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Abstract 

Gro wing kno wledge on plant microbiomes demonstra t es the contribution o f the ho st plant during microbiome assembly, es- 
pecially under stress c onditions c ommonly threa t ening crops. To dissect the influence of a plant on its microbiome, repea t ed 

cycling of microbiomes can be utilized to enhance functional properties in the enriched microbial communities. We used such 

a suc c essive cultivation appr oach f or wheat ( Triticum aestivum ) micr obiome under dr ought conditions and selec t ed lineag es 
f or dr ought r esilienc e and susc eptibility, with and without enriching the starting c ommunity with a library of bacterial iso- 
la t es obtained from wheat. Significant differences in the rhizosphere microbiome between selection regimes were confirmed 

through 16S rRNA gene amplicon sequencing. Notably, replica t e lineag es of each selec tion r e gime sho w ed conv erg ence t o 

similar microbiomes. Specific genera were abundant depending on the selection regimes; Stenotrophomonas under drought 
r esilience, while R ahnella under dr ought conditions when the strain library was added initially. Applying Stenotrophomonas or 
Rahnella as single inoculum did not impro v e drought resilience in wheat. We hypothesize that complex microbiome dynamics 
take place during successive cultivation, which underscores the importance of considering complex plant-microbiome systems 
for studying plant stress resilienc e. Suc c essive cultivation remains a valuable approach for ob serving rhizo sphere microbiome 

changes under differ ent conditions. 

Keywords suc c essive cultivation, host selection, rhizosphere, wheat, drought 
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Intr oduc tion 

Crops cultiva t ed worldwide r e gularly f ace unf avorable environ- 
ment al c onditions, intensified by rec ent clima t e chang e, which 

c an sever ely impair harvest yields, and thereby compromise food 

security. In particular, drought has become one of the most press- 
ing c onc erns tha t thre a t ens na tural ecosyst ems and agriculture, 
and causes major crop losses globally, while it is prospected to 

become even more severe in the future (Lesk et al. 2016 ). In or- 
der to maintain sufficient cr op pr oduc tion under widespread envi- 
r onmental str essors including dr ought, ther e is an incr easing need 

for c omplement ary sust ainable solutions c enter ed ar ound plant 
health and resilience (Jansson 2023 ). 

The rhiz ospher e micr obiome has incr easingly been r ecogniz ed 

as a key factor contributing to plant health and stress resilience 
(Compant et al. 2025 ). Plants interact with the microbiome in the 
soil to form unique rhizosphere communities which differ depend- 
ing on environmental conditions (Berendsen et al. 2012 ). Intrigu- 
ingly, plants under environmental stress often shape their rhizo- 
spher e micr obiomes differ ently than unstr essed healthy plant s 

(Sheik et al. 2011 ). During early development al st ages, plants en-
gage with their microbiomes, and seed-borne microorganisms 
play an ac tive r ole in mediating the plant’s interaction with the en-
vir onment (Torr es-Cortés e t al. 2018 ). Exploiting the variability of
microbial communities and their associations with their host is the
basis of emerging microbiome engineering approaches (Berruto 

and Demirer 2024 ). 
To study how microbiome assemblies are shaped by the host

plant, a suc c essive cultiva tion appro ach can be utilized. Suc c es-
sive cultiva tion g enerally consist s of r epe a t ed c ycling of the rhizo -
spher e micr obiome ex tr ac ted fr om plant s acr oss multiple cycles
of cultivation under a defined condition, based on the premise
that this will pr oduce signific ant shifts in micr obiome composi-
tion and functionality (Swenson et al. 2000 ). This approach re-
lies on the host plant’s interactions with its microbiome to select
func tionally charac teristic micr obial communities under a given
condition. Plants themselves are not prop aga t ed through multi-
ple g enera tions, as the focus lies on microbiome development
and not on plant adapta tion. F or example, successive cultiva-
tion has been shown to amplify microbiome differences between
Received: 18 September 2025. Revised: 9 February 2026. Ac c epted: 9 April 2026 
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istinct plant varieties (Cordo v ez et al. 2021 ). Phenotypic traits 
f inter est ar e typic ally monitor ed during suc c essive cultivation 

nd can be used to inform the selection of specific plants to be 
sed f or micr obiome r e-inoculation (Swenson e t al. 2000 , Panke- 
uisse et al. 2015 ). This me thod c an inf orm about measurable 
ffec t s in the relevant plant p aramet ers a t the end of the pro- 
ess. Mueller et al. ( 2021 ) developed a microbiome conferring salt 
 olerance t o Brachypodium distachyon after nine rounds of mi- 
robiome cycling under sodium salt stress (Mueller et al. 2021 ). 
e Zutter et al. ( 2021 ) performed consecutive microbiome cy- 
ling in maize under low phosphorus availability thereby achiev- 

ng the enrichment of phosphorus-solubilizing b act eria in the 
hiz ospher e micr obiome and an impr o v ed P status in the plant 
De Zutter et al. 2021 ). 

As presented abo v e, current lit era ture pro vides sev eral exam- 
les of suc c essive cultivation being employed to obtain function- 
lly beneficial microbiomes, ho w ev er there is limited inv estiga- 
ion on ex ac tly which micr obiome component s media t e the ef - 
 ec t s. Furthermor e, micr obiome cycling is typically done by choos- 
ng the best performing plants, without further knowledge or em- 
hasis on microbiomes associa t ed with poorly performing plants. 
icrobiomes associa t ed with plants showing less-pr ef err ed phe- 
otypes are often inspected to identify key groups enriched under 
 stress condition, such as under active fungal inf ec tion (Li e t al. 
021b ). Ho w ev er, this aspect is neglected in suc c essive cultivation 

xperiments. 
Her e, we perf ormed suc c essive cultivation of wheat rhizo- 

pher e micr obiome under dr ought conditions, including sep ara t e 
lant selection lines—here after called line ag es—for resilience and 

usceptibility to drought, as well as lineages of random plant se- 
ection using wa t ered conditions. F or the thr ee selec tion types, 
lant s wer e gr own in autoclaved substra t e, and half of the lin- 
 ag es were enriched with a b act erial library of whe a t isola t es. 
e hypothesized that the additional introduction of a b act e- 

ial community would result in more div er se r oot micr obiomes 
ompared with those formed in uninocula t ed line ag es compris- 
ng mainly seed-borne b act eria. Because all plants in this exper- 
ment share the same genetic makeup, the selection of individual 
lant s tar ge t s their phenotype as a pr oduc t of plant-micr obiome 

nteractions. We aim to (i) apply suc c essive cultivation to wheat 
nder drought conditions and observe the microbiome diver- 
ence between healthy and stressed plants; (ii) identify which 

omponents of the whe a t rhiz ospher e micr obiome distinguish 

or e r esilient plant s fr om mor e susceptible plant s during dr ought 
tress. 

a t erials and methods 

acterial library 

 b act erial library was prepared for plant inocula tion tha t con- 
ists of 84 strains isola t ed from rhizoplane of winter wheat cv . 
heriff (Ahmad et al. 2022 , Bak et al. 2026 ) and two Bacil- 

us subtilis strains isola t ed from whe a t rhizoplane samples us- 
ng he a t tre a tment and selec ting f or struc tur ed colonies (Kiese- 
 alter e t al. 2021 , X u e t al. 2024 ), f or a total of 86 strains ( Fi 

. S1 ). The strains were identified by sequencing of the 16S 

RNA genes using primers 27F 5 ′ -A GA GTTT GAT CMT GGCT CAG-3 ′ 
′ ′ 

onomy was identified using NCBI Blast (see Table S1 depict-
ing the strain list and taxonomic assignment and Dataset S1
for sequences). All strains were grown at 28 ◦C for 48 h and
mixed equally after adjusting each strain to an optical den-
sity at 600 nm (OD 600 ) of 0.1 to pr epar e the inoculum for the
experiment. 

Suc c essive cultivation setup and 

tr eatment s 

Pe a t fr ee pelle t s wer e chosen as substra t e for whe a t cultiva tion
due to their ease of handling, as well as their structural and com-
positional simplicity and homogeneity. First, the total water hold-
ing capacity (WHC) of the pellets was det ermined (Marg esin and
Schinner 2005 ), and expected substrate weight w as c alcula t ed on
a step scale from 10% WHC to 70% WHC. Before each cultivation
cycle, new dry pelle t s wer e hydra t ed with 25 ml 0.5% Hoagland’s
solution each (MP Biomedicals), then autoclav ed tw o days be-
f or e planting (d-2), and again on the day of planting (d0), reach-
ing ∼70% WHC. Bef or e planting, the weight of the empty pots
w as equaliz ed and the total weight of pot and pellet was ad-
just ed t o 25 g by r emoving pelle t substra t e. Wint er whe a t seeds
were randomly picked from a single seed lot (Sheriff variety; Se-
je t Plant Br eeding, Hor sens, Denmark) and w ere surf ace s teril-
ized by shaking with 2% sodium hypochlorite for 20 min, then
washed five times with MilliQ. The seeds were g ermina t ed on fil-
t er p aper so aked with MilliQ for 2 days in sealed petri dishes kept
in the dark. One seedling was sown in each pot (3.5 × 3.5 ×
4.0 cm). Plants w ere gro wn in a growth cabinet (Binder, Tuttlin-
gen, Germany) with 16 h of light at 22 ◦C and 8 h of darkness at
18 ◦C. Each cultivation cycle lasted 16 days in the growth cabi-
net. On the last day (d16) of each cultivation cycle, one plant was
selec ted fr om each selec tion line ag e in order t o re-inocula t e its
rhiz ospher e ex tr act into the follo wing cy cle of plants on their re-
spec tive d2. Thr ee differ ent plant selec tion rationales wer e used:
(i) random selection for plants under wa t ered conditions, (ii) se-
lection of the most resilient plant under drought conditions, and
(iii) selection of the most susceptible plant under drought condi-
tions (Fig. 1 ). A non-destructive method was applied for assess-
ment of plant resilience to minimize unintended influences on the
root-associa t ed microbiome. Resilient plants were visually iden-
tified by having a majority of upright fresh leaves, while suscep-
tible plant s wer e visually identified by a majority of wilting and
dry leaves. Each selection rationale was applied to three replica t e
line ag es which received library inoculation at the beginning of cy-
cle 1, as well as three replica t e line ag es which were not inocula t ed
with the library. Each line ag e included five plant r eplic a t es in e ach
cycle. 

Wa t ering and application of drought stress 

Plant s wer e w a t ered with aut oclaved tap wa t er b ased on daily
measur ement s of total weight of the pot. Pots in drought tre a t-
ment s wer e w a t ered t o the targ et weight (corresponding to 70%
WHC) until d5, then allo w ed to pr ogr essively dry out to ∼10% WHC
with no further wa t ering until d16. Pots in wa t ered tre a tments
wer e w a t ered consist ently t o keep 60%–70% WHC. The placement
nd 1492R 5 -T ACGGYT ACCTTGTT ACGACTT-3 at Eurofins and tax- 
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Figure 1 Schematic representation of the inoculation treatment and selection regimes used in the suc c essive cultivation setup. Wa t ered plants were 

selected randomly, while plants under drought were selected either for drought resilience or susceptibility. Each combination included three replica t e 

line ag es with three cycles of rhizosphere re-inoculations from a selected plant from cycle 1 to cycle 4. The depicted lineage scheme illustrates an 

ex ample f or plant selec tion and r einoculations be tw een cy cles. Certain part s of the figur e have been cr e a t ed on BioRender.com. 
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Cultivation cycles and re-inoculation 

w orkflo w 

The suc c essive cultivation c onsisted of four plant growth cycles. 
In e ach cycle, whe a t seedlings were plant ed on d0 and inocula t ed 

on d2 as follows. On d2 of the first cycle 2 ml of the mixed library 
were inocula t ed a t the b ase of e ach plant, while in following cy- 
cles the rhiz ospher e ex tr ac t fr om a selec ted plant in the pr evi- 
ous cycle was used for inoculation. Rhizosphere ex tr action from 

the selected plants was done on d16 of each cycle following the 
approach explained in Cordo v ez et al. ( 2021 ) with modifications. 
Briefly, bulk substra t e was gently remo v ed, and the roots with at- 
tached rhiz ospher e wer e cut into a 50 ml falc on tube c ont aining 
7 ml of 10 mmol/l MgSO 4 (Carl Roth) buffer. The tubes were vor- 
t exed a t high speed for 1 min, then tre a t ed in a wa t er b a th son- 
ica t or for 2 min, and finally vortexed again for 30 s. The solution 

w as filter ed thr ough 2 lay er s of sterile Miracloth (Millipore), and 2 
ml of it was administ ered t o e ach plant of the new cycle on d2. On 

d16 of the fourth and last cycle ( Fig. S2 ), rhiz ospher e samples wer e 
ex tr ac ted fr om all plant s as described up t o the filt ering st ep. The 
liquid ex tr ac t w as stor ed at −20 ◦C f or further use. 

DNA ex tr action and 16S rRNA gene 

amplicon sequencing 

DNA ex tr ac tion fr om the rhiz ospher e samples w as done with 

DNeasy Po w erSoil Pr o Kit (QIA GEN). The V3-V4 r e gion of 
the 16S rRNA gene was amplified with barcoded primers 5 ′ - 
C CTAC GGGNGGC WGCAG-3 ′ and 5 ′ -G ACT ACHVGGGT ATCT AATCC-3 ′ . 
A 50 μl PCR r eac tion c ont ained 17.8 μl MilliQ, 25 μl of TEMPase 
Hot Start 2 × Master Mix (AMPLIQON), 1.6 μl of each primer (10 
μmol/l), and 4 μl DNA t empla t e. The PCR program consisted of 
an initial dena tura tion st ep a t 95 ◦C f or 15 min, f ollo w ed b y 30 

cycles of 95 ◦C for 30 s, 62 ◦C for 30 s, and 72 ◦C for 30 s, with a
final ext ension a t 72 ◦C for 5 min. The PCR pr oduc t s wer e purified
with the NucleoSpin Gel and PCR clean-up kit (Macherey Nagel)
ac c ording to the manufacturer’s specifications, and it was finally
pooled t og ether in equimolar ra tios. The samples were sequenced
b y No vaSeq PE250 with 2 G raw data per sample at No v ogene
Europe Company Limited. 

Bioinformatics and analysis of community 

composition 

A total of 2.3 million high-quality reads were obt ained, c orre-
sponding to an average of 63 727 reads per sample. Amplicon se-
quenc e dat a wer e analyz ed in R. C utadapt w as used to r emo v e
barc oded primer sequenc es. DADA2 was then used to filter, trim,
and denoise r eads, f ollo w ed b y mer ging pair ed-end r eads (Calla-
han et al. 2016 ). Finally, chimeras were remo v ed, as w ell as non-
b act erial sequences, chloroplast and mitochondrial sequences.
Amplicons were compared to the NCBI nucleotide (nt) database
using BLASTN (max_tar ge t_seqs = 3), and the top hit s wer e used
for taxonomic classification. Amplicon count s wer e rar efied to an
even sequencing depth using the rarefy_even_depth function in
the phyloseq R p ackag e (McMurdie and Holmes 2013 ), with ran-
dom subsampling without r eplacement. The R pack age ampvis2
was used to analyze the community (Andersen et al. 2018 ). 

Testing specific strains from the wheat 

isola t e library under drought conditions 

Based on our r esult s highlighting differ entially enriched bac te-
rial gr oups be tween tr e a tment s, we pr oceeded t o t est isola t es be-
longing to two genera in a follow-up cultivation experiment. One
Rahnella strain and 10 Stenotrophomonas strains were t est ed in a
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Figure 2 Alpha div er sity (Shannon) of rhizosphere b act erial communities, distinguishing between uninocula t ed and library-inocula t ed line ag es. 

Samples are grouped t og ether by inoculation tre a tment and selection regime. Different letters above bo x es indica t e differ ences be tween gr oups. Gr oups 

not sharing a letter differ significantly. 
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ingle cultivation cycle for their ability to positively influence 
he a t dr ought r esilience. Pr ep ara tion for cultiva tion w as c ar- 

ied out as described for the suc c essive cultivation se tup , in- 
luding seed st eriliza tion, g ermina tion (lasting four days), and 

ut oclaving and hydra tion of the substra t e pelle t s. Tr e a tment 
ith Rahnella included Rahnella sp. strain D9, while tre a tment 
ith Stenotrophomonas included an equally distributed mix of 

tenotrophomonas strains A7, C3, C12, D2, D3, D8, D10, E2, F5, and 

12. The two inoculants wer e pr epar ed fr om culturing the strains 
 v ernight in lysogeny broth (LB Lennox, Carl Roth) at 28 ◦C and 

ubsequent dilution to an optical density at 600 nm (OD 600 ) of 1.0 
sing MilliQ wa t er. F or the Stenotrophomonas inoculum, the 10 
trains were mixed equally before inocula tion. A dilut ed LB solu- 
ion without addition of b act eria was prepared as a control tre a t- 

ent. Tw o milliliter s of the inoculum w er e administer ed at the 
ase of the planted seedlings. The cultivation lasted 24 days. Wa- 

ering with autoclaved tap water was applied up to 70% WHC every 
ay for all tre a tments up until d12, after which it stopped for the 

hr ee tr e a tment s under dr ought. The he alth sta tus of plants under 
r ought w as evalua t ed b ased on a pr ese t scoring syst em int ended 

 o sp an the entir e ty of the wilting process: No wilting (1), slight leaf 
ilting (2), modera t e wilting and drying le af tips, (3) drying st em 

nd severe wilting (4). 

t atis tical analyses 

tatistic al differ ences be tween Shannon alpha-diversity of tre a t- 
ent s wer e evalua t ed by one-w ay ANO VA and post-hoc Tukey HSD 

 est b ased on sample richness data (Tukey 1949 ). Dissimilarity be- 
ween sample compositions w as measur ed by c alculating Bray–
urtis dist anc es using the ve gan pack age (Oksanen e t al. 2001 , 
ixon 2003 ), and were visualized with Princip al Coordina t e Anal- 
sis (PCoA) plot s. Micr obiome differ ences be tween all tr e a tments 
ere done with a PERMANOVA with 999 permutations using the 

donis2 func tion. Differ ential Abundance Analysis (D AA) to high- 
ight differ entially enriched genera be tween tr e a tment s w as done 

by the ANCOM-BC method including bias correction (Lin and Ped-
dada 2020 ). The bonf err oni me thod w as used to adjust P values.
To avoid cre a ting artifacts due to genera being v ery lo w or absent
from a given tre a tment, the analysis focused on genera with o v er-
all relative abundance > 1%. Genera with P -value = 0 for a given
comparison were excluded for the same reason. A q-value < 0.1
was the cutoff for significanc e. Performanc e sc ores of different in-
ocula tion tre a tments for testing specific strains from the whe a t
isola t e library under drought conditions were analyzed with a lin-
ear mixed-effec t s model (tr e a tment, day, tre a tment × day as fixed
effec t s; plant as a random effec t), f ollo w ed b y Tukey-corr ec ted
p airwise comp arisons. 

R esult s 

Rhiz ospher e bac terial community 

div er sity after suc c essive cultivation 

Whe a t rhiz ospher e micr obiome w as enriched in suc c essive cul-
tivation with selection for resilient or susceptible plants under
drought, in addition to randomly selected plants grown in wa-
tered condition. The experiments were performed with initial in-
oculation of the 86-member strain library (denoted as library-
inocula t ed) or without such inoculation (depicted as uninocu-
la t ed). We hypothesized tha t seed-associa t ed b act eria persisting
after surf ace s terilization, would contribute to the rhiz ospher e mi-
crobiomes in this experiment, which was supported by the emer-
gence of a div er se microbiome in uninoculated plants grown in
aut oclaved substra t e. A t otal of 846 ASVs wer e de tec ted in the fi-
nal rhiz ospher e micr obiomes acr oss 88 samples. Plant s r esulting
from line ag es select ed for drought resilience and susceptibility de-
veloped a rhiz ospher e micr obiome with signific antly lo w er alpha
div er sity (Shannon), compared to ones under w ater ed conditions,
both in library-inocula t ed and uninocula t ed tre a tments (Fig. 2 ).
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Figure 3 (A) PCoA plot representing div er sity betw een selection types and inoculation tre a tments. ‘uninocula t ed’ r ef ers t o uninocula t ed line ag es, and 

‘library’ r ef ers t o library-inocula t ed line ag es. Each sample is depict ed with a da ta point, with a r espec tive shape depending on the tr e a tment condition. 

(B) Sep ara t e PCoA plots sho wing the div er sity among line ag e triplica t es of e ach selection type and inocula tion tre a tment. Signific ant differ ences 

be tween r eplic a t e line ag es were t est ed by adonis PERMANOV A (p-value included in e ach plot). Signific ant differ ences be tween r eplic a t e line ag es are 

depicted with an asterisk. 
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Ther e wer e no signific ant differ ences in alpha div er sity betw een 

resilient and susceptible-selected lineages. 
We assayed whether the application of different selection types 

and wa t ering tre a tments result ed in distinct rhizosphere micro- 
biomes. The six tre a tments were distinguishable on a PCoA plot, 
where most sample types clustered separately (Fig. 3 A). All six 
combinations of selection types and tre a tments were significantly 
differ ent fr om each other ( Table S2 , Adonis PERMANO VA) ex cep t 
for the library-inocula t ed resilient and susceptible tre a tments (ad- 
justed P = 0.165). The library-inoculated tr eatment s cluster ed sep- 
ara t ely from the uninocula t ed tre a tments as a whole. The inoc- 
ula tion fact or and the selec tion type applied wer e both signif- 
ic ant de terminant s of the rhiz ospher e micr obiome ( R 

2 = 0.13 
and 0.17 r espec tively; P = 0.001). Taken t og e ther, these r esult s 
indica t e tha t suc c essive selec tion of dr ought-r esilient, dr ought- 
susceptible, and non-str essed plant s pr oduced differ ent rhiz o- 
spher e micr obiomes, and that the initial starting community was 
an important factor in their development. 

Convergence and diversification of 

selection lineages 

The suc c essive cultivation w as c arried out in 3 r eplic a t e selec- 
tion line ag es for e ach of the 6 tre a tment combina tions. A fact o- 
rial PERMANOVA including tre a tment (defined as the combination 

of selection type and inoculation factor) and lineage revealed that 
tre a tment explained a substantial proportion of rhizosphere mi- 

crobiome variation ( R 

2 = 0.36, P = 0.001), where as line ag e ac-
counted for a much smaller proportion of variance ( R 

2 = 0.02) and
was only marginally significant ( P = 0.079). We then t est ed e ach
tre a tment combina tion t o det ermine whether the three line ag es
converg ed t o similar microbiomes at the end of the last cultiva-
tion cycle. As determined by PERMANOVA, the three line ag es of
e ach library-inocula t ed tre a tment did not differ signific antly fr om
each other (nostress: P = 0.247; resilient: P = 0.258; susceptible: P
= 0.134) (Fig. 3 B).In contrast, the three line ag es of e ach uninocu-
la t ed tre a tment wer e signific antly differ ent fr om e ach other, p ar-
ticularly the nostress ( P = 0.001) and r esilient-selec t ed line ag es
( P = 0.001), while a higher de gr ee of similarity was found among
the susceptible-selected triplica t e line ag es ( P = 0.014). 

Microbiome composition 

We examined the b act erial composition of the collected rhizo-
spher e micr obiome samples at the end of the las t cultiv ation cy-
cle. A t le ast 54 g enera were identified across all samples, with
varying relative abundance within tre a tments. The 15 most abun-
dant genera o v erall r epr esent 96.37% of total r ead count s (Fig. 4 ).
Acr oss tr e a tment s and selec tion types, a f ew genera emer ge
with higher o v erall relativ e abundance, including Pseudomonas ,
Stenotr ophomonas , R ahnella , and Paenibacillus . We not e tha t sev-
er al libr ary gener a wer e also f ound in uninocula t ed line ag es,
indicating an o v erlap of 10 genera betw een the libr ary gener a
and the seed b act erial communities. Among the shared genera,
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Figure 4 He a t map summariz es the r elative abundance (as per c ent ag e of the t otal within e ach tre a tment) of the 15 most abundant b act erial g enera in 

the rhiz ospher e of plant s fr om each selec tion r e gime and inoculation tr e a tment. The right-most column indica t es whether e ach g enus is included in the 

library by specifying the number of library strains belonging to that genus. Other library genera are not included here, as they are not represented among 

the 15 most abundant genera o v erall. 
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seudomonas , Stenotr ophomonas , and R ahnella r eport high r el- 
tiv e abundance o v erall. Achr omobacter, Br evundimonas , Rhi- 
 obium , and Variovor ax wer e f ound in all uninocula t ed selec- 
ion types, with lo w er abundance; Bacillus was det ect ed only 
n r esilient-selec t ed uninocula t ed line ag es, while Ensifer and Mi- 
r obacterium wer e f ound only in w a t ered uninocula t ed line ag es. 
gr obacterium w as absent fr om uninocula t ed line ag es, while 
hodoc oc cus , Plantibacter , and Niallia were not det ect ed in any 

ine ag e types, sugg esting tha t these g enera wer e not pr esent in the 
esident seed communities. 

To assess the suc c essful est ablishment of g enera int o the rhi- 
 ospher e micr obiome belonging to the inocula t ed libr ary, we per - 
ormed a differential abundance analysis focusing on the genera 
ncluded in the library. A few b act erial g enera represent ed in the 
nocula t ed library were more differentially abundant in library- 
nocula t ed comp ared t o uninocula t ed tre a tments (Fig. 5 ). Specifi- 
 ally, Variovor ax and R ahnella wer e signific antly enriched in both 

esilient and susceptible inocula t ed line ag es, and Achromobacter 
 as signific antly o v er-r epr esent ed in inocula t ed line ag es of all se- 

ec tion r e gimes. 

Bac terial gr oups enriched in 

r esilience-selec t ed lineag es 

We investiga t ed which microbiome members may distinguish
the r esilient-selec t ed line ag es, comp ared t o the susceptible-
select ed line ag es. In uninocula t ed plant s, r esilient-selec ted lin-
e ag es harbored a higher differential abundance of b act erial
gr oups including Variovor ax , Stenotr ophomonas , and R ahnella ,
albeit the differ ences wer e not s tatis tic ally signific ant (Fig. 6 ).
Inst e ad, Pseudomonas w as underr epr esented in r esilient com-
p ared t o susceptible uninocula t ed line ag es ( P = 0.0048, q
= 0.0783). In library-inocula t ed plant s, Stenotr ophomonas w as
signific antly mor e abundant in r esilient-selec ted plant s com-
p ared t o susceptible-select ed plants ( P = 0.0015, q = 0.0245),
while Erwinia ’s abundance was significantly lo w er ( P = 0.0013,
q = 0.0209). Other groups did not have a significantly dif-
f er ent abundance be tw een the tw o selection types. Very lo w
abundant genera wer e disr e gar ded in the analysis to avoid
artifac t s. 
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Figur e 5 Differ ential abundance of bac terial genera be tween library-inocula t ed and uninocula t ed samples within e ach selec tion type (nostr ess, r esilient, 

suscep tible). Do t s on the right side of the vertic al line indic a t e enrichment in library-inocula t ed line ag es. Da ta point s indic a t e log fold chang es ( ± 95% 

CI), and are sized ac c ording to the mean % relative abundance of each genus across all tre a tments, t o highlight dominant gr oups. R ed point s denote 

signific antly differ entially abundant genera (q-value < 0.1) f or a given comp arison, with q-value not ed abo v e the point. The missing comparison for 

Brevundimonas under susceptible selection is due to the especially low relative abundance of this genus in the tr eatment s being compared. Genera with 

P value = 0 for a given comparison were regarded as artifacts and excluded. 

Figur e 6 Differ ential abundance of bac terial genera be tween r esilient and susceptible lineages of uninoculated (A) and library-inoculated (B) tr eatment s. 

Dots on the right ride of the vertical line indica t e enrichment in resilient line ag es, while dots on the left side indica t e enrichment in susceptible line ag es. 

Only genera with o v erall relativ e abundance > 1% w er e included in the plot. Data point s r epr esent the log f old chang e in the abundance of e ach g enus 

between the two compared tre a tments ( ± 95% CI). Notable genera with significantly higher or lo w er relativ e abundance are shown in red. Point size 

r epr esent s the o v erall relativ e abundance of e ach g enus acr oss all tr e a tments. 
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esting Rahnella and Stenotrophomonas 

ibr ary str ains for enhancing wheat 

r ought r esilience 

e t est ed whe ther specific strains fr om the inocula t ed whe a t 
sola t e library could enhance drought resilience when inocu- 
a t ed int o the whe a t rhiz ospher e within one cultivation cycle. 

e chose Rahnella aquatilis strain D9 (the only strain in the li- 
rary assigned to this genus), because of the significantly higher 

elative abundance of Rahnella observed in library-inocula t ed 

ine ag es under drought, despite its v ery lo w representation in 

he library. Rahnella also maintained higher abundance o v er- 
ll comp ared t o other enriched g enera. All abundant Rahnella 

SVs from suc c essive cultivation experiments were ma t ched 

 ≥99.7%) to the 16S rRNA gene sequence of strain D9. Second, we 
 est ed Stenotrophomonas , since it was the only genus which was 
nriched in resilient line ag es, specifically under inoculation of the 

ibrary. All abundant Stenotrophomonas -assigned ASVs found in 

he whe a t rhiz ospher e after the suc c essive cultivation experiment 
ould be ma t ched ex ac tly (100%) to a se t of Stenotr ophomonas li- 
r ary str ains ( Fig. S3 ). All the ma t ched Stenotrophomonas strains 
f the library, ex cep t the human-p a thog enic S. maltophilia as- 
igned strains, were t est ed in equal proportions in a combined 

noculum. Plant perf ormance w as evalua t ed daily after the on- 
e t of dr ought str ess using a visual scoring system ( Fig. S4 ). A lin- 
ar mixed-effec t s model indic a t ed no significant effect of inoc- 
la tion tre a tment ( P = 0.73) nor a tre a tment × day interaction 

 P = 0.57) on plant scores, showing that neither inoculant im- 
ro v ed drought performance rela tive t o the control. Pairwise com- 
arisons be tween tr eatment s within each day also revealed no sig- 
ific ant differ ences (all P > 0.15). Not ably, subst antial variability 

n plant performance was observed among r eplic a t es within e ach 

re a tment. 

iscussion 

e inocula t ed whe a t seedlings with a library of 86 strains iso- 
a t ed from the whe a t rhizosphere and rhizoplane, in order to pro- 
ide them with a community of ecologically relevant microor- 
anisms to f orm interac tions with. Despite surface st eriliza tion 

f the seeds prior t o cultiva tion, w e observ ed that uninocu- 
a t ed seedlings became colonized by b act eria throughout the 
 xperiment. We e xpected the emergence of bac teria fr om the 
eeds into the rhiz ospher e under uninoculated cultivation of the 
he a t plants. This is in ac c ordanc e with previous studies con- 

irming the presence of b act eria embedded in the surface lay- 
rs of the whe a t seed cap able of root colonization (Ku ́zniar et al. 
020 , Garrido-Sanz and Keel 2025 ). Such seed-borne b act eria in- 
lude the genera Erwinia , Paenibacillus , Variovorax , Pseudomonas , 
t enotrophomonas , Flavobact erium , and Bacillus (Robinson et al. 
016 ). In our study, the uninocula t ed tre a tments show signs of 
olonization by seed bacteria across cy cles. Ho w ev er, this is also 

 component of microbiome development in line ag es inocula t ed 

ith the libr ary. P ossibly, the enhanc ed c olonization ability of seed 

 act eria across the experiment also influenced their final abun- 
anc e. For inst anc e, seed-borne b act eria may hav e a competitiv e 
dvantage in colonizing the r oot s bef or e other micr obes fr om ex- 
ernal soil (Garrido-Sanz and Keel 2025 ). We r ecogniz e this as a 

natural phenomenon, as many plants carry o v er microorganisms
inside or on their seeds to the nex t gener ation of plants (Truyens
e t al. 2015 , Shade e t al. 2017 ). Seed-borne micr oor ganisms have
been found to be a fundamental component of rhiz ospher e mi-
crobiome assembly, especially in younger plants ( Johns ton-Monje
et al. 2021 ). Garrido-Sanz and Keel demonstra t ed tha t seed-borne
rhiz ospher e bac teria ac c ounted for a majority of the relative abun-
dance of the whe a t rhiz ospher e community obtained after se-
quential rhiz ospher e pr op aga tion of whe a t seedlings in a steril-
ized soil matrix, while only a minor fraction derived from the in-
ocula t ed soil community (Garrido-Sanz and Keel 2025 ). Our re-
sult s indic a t e the suc c essful est ablishment of known seed b act e-
ria, both under uninocula t ed conditions and with library inocula-
tion. Ho w ev er, library inoculation produced different rhizosphere
b act erial communities under each selection type, compared with
gro wth in autoclav ed soil, reaffirming the import anc e of the ini-
tial c ommunity c omposition in the active development of early
rhiz ospher e micr obiomes. Nevertheless, the genera included in
the library had varying de gr ees of suc c ess in rhiz ospher e colo-
nization. Achr omobacter w as signific antly enriched in all library-
inocula t ed line ag es, albeit keeping low rela tiv e abundance o v er-
all. R ahnella and Variovor ax wer e inst e ad significantly enriched in
both selection types under drought. Rahnella , and Achromobac-
ter wer e r epr esented by only one strain each in the 86-strain li-
brary, while six Variovorax isola t es wer e pr esent in the inocula t ed
library. Given the high relative abundance of Rahnella and Vari-
ov orax o v erall in the rhiz ospher e samples compar ed to their very
low r epr esentation in the library, we hypothesiz e that their suc-
c essful est ablishment was driv en b y micr obial interac tions arising
from library inoculation under drought conditions, and not solely
by an ex cep tional coloniza tion ability of the inocula t ed strains.
Possibly, the inocula t ed dr ought tr e a tment s favor ed the establish-
ment of seed-deriv ed Variov orax and Rahnella in addition to the
strains added as part of the library. Ho w ev er, w e w ere unable to
distinguish inocula t ed fr om r esident seed-borne R ahnella and Var-
iovorax due to their high sequence similarity. Rahnella reached
higher relative abundance in both library-inoculated lineage types
under dr ought compar ed with the library-inocula t ed wa t ered lin-
e ag es. Int er estingly, Pseudomonas and Stenotr ophomonas did not
have a markedly higher abundance in library-inocula t ed line ag es
as a whole, despite being abundant in the inocula t ed commu-
nity. When subsequently testing Rahnella library strain D9 under
drought conditions we did not observe marked positive effec t s on
whe a t dr ought r esilienc e c omp ared t o the uninocula t ed control.
Rahnella is a gram-negative bacterium found in soil, plant rhizo-
spheres, animal samples, and wa t er environments (Lindberg et al.
1998 , Brady et al. 2022 ). Rahnella aquatilis has been characterized
as an opportunistic human p a thog en (Ma tsuk ura et al. 1996 , K uz-
dan e t al. 2015 ). R ahnella strains have been associa t ed with plant
dise ase in o ak trees and onion plants (Brady e t al. 2017 , Asselin e t
al. 2019 ), while c ert ain Rahnella species have been found to pro-
vide plant gr owth-pr omoting effec t s (Li e t al. 2021a , Peng et al.
2019 , Yuan et al. 2020 , Cheto et al. 2023 ). To our knowledge, Rah-
nella has not been dir ec tly linked to impro v ed drought resilience
in plant s. Our r esult s indic a t e tha t this b act erium c an coloniz e the
whe a t rhiz ospher e abundantly under drought conditions, poten-
tially through interaction with other community members. 

Differ ential abundance analysis comp aring line ag es select ed
f or dr ought r esilienc e and susc eptibility, highlight ed few g enera
with signific antly differ ent abundance. When the strain library was
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not inocula t ed, only Pseudomonas w as signific antly less abun- 
dant in resilient comp ared t o susceptible line ag es. This was not 
the case when the strain library was inocula t ed, possibly aided by 
the abundance of Pseudomonas sp. strains present in the library 
itself. Considering the high abundance of Pseudomonas across 
all selection types, we regard that a significant detrimental ef- 
f ec t on dr ought r esilience by the genus Pseudomonas is unlikely. 
F urther investig ation on Pseudomonas strains present in each 

line ag e type is needed to clarify this. Under library-inocula t ed 

conditions, Erwinia was significantly less abundant in resilient- 
compared with susceptible-selected lineages, being almost ab- 
sent from plants of both resilient and wa t ered line ag es. Inst e ad, 
Stenotr ophomonas w as signific antly mor e abundant in r esilient- 
select ed line ag es comp ar ed with susceptible-selec t ed line ag es 
under library-inoculation. The sequences of ASVs assigned to 

Stenotrophomonas with most reads could be matched ex ac tly 
(100% co v erag e) t o the 16S rRNA gene sequence of several strains 
belonging to the inoculated library ( Fig. S3 ), indicating that these 
strains may be of relevance to the plant, especially those re- 
porting higher relative abundance in inoculated than uninoc- 
ula t ed line ag es. Nev ertheless, when w e subsequently t est ed a 
combined inoculum composed of 10 Stenotrophomonas library 
strains, no positive effec t s on dr ought r esilience wer e observed, 
comp ared t o the uninocula t ed contr ol. Ye t, r epr esentatives of the 
Stenotrophomonas genus have been characterized for enhanc- 
ing drought tolerance in the form of impro v ed plant gro wth pa- 
rameters when inoculated in various crops, including chickpea 
(Sharma et al. 2023 ), lentils (Niza-Costa et al. 2022 ), as well as 
whe a t (Akköprü et al. 2025 ). 

Our r esult s sugg est tha t whe a t rhiz ospher e colonization by 
Stenotrophomonas may be facilita t ed under non-severe drought 
stress. Ho w ev er, this genus was not a significant contributor to 

dr ought r esilience. The enrichment of Stenotr ophomonas and 

Rahnella in the suc c essive cultivation experiment may be the 
pr oduc t of plant-microbiome interactions formed under the spe- 
cific conditions applied, without being dir ec tly inv olv ed in plant 
r esilience. Mor eo v er, inocula t ed Rahnella and Stenotrophomonas 
strains may differ in their functionality from their count erp arts 
originating from the seeds. Further charact eriza tion of seed- 
derived strains is needed to clarify this. 

Across the experiment, the main factor shaping rhizosphere mi- 
crobiome composition was tre a tment, where as varia tion due to 

line ag e was comp ara tively minor (PERMANOV A R 

2 = 0.36 vs 0.024, 
r espec tively). This indic a t es tha t the major differ ences among 
communities are driven by inoculation and selection conditions, 
where as st ochastic or line ag e-specific effec t s ar e r ela tively limit ed 

across all samples. 
Suc c essive cultivation is carried out to highlight microbiome 

fe a tures which are potentially inv olv ed in the plant’s interaction 

with its microbiome under the different tre a tments. How the rhi- 
z ospher e micr obiome develops under a period of repe a t ed per- 
turb a tions may be consistent across plants or alt erna tively re- 
sult in a variety of outcomes. Under each stress condition, library- 
inocula t ed r eplic a t e line ag es wer e not signific antly differ ent fr om 

each other. We previously hypothesized that the initial inoculation 

of the whe a t str ain libr ary would expand the r ange of available 
plant-micr obe interac tions and ther ef or e may develop into more 
dissimilar microbiomes. Inst e ad, the r eplic a t e line ag es converg ed 

to similar micr obiomes, indic ating a similar response to each con- 
dition. We exclude that the library itself acted as a strong homoge- 

nizing factor within the microbiome, as the alpha div er sity of inoc-
ula t ed line ag es is comp arable t o the r espec tive uninocula t ed lin-
e ag es. Conv er sely, uninocula t ed line ag es became more dissimilar,
especially under non-stressed conditions and resilience selection. 
The higher div er sity of r esponses acr oss line ag es sugg ests tha t
plant-micr obe interac tions wer e not uniquely de termined in these
conditions, and that the microbiome developed in a manner that
may be more dependent on the single selected plants driving each
line ag e. Since seed-borne micr oor ganisms ar e known to interact
tightly with the plant, this observation raises further questions on
their role in stress response. Recent studies have explored vari-
ous models describing microbiome dynamics and perturb a tions,
often postula ting tha t communities under perturb a tions underg o
str onger shifts than healthy communities, and discussing the in-
fluenc e of ec ological memory in c ommunity dynamics across tem-
poral variations (Halfvarson et al. 2017 , Gonze et al. 2018 , Khalighi
et al. 2022 ). 

Plant micr obiomes ar e known t o chang e o v er time, and across
plant growth stages (Dibner et al. 2021 , Peng et al. 2025 ); therefore,
the timeframe used in suc c essive cultivation experiments is rele-
vant. The response of plants to environmental stressors may cause
gradual shifts in rhizosphere microbiome composition spanning 
longer timescales than the one applied in this work. Azarbad et al.
( 2022 ) sho w ed that plant dev elopment al st age and previous his-
t ory of wa t er stress in field soil were strong determinants of the
whe a t microbiome, and that this microbiome could shift in the
span of one plant generation when exposed to a differ ent w atering
tre a tment (Azarb ad et al. 2022 ). If the micr obiomes selec ted in our
e xperiment were e x tr acted and reinocula t ed before they became
st able, they c ould have g one on t o develop differ ently in the f ol-
lo wing cy cle, possibly c ausing unpr edic table effec t s on the plant
phenotype which do not ma t ch the selection rationale they come
from (Swenson et al. 2000 ). Ho w ev er, it is not possible to fully pre-
vent this issue in suc c essive cultiva tion experiments, due t o the
need for consistent growth cycles ending at a defined plant growth
stage. In the futur e, inspec tion of the changes in rhiz ospher e mi-
crobiome composition under stress conditions is r equir ed, bef or e
choosing a suitable time frame for successive cultivation. 

Previous studies employing suc c essive cultivation focused on
prop aga ting the microbiome of plants with optimal performance
(De Zutter et al. 2021 , Mueller et al. 2021 ), and this tar ge ted
approach has been shown to produce functionally beneficial
micr obiomes. Jochum e t al. ( 2019 ) achiev ed delay ed onset of
dr ought str ess in whe a t after consecutiv e microbiome cy cling of
drought - tolerant plants (Jochum et al. 2019 ). Ho w ev er, w e priori-
tiz ed selec tion of both dr ought-r esilient and dr ought-susceptible
phenotypes in order to compare their microbiomes and iden-
tify microbial components associa t ed with contrasting plant re-
sponses. We were able to prop aga t e microbiomes of drought-
susceptible plants without significant accumulation of debili- 
tating stress symptoms that would have pr evented gr owth. In
library-inocula t ed line ag es, Erwinia w as the only signific antly en-
riched genus in susceptible-selected lineages compared to re-
silient ones. In our se tup , Erwinia likely origina t ed from the seeds
as it was not present among the inocula t ed strains of the li-
brary. Tw o ASVs w ere the primary contributor s to the abundance
of Erwinia in susceptible-selected lineages, with high abundance
variability acr oss plant s. One of them w as identified as E. per-
sicina, a known plant p a thog en (Zhang and Nan 2014 ). While
several Erwinia species ar e charac teriz ed as plant-pathogenic
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Hsieh et al. 2010 ), Erwinia has been found to be a major com- 
onent of the whe a t seed community (Huang et al. 2016 , Robin- 
on et al. 2016 ). It is not straight f orw ar d whe ther beneficial mi- 
r obes ar e be tter selec ted f or within a good-phenotype selec tion 

han a bad-phenotype selec tion. Selec tion f or undesirable plant 
henotypes may co-select for dysbiotic microbiomes enriched in 

pportunistic and p a thog enic micr oor ganisms. At the same time, 
t is possible that poorly performing plants experiencing stronger 
tress might engage more tightly with their microbiome favoring 
eneficial micr obes. Consequently, selec ting f or poorly perf orm- 

ng plants could result in a microbiome comprising beneficial fea- 
ures. If this is the case, re-inoculating the microbiome from poorly 
erf orming plant s into the next cycle of plant s could possibly pr o- 
ide a beneficial microbiome as a starting point and therefore it 
ould be an unr eliable w ay of identifying deleterious microbiome 

e a tures under suc c essive cultivation. 
The suc c essive cultiva tion experiment present ed in this study 

id not result in observable differ ences in plant response to 

rought when comparing resilience-selected and susceptibility 
elec ted tr eatment s ( Fig. S2 ). Nevertheless, the two selection 

ypes resulted in significantly different microbiomes, which also 

iffer ed fr om the w a t er ed tr e a tment. The b act erial groups in- 
 olv ed in producing these microbiome shifts provide an indication 

n micr obiome trait s associa t ed with whe a t plants experiencing 
odera t e drought stress. Irrespective of whether suc c essive cul- 

ivation is dir ec tly conducive to a func tional micr obiome, useful 
nf ormation c an still be derived fr om comparing selec tion line ag es 
nd can be used in single species inocula or for designing synthetic 
icrobial communities (Xu et al. 2025 ). 
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