H28014 | [M-H}- 5,7-dihydroxy2-(4-hydroxyphenyhgs- 0.9 0 | 0.45045045
[(2S,3R,4R,5R,634,5trinydroxy-6-
(hydroxymethyl)oxas2-yl]-6-[(2R,3R,4R,58)4,5
trinydroxyoxan2-yljchromen4-one
3426 | 179.033884 16.68 | dummy 0.000 | C9HB8O4 [M-H]J- Caffeic Acid 0.9 0 | 0.45045045
3433 | 563.1353941 16.69 | dummy 0.000 | C26H28014 | [M-H]- Neoschaftoside 0.9 0 | 0.45045045
3433 | 563.1353941 16.69 | dummy 0.000 | C26H28014 | [M-H]- 5,7-dihydroxy2-(4-hydroxyphenyhs- 0.9 0 | 0.45045045
[(2S,3R,4R,5R,634,5trihydroxy-6-
(hydroxymethyl)oxas?-yl]-6-[(2R,3R,4R,58)4,5
trinydroxyoxan2-yljchromen4-one
3636 | 151.0389911 17.63 | dummy 0.000 | C8H8O3 [M-HJ- 4-Hydroxyphenylacetic acid 0.9 0 | 0.45045045
3636 | 151.0389911 17.63 | dummy 0.000 | C8H8O3 [M-HJ- Vanillin 0.9 0 | 0.45045045
3809 | 194.0443029 18.16 | dummy 0.000 | C9HINO4 [M-HJ- (2R} 7-Methoxy-2-hydroxy-2H-1,4-benzoxazine3(4H) 0.9 0 | 0.45045045
one
3841 607.16145 18.23 | dummy 0.000 | C28H32015 | [M-H]}- 4'-O-Glucosylisoswertisin 0.9 0 | 0.45045045
3872 | 341.1109343 18.33 | dummy 0.000 | C12H22011 | [M-H}- I+,Ixtrehalose $alphaD-Glucopyranoside, alphB- 0.9 0 | 0.45045045
glucopyranosyl
3872 | 341.1109343 18.33 | dummy 0.000 | C12H22011 | [M-H]- 0.9 0 | 0.45045045
3884 | 193.0496073 18.34 | dummy 0.000 | C10H1004 | [M-H]- Ferulic acid 0.9 0 | 0.45045045
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3993 | 187.0965708 18.62 | dummy 0.000 | CO9H1604 [M-HJ}- Hydron;nonanedioate $ Azelaic acid 0.9 0 0.45045045

4337 | 187.0963796 19.24 | dummy 0.000 | CO9H1604 [M-H}- Hydron;nonanedioate $ Azelaic acid 0.9 0 0.45045045

4514 | 187.0970778 19.63 | dummy 0.000 | CO9H1604 [M-H}- Hydron;nonanedioate $ Azelaic acid 0.9 0 0.45045045

4618 | 143.1066371 19.79 | dummy 0.000 | C9H1604 [M-CO2H]- Hydron;nonanedioate $ Azelaic acid 0.9 0 | 0.45045045

4630 | 187.0965089 19.79 | dummy 0.000 | CO9H1604 [M-HJ}- Hydron;nonanedioate $ Azelaic acid 0.9 0 0.45045045

4790 | 171.1011341 20.00 | dummy 0.000 | CO9H1604 [M-O-HJ- Hydron;nonanedioate $ Azelaic acid 0.9 0 0.45045045

4794 | 187.0962688 19.99 | dummy 0.000 | CO9H1604 [M-H}- Hydron;nonanedioate $ Azelaic acid 0.9 0 0.45045045

4843 | 181.1221409 20.08 | Norlabdane 0.270 | C11H1802 [M-H} 2(3H)}Benzofuranone, hexahydi,4,7atrimethyl- 0.9 1| 0.616616617

diterpenoids

4845 | 199.1320386 20.09 | dummy 0.000 | C11H1802 [M+H2G0H]- | 2(3H)}Benzofuranone, hexahyd,4,7atrimethyl- 0.9 0 0.45045045

5400 | 136.0760046 21.14 | dummy 0.000 | CO9H11NO3 | [M-CO2H]- (2S)2-ammonio3-(4-hydroxyphenyl)propanoate $ 0.9 0 0.45045045
Tyrosine

5404 | 180.0658179 21.15 | dummy 0.000 | C9H11INO3 | [M-H}- (2S)2-ammonio3-(4-hydroxyphenyl)propanoate $ 0.9 0 | 0.45045045
Tyrosine

5953 | 289.0699117 22.97 | dummy 0.000 | C15H1406 [M-HJ- Cianidanol 0.9 0 | 0.45045045

6079 | 577.1304523 23.35 | dummy 0.000 | C30H26012 | [M-H}- Proanthocyanidin B2 0.9 0 | 0.45045045

6079 | 577.1304523 23.35 | dummy 0.000 | C30H26012 | [M-H}- (4R)2beta,2'betaBis(3,4dihydroxyphenyh3,3',4,4* 0.9 0 | 0.45045045
tetrahydro-4,6-bi[2H-1-benzopyran]
3beta,3'beta,5,5',7, 7hexol

6092 | 181.1220176 23.38 | dummy 0.000 | C11H1802 [M-H}- 2(3H)Benzofuranone, hexahydi,4,7atrimethyl- 0.9 0 0.45045045

6332 | 179.033569 24.11 | dummy 0.000 | C9H80O4 [M-H]- Caffeic Acid 0.9 0 | 0.45045045

6443 | 289.0691358 24.38 | dummy 0.000 | C15H1406 [M-H]- Cianidanol 0.9 0 | 0.45045045

6490 | 141.1276441 24.46 | dummy 0.000 | C9H180 [M-H]J- Nonanal 0.9 0 | 0.45045045

6491 | 187.132457 24.46 | dummy 0.000 | C9H180 [M+CH202 | Nonanal 0.9 0 | 0.45045045

H}-

6567 | 179.1063886 24.62 | notClassified 0.360 | C11H1602 [M-H]- Actinidiolide, dihydre 0.9 0.75 | 0.575075075

6569 | 197.1168202 24.62 | notClassified 0.360 | C11H1602 [M+H20H]}- | Actinidiolide, dihydre 0.9 0.75 | 0.575075075

6828 | 319.1160726 25.10 | dummy 0.000 | C12H20N20g [M-H]- Mugineic acid 0.9 0 | 0.45045045

7826 | 359.2413242 26.48 | dummy 0.000 | C18H3404 [M+CH202 | 8-[(2S,3SB-(8-Hydroxyoctyl)oxiran&-yljoctanoic 0.9 0 0.45045045

HJ- acid

7839 | 367.2251709 26.48 | dummy 0.000 | C18H3404 [M+H20+CH] | 8-[(2S,3SB-(8-Hydroxyoctyl)oxiran&-yljoctanoic 0.9 0 0.45045045
acid

7864 | 331.2447888 26.51 | dummy 0.000 | C18H3605 [M-H]- Isophloionolic acid 0.9 0 | 0.45045045

7963 | 315.1562054 26.66 | Gibberellins 0.540 | C19H2404 | [M-H}- Gibberellin A9 0.9 1 | 0.616616617

7964 | 333.167235 26.65 | dummy 0.000 | C19H2404 | [M+H2GH]- | Gibberellin A9 0.9 0 | 0.45045045

8596 | 313.2350241 27.53 | dummy 0.000 | C18H3404 [M-H}- 8-[(2S,3SB-(8-Hydroxyoctyl)oxiran&-ylJoctanoic 0.9 0 0.45045045
acid

8923 | 313.2354508 28.08 | dummy 0.000 | C18H3404 [M-H} 8-[(2S,3SB-(8-Hydroxyoctyl)oxiran€-ylJoctanoic 0.9 0 0.45045045
acid

8964 | 279.2296992 28.13 | dummy 0.000 | C18H3202 [M-H]J- Linoleic Acid 0.9 0 | 0.45045045
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9052 | 313.2360101 28.26 | dummy 0.000 | C18H3404 [M-HJ- 8-[(2S,3SB-(8-Hydroxyoctyl)oxiran-ylJoctanoic 0.9 0 | 0.45045045
acid

9212 | 313.2356708 28.64 | dummy 0.000 | C18H3404 [M-H} 8-[(2S,3SB-(8-Hydroxyoctyl)oxiran@-ylJoctanoic 0.9 0 0.45045045
acid

9286 | 313.2355578 28.81 | dummy 0.000 | C18H3404 [M-HJ- 8-[(2S,3SB-(8-Hydroxyoctyl)oxiran-ylJoctanoic 0.9 0 | 0.45045045
acid

9382 | 313.2358774 29.01 | dummy 0.000 | C18H3404 [M-H} 8-[(2S,3SB-(8-Hydroxyoctyl)oxiran-ylJoctanoic 0.9 0 0.45045045
acid

9522 | 295.2251067 29.32 | dummy 0.000 | C18H3203 [M-H]- Avenoleic acid 0.9 0 | 0.45045045

9660 | 295.2255501 29.73 | dummy 0.240 | C18H3203 [M-HJ- Avenoleic acid 0.9 0.25 | 0.491991992

9706 | 295.2255349 29.86 | dummy 0.000 | C18H3203 [M-H]J- Avenoleic acid 0.9 0 | 0.45045045
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Suppl ement ar4 Fdabluees3.statistically
abundance analysis of peak areas. These peaks
When present, annotation for the pathway was
Feature_| m/z RT FC log2(FC) p.ajusted Annotation NPC Pathway
D tool
5614 717.2949 21.75 2818.6 11.461 3.74E-05
3375 189.0542 16.47 10136 13.307 7.85E-05
2694 207.0658 14.46 2499.5 11.287 7.85E-05
7091 741.1964 25.5 522.89 9.0304 0.000129
1579 369.1165 10.51 19.882 4.3134 0.000284 | TimaR_MS2 | Shikimates and
Phenylpropanoi
ds
6236 555.2437 23.88 24.455 4.6121 0.000608
8439 703.3152 27.3 20.408 4.3511 0.000608
7845 725.2025 26.49 19.523 4.2871 0.000608
5738 719.31 22.14 22.182 4.4713 0.00073
1743 189.0544 11.22 20.277 4.3417 0.00073
9485 541.2636 29.26 27.774 4.7957 0.001197
2695 165.0547 14.46 39.79 5.3143 0.001511 MS1 Shikimates and
Phenylpropanoi
ds
5785 245.0437 22.32 23.365 4.5463 0.00152
4217 403.0638 19.02 25.25 4.6582 0.003096
7890 344.206 26.55 21.567 4.4308 0.003565 | CANOPUS_ Fatty acids
SIRIUS
5818 369.222 22.46 | 0.06439 -3.9568 0.004196 | CANOPUS_ Fatty acids
8 SIRIUS
5832 405.2209 22.48 | 0.01169 -6.418 0.004313
5
6286 557.2565 24.02 224.94 7.8134 0.004569
7547 652.4343 26.13 | 0.00948 -6.7196 0.004994 | CANOPUS_ Fatty acids
9 SIRIUS
4970 565.3288 20.27 0.11227 -3.155 0.00508 FBMN Shikimates and
Phenylpropanoi
ds,
4959 559.3101 20.26 | 0.10293 -3.2802 0.005167 FBMN Shikimates and
Phenylpropanoi
ds
7004 509.273 25.38 19.911 4.3155 0.006487
4966 369.2219 20.27 0.2177 -2.1996 0.007064 FBMN Shikimates and
phenylpropanoi
ds
101 249.0604 2.26 91.022 6.5081 0.008139
6774 391.1735 25.03 21.868 4.4508 0.009126
9654 399.2501 29.7 35.36 5.144 0.010702 | CANOPUS_ Alkaloids
SIRIUS
2440 337.1474 13.65 15.717 3.9742 0.013843
8492 315.1251 27.4 37.75 5.2384 0.016967
4591 189.0538 19.72 30.244 4.9186 0.016967
179 333.0917 2.47 | 0.03448 -4.8577 0.016967
9
7175 393.1866 25.62 4.2007 2.0706 0.018537
1634 351.1173 10.73 31.539 49791 0.02787
1230 468.1686 8.6 1130.6 10.143 0.029987 | TimaR_MS2 Polyketides
5188 230.1395 20.7 186.65 7.5442 0.029987 | CANOPUS_ Amino acids
SIRIUS
7926 395.0411 26.6 29.555 4.8854 0.029987

177

significant

we |
ncl



8870 315.2506 27.96 | 0.12971 -2.9467 | 0.029987
7537 322.1997 26.12 | 0.14048 -2.8315 | 0.029987 FBMN Fatty acids
5820 173.1166 2246 | 0.21257 2.234 | 0.029987 | TimaR_MS2 Fatty acids
5290 283.0477 2091 | 3.8059 1.9282 | 0.029987
7466 609.3914 26.04 | 0.29835 -1.7449 | 0.029987 FBMN Fatty acids
7627 215.164 2624 | 4.7328 2.2427 | 0.031907
6297 459.2667 24.04 | 0.03960 46583 | 0.032735
7496 473.2812 26.15 0.0407; 46181 | 0.032838
2267 424.0817 13.17 8.439421 3.0771 0.03544
7861 332.2495 26.52 | 0.18108 2.4653 0.03544 FBMN Fatty acids
5974 197.1166 23.03 | 0.03818 -4.7108 | 0.036599
7448 681.4489 26.01 0.1879; 24118 | 0.036599 FBMN Fatty acids
7621 635.406 26.21 | 0.13668 2.8711 | 0.039557 GNPS Polyamines
5815 241.1037 22.46 | 0.41335 -1.2746 | 0.039557
7501 659.4653 262 | 0.12856 2.9595 | 0.043753 FBMN Fatty acids
7589 682.4528 262 | 0.21928 21891 | 0.048885 FBMN Fatty acids
2269 356.0957 13.17 | 7.4143 2.8903 | 0.057023 GNPS
8943 316.2547 28.09 | 0.1592 26511 | 0.057023 FBMN Fatty acids
3589 169.0857 1751 | 0.1474 2.7622 | 0.061837
7450 659.4678 26.01 | 0.13056 29372 | 0.063401
5293 221.0774 2091 | 3.7061 1.8899 | 0.063401
8922 381.2216 28.08 | 0.46978 -1.0899 | 0.063401
6830 341.0997 2509 | 63.799 5.9955 | 0.071008
8023 473.2813 26.74 | 0.05459 4195 | 0.072563
7380 259.1889 25.9 11.95? 3579 | 0.072563
7533 650.4217 26.12 | 0.04427 -4.4972 0.07646
7013 677.4178 25.39 0.0481g -4.3763 | 0.079046 GNPS Fatty acids
997 267.0946 7.14 | 0.16596 25911 | 0.079046
3588 237.072 1751 | 0.2553 -1.9697 | 0.079046
1620 230.0109 1069 | 15.703 3.9729 | 0.080022
7017 328.2183 2539 | 0.18857 -2.4068 | 0.081027
7953 379.2063 26.64 | 3.7909 1.9225 | 0.084452
8924 201.1114 28.08 | 0.3021 -1.7269 | 0.084452
8923 313.2355 28.08 | 0.35872 -1.4791 | 0.084671 | TimaR_MS1 Fatty acids
CAN??SUS_
SIRIUS
8484 265.2151 27.38 | 0.00270 85285 | 0.088222 | TimaR_MS2 Fatty acids
7865 357.2582 2651 19.462 42826 | 0.088569
5681 559.2816 22.04 | 0.26556 -1.9129 | 0.096842
1512 265.9964 1021 | 6.1484 2.6202 | 0.097175
8973 508.2629 28.14 | 0.11576 -3.1108 | 0.098393
7623 283.1891 26.22 | 0.23379 -2.0967 | 0.098393
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Building on the initial experiment, which fo
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4 . 2 . Met hods

These material s and met hods C 0ome from the
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