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Abstract 

Studies have suggested that reduced nutrient availability enhances microbial diversity around plant roots, positively impacting plant 
pr oducti vity. Howev er, the specific contributions of rhizosphere microbiomes in nutrient-poor environments still need to be better 
understood. This study investigates tomato ( Solanum lycopersicum L.) root microbiome under low-nutrient conditions. Plants were 
gr own in hydr oponics with soil-deri v ed micr obial comm unity inoculations. We hypothesized that nutrient limitation would increase 
the selection of beneficial bacterial communities, compensating for nutrient deficiencies. We identified 12 294 operational taxonomic 
units across treatments and controls using 16S rRNA gene sequencing. Increased plant biomass was observed in treatments com- 
pared to controls, suggesting a role for the microbiome in mitigating nutrient limitations. The relative abundance of genera such 

as Luteolibacter and Sphingopyxis r elati v e a bundance corr elated with plant phenotypic traits ( P ≤ .05), and their pr esence w as further 
validated using shotgun metagenomics. We annotated 722 677 protein families and calculated a core set of 48 116 protein families 
shar ed acr oss all tr eatments and assigned them into bacteria (93.7%) and eukaryota (6.2%). Within the cor e bacterial meta genome , w e 
identified protein families associated with pathwa ys in v olv ed in positi v e plant interactions like the nitrogen fixation. Limited nutrient 
av aila bility enhanced plant pr oducti vity under controlled conditions, offering a path to reduce fertilizer use in agriculture. 

Ke yw or ds: 16S rRN A gene sequencing; fertilizer r eduction; low-n utrient conditions; r oot cor e micr obiome; shotgun meta genomics; 
tomato ( Solanum lycopersicum L.) hydroponics 
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Introduction 

Tomato ( Solanum lycopersicum L.), domesticated in Mexico and 

Peru, is a widely consumed staple with high nutritional value, and 

its cultivation area has doubled over the past two decades (Jaiswal 
et al. 2020 , Tieman et al. 2017 ). Beyond its a gricultur al importance,
the tomato serves as a model organism in scientific research due 
to its sequenced genome, diverse genetic tools, short life cycle,
and role in studying plant–microbe interactions (Adedayo et al.
2022 , van Rengs et al. 2022 ). A k e y conce pt in plant–bacteria inter- 
actions is the two-step model for microbiome acquisition, which 

describes the mutual selection between plants and soil microor- 
ganisms, shaping the rhizosphere and endosphere microbiomes 
(Bulgarelli et al. 2013 , Sasse et al. 2018 ). This model has been vali- 
dated in tomatoes, r e v ealing a cor e micr obiome influenced by di- 
verse soil geochemistries (Barajas et al. 2020 ). Additionally, the in- 
teraction between the tomato microbiome and host selection is 
r ecipr ocal, as specific bacterial gener a, suc h as Streptom yces , Bacil- 
lus , Pseudomonas , and Flavobacterium , associate with tomato quan- 
titativ e tr ait loci (QTLs) and participate in essential metabolic 
functions like iron and sulfur metabolism and vitamin synthesis 
(Oyserman et al. 2022 ). 
Recei v ed 13 November 2024; revised 14 February 2025; accepted 24 February 2025 
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Agricultur al pr actices, including c hemical fertilization, can de-
lete plant-available nutrients and reduce belowground diversity,

eading to land degradation and environmental pollution (Pahalvi 
t al. 2021 ). Additionall y, ov er a pplication of nitr ogen fertilizers can
ause soil acidification, increasing to xic alumin um le v els that in-
ibit r oot gr owth (Kopittke et al. 2019 ). An alternativ e a ppr oac h to
educing fertilizer use involves studying plant microbiomes un- 
er low-nutrient av ailability. Micr obes play crucial roles in nitro-
en fixation, phosphorus mobilization, and ov er all plant health,
s shown in nutrient-stressed soybean and maize studies (van 

er Heijden et al. 2008 , Meier et al. 2022 , Wang et al. 2024 ). Fur-
hermore, plants in nutrient-poor conditions r el y on soil micr obes
or essential nutrients as a compensatory mechanism for nutri- 
nt acquisition. One plant response to low-nutrient availability 
s the change in root exudate composition, leading to concur-
 ent c hanges in r oot-associated micr obial comm unities (Zhu et
l. 2016 ). 

Low-nutrient availability has also been associated with high 

icr obial div ersity in plant-associated comm unities (v an der Hei-
den et al. 2008 ). For example, in rice root microbial community,
he application of fertilizers reduced diversity (Sinong et al. 2021 ).
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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nother study using Brassica oleracea and testing the response
f the bacterial community to fertilizer type , dosage , plant age ,
nd herbivory showed no significant effect of fertilizer additions
n α-diversity (O’Brien et al. 2018 ). The relationship between mi-
r obial div ersity and plant pr oductivity, particularl y in nutrient-
imited conditions, r equir es further inv estigation. Understanding

icrobiome dynamics under low-nutrient availability could pro-
ide sustainable solutions to reduce fertilizer use while maintain-
ng soil health and productivity. 

Methods for cultivating tomatoes significantly influence the
tructure of their microbiome. Specific differences in microbial
omm unities hav e been observ ed between tomatoes fr om distinct
ultiv ars gr own in soil and those gr own hydr oponicall y (Escobar
t al. 2021 ). Soilless and hydr oponic cultiv ation methods offer an
lternativ e a ppr oac h, as they r educe the risk of pathogen infesta-
ion and pr e v ent the accum ulation of soil-borne pathogens ov er
ime (Anzalone et al. 2022 ). In hydroponic systems, most microor-
anisms originate from plants , seeds , water, insects , and person-
el. Ho w e v er, micr obial comm unities in hydr oponic conditions
xhibit lo w er v ariabiliy compar ed to those in soil microbiomes
Escobar et al. 2021 , Anzalone et al. 2022 ). 

We hypothesize that low-nutrient envir onments incr ease se-
ection pr essur e for r oot-associated bacteria that compensates
or nutrient scarcity. This study aims to identify and c har acter-
ze bacterial root communities and their genetic traits in S. ly-
opersicum under nutrient-limited conditions providing insights
nto their adaptation and contribution to plant health. We used
 hydroponic system to control nutrient availability and culti-
ate plants under nutrient-limited conditions. Additionally, we
erformed a comparison of bacterial communities and their as-
ociated functions between tomato plants grown in hydroponics
nd those grown in soil. We also calculated the core microbiome
nd metagenome of tomato under both conditions, resulting in
he identification of bacteria and predicted proteins highly associ-
ted with tomato, which could contribute to better understanding
he mechanisms behind tomato adaptation to different environ-

ental conditions. 

aterials and methods 

oil sampling used as inoculants 

e collected se v en distinct soil samples and used them as inoc-
la to describe the bacterial communities that could potentially
olonize tomato roots under low-nutrient conditions. To investi-
ate different bacterial communities present across different soil
ypes, sampling locations were selected to represent diverse vege-
ation types, including for ests, gr asslands, and a gricultur al ar eas.
ach 2 kg sample was stored in sterile bags and refrigerated at
 

◦C until inoculation experiments began. Metadata for each site
ncluded the collection date, geogr a phic coordinates, altitude, and
bservations documented ( Table S1 ). 

lant growth conditions 

e regulated nutrient concentration and mechanical soil proper-
ies using a hydroponic system with plastic cups and nylon net-
ing containers (Alatorre-Cobos et al. 2014 ). The cups were steril-
zed with 70% ethanol and 4.5% commercial sodium hypochlorite.
olanum lycopersicum L. cv. Rio Grande seeds were surface-sterilized
ith 70% ethanol for 1 min, follo w ed b y a 2.5% NaClO w ash for 2
in, and rinsed with sterile distilled water. The seeds were ger-
inated in chambers for 72 h at 21 ◦C with a 12-h light/dark cycle
efor e being tr ansferr ed to hydr oponic containers, with fiv e plants
er container. 

In order to investigate the impact of bacterial communities on
lant productivity under low and high nutrient availability condi-
ions, we established treatments with the same soil inoculum in
ow (t50, 50% of the recommended hydroponic fertilizer) and high
utrient availability (t100, 100% of the recommended hydroponic
ertilizer). Eac h tr eatment included 5 g of soil added to the hydr o-
onic medium, along with thr ee pots, eac h containing four plants.
e established controls containing only fertilizer (f100 and f50)

nd Nutritional Controls (NC) with sterilized inoculum for both
onditions (NC50 and NC100). The sterilized inocula allo w ed the
 v aluation of nutritional contributions without the native micro-
iota NC. The plants were grown for 30 days in a greenhouse un-
er natural light and dark conditions. Phenotypic traits were mea-
ured at the end of the experiment. 

To describe bacterial communities under low-nutrient avail-
bility, we a pplied tr eatments with 50% of the recommended fer-
ilizer. Se v en differ ent soil samples wer e used as separ ate micr o-
ial inocula in the hydroponic system across treatments (Fig. 1 ).
ac h tr eatment included 5 g of soil added to the hydr oponic
edium, along with thr ee pots, eac h containing five plants. We in-

or por ated NC contr ols 50% fertilized (Fig. 1 ). To e v aluate gr owth
nder varied nutrient conditions we included two different con-
rols: one with 100% fertilization (f100) and another with 50% fer-
ilization (f50), both without soil (Fig. 1 ). The plants were grown for
0 days in a greenhouse under natural light and dark conditions. 

The experiment used 240 plants across treatments and con-
r ols. We e v aluated the se v en collected soils, testing 15 plants per
oil type. Phenotypic traits were measured at the end of the ex-
eriment. We compared plant phenotypic traits—stem length, dry
eight, stem diameter, and leaf ar ea—between tr eatments and

ontrols to identify significant growth impro vements . Stem length
as measur ed fr om the base to the a pical meristem (Ohta and

keda 2015 ). Stem diameter was measured below the cotyledons
ith an electronic Vernier (Jwa and Walling 2001 ). Leaf area was

stimated using aerial photogr a phs anal ysed with GIMP (GIMP De-
elopment Team 2021 ) and ImageJ (Schneider et al. 2012 ). Plants
er e ov en-dried at 45 ◦C for 10 days to determine dry weight. Based
n plant phenotypes, we selected three inocula (soils) with posi-
ive effects on plant biomass production for further analysis of
he bacterial communities in the r espectiv e r oots using whole

etagenome shotgun and 16S amplicon sequencing. 
The hydroponic medium used for the 100% fertilized pots (f100

nd t100) contained per liter: 0.5 g MgSO 4 , 0.45 g KNO 3 , 0.22 g
H 2 PO 4 , 0.8 g citric acid, 0.1 g EDDHA–F e , 1 g Ca(NO 3 ) 2 , and 0.3 g
TEM (S 13%, B 1.35%, Cu 2.3%, Fe 7.5%, Mn 8%, Mo 0.04%, and Zn
.5%). Treatments (t50), f50, and NC used a medium with half of
hese nutrient concentrations ( Table S2 ). NC were established by
utoclaving the inocula twice (15 min at 121 ◦C, 15 psi, with a 24-h

nterval). 

etagenomic DNA processing, sequencing, and 

nalyses 

hizospher e and endospher e fr actions of our hydroponic plants
 ere obtained follo wing Lundberg et al. ( 2012 ). DN A w as extracted

r om the rhizospher e and endospher e using the Po w erSoil DN A
xtr action Kit (Qia gen, Hilden, German y). Rhizospher e and endo-
pher e fr actions wer e anal ysed separ atel y for 16S rRNA gene se-
uencing and mixed for shotgun metagenomic sequencing. For
6S rRNA gene sequencing, the V3–V4 regions were amplified (Her-
emann et al. 2011 ) and sequenced on an Illumina MiSeq platform.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
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Figur e 1. Experimental la yout. T he dia gr am summarizes the methods to e v aluate the effect of rhizospher e comm unities and fertilization le v els in 
tomato growing in a hydroponic system: (A) treatment groups: nonsterilized soil with microbial inoculants and 50% fertilization; seven different soils 
were tested individually. Nutrient Control, one for each soil tested (NC): sterilized soil with 50% fertilization. 50% Fertilizer Control (f50): reduced 
nutrient conditions without microbial inoculation. 100% Fertilizer Control (f100): Full nutrient conditions without microbial inoculation. (B) We 
selected inoculated plants grown in nonsterilized soil, which sho w ed better growth under 50% fertilization compared to those grown in sterilized soil 
and f50, highlighting the effects of microbial communities on plant biomass production. WMS: whole metagenome sequencing. Reproduced from 

Mejia et al. ( 2024 ) under CC-BY license. 
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The 16S rRNA gene was amplified using 341F/805R primers tar- 
geting the V3–V4 regions, following the Illumina MiSeq protocol 
with 5 ′ o verhangs . Duplicate pol ymer ase c hain r eaction (PCR) for 
each sample were performed with Pfx platinum polymerase un- 
der the following conditions: 95 ◦C for 3 min; 5 cycles at 94 ◦C for 
30 s, 55 ◦C for 30 s, and 68 ◦C for 30 s; then 25 cycles at 94 ◦C for 5 s
and 68 ◦C for 30 s; and a final extension at 68 ◦C for 5 min. Products 
were purified with the SV Wizard PCR Purification Kit (Promega,
WI, USA). Shotgun metagenomic sequencing of both fractions was 
conducted using the Illumina NextSeq 2 × 150 at the LANGEBIO 

Genomic Services Laboratory. 
Detailed bioinformatics and statistical analysis procedures for 

16S sequencing are available on GitHub (genomica-fciencias- 
unam/tomato-hydr oponics). Briefly, r aw r eads wer e trimmed us- 
ing the FASTX-Toolkit (“fastx_trimmer”) (Hannon 2010 ) when the 
Phred quality score was below 20. Forward reads were trimmed to 
250 bases, and r e v erse r eads to 220 bases . T he r eads wer e assem-
bled with PANDAseq (Masella et al. 2012 ) using a minimum over- 
lap of 250 bp and a quality thr eshold 0.6. Oper ational taxonomic 
units (OTUs) were defined at 97% identity and clustered using cd- 
hit-est v4.7 (Li and Godzik 2006 ). Singleton sequences, c himaer as 
(detected by blast_fr a gments method; Ca por aso et al. 2010 ), mi- 
toc hondria, and c hlor oplast sequences wer e r emov ed. Taxonomy 
was assigned using BLAST (Altschul et al. 1990 ) with the SILVA 

v138.1 database (Quast et al. 2013 ). 
Meta genomic r eads wer e quality-filter ed with Trimmomatic 

v0.36 (Bolger et al. 2014 ). Sequences matching the S. lycoper- 
sicum genome (NCBI BioProject: PRJN A66163) w ere removed with 

Bowtie2 v2.3.4.1 (Langmead and Salzberg 2012 ). Quality-filtered 

sequences were assembled with metaSPADES v3.12.0 (Nurk et al.
2017 ). Unma pped r eads wer e r eassembled with Velv et v1.2.10 us- 
ng a k-mer size 31 (Zerbino and Birney 2008 ). Contigs from both
ssemblies were used to predict open reading frames (ORFs) with
rodigal v2.6.3 (Hyatt et al. 2010 ). Predicted genes were anno-
ated against the M5nr database (Wilke et al. 2012 ) using Dia-

ond v0.9.18.119 (Buchfink et al. 2015 ). Taxonomic assignment 
f predicted proteins was performed with Kraken2 v2.1.2 (Wood 

t al. 2019 ) using default parameters and the PlusPF database
ith RefSeq indexes (O’Leary et al. 2016 ). An abundance table
 as generated b y ma pping r eads a gainst pr edicted pr oteins using
owtie2. Unannotated proteins wer e cluster ed with cd-hit v4.7 (Li
nd Godzik 2006 ) at 70% identity. 

To compare the predicted protein diversity associated with 

omato in hydroponics (this study) to that associated with tomato 
rown in soil, we r etrie v ed meta genome data fr om a pr e vious
tudy on soil-grown tomatoes of the same genotype ( S. lycoper-
icum v ar. Río Gr ande) wer e r etrie v ed fr om NCBI BioPr oject: PR-
NA603603 (Barajas et al. 2020 ) and processed alongside the cur-
ent sequencing data. For comparative analysis, both datasets 
er e compar ed using subsamples of eac h meta genome by select-

ng 1 × 106 random reads in three replicates. 

axonomic identification of bacteria associated 

ith low-nutrient availability and metagenomic 

nalysis 

e analysed bacterial taxa in treatments and control groups us-
ng the 16S rRNA gene. We calculated r elativ e abundances and
mplo y ed P earson’s correlation to examine relationships with
lant phenotypic variables, focusing on taxa consistently present 
ith high correlation coefficients ( r 2 > 0.7). Additionally, to iden-

ify gener a potentiall y involv ed in compensating for nutrient
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(

car city, w e conducted a differential abundance analysis using the
orncob R pac ka ge (Martin et al. 2020 ). Gener a ov err epr esented
n treatments with low-nutrient availability were identified us-
ng DESeq2 v1.10.1 (Love et al. 2014 ). To identify those genera re-
ruited by tomato in low-nutrient conditions, we calculated gen-
r a shar ed and unique among contr ols and tr eatments using a
enn Dia gr am. 

omparison of the tomato root microbiome in 

ydroponic and soil-grown systems, and core 

icrobiome 

o understand the role of the cultivation medium in shaping the
omato bacterial communities and the microbiome, we used data
ener ated by Bar ajas et al. ( 2020 ), whic h includes 16S rRNA am-
licons and shotgun sequencing data from tomato roots grown in
oil. We compared these data with those generated in the present
ork, where tomatoes of the same genotype were grown in hydro-
onics. Hydroponic inocula originated from agricultural soils, dif-
ering from soils used for soil-grown tomatoes. Soil-grown tomato
ata were reanalysed to identify Tomato Core Microbiome (TCM),
ocusing on the intersection of genera across all samples from
oth treatments in hydroponic and soil-grown plants. 

We defined a Hydroponic Tomato Core Metagenome (HTCMe)
r om pr otein families shar ed acr oss all hydr oponic tr eatments.
t the same time, the Tomato Core Metagenome (TCMe) was es-

ablished fr om pr otein families in all r oot samples fr om both
onditions (hydroponics and soil). Nonmetric dimensional scal-
ng (NMDS) and was used to compare protein families across both
atasets. 

ydroponic bacteria pangenome analysis 

he 16S amplicon analysis identified genera with high correlation
alues to plant traits , o verrepresented in treatments and present
n the cor e micr obiome. We searc hed for their pangenomes in
he hydroponic rhizosphere metagenomes. Using Prokka v1.12,
e annotated r efer ence genomes fr om selected bacterial species:

lavobacterium (43 genomes), Hyphomicrobium (6), Luteolibacter (8),
ethyloversatilis (3), and Sphingopyxis (19), chosen for their associ-

tion with tomatoes and pr e v alence in our samples. Roary soft-
are calculated pangenomes aligned with hydroponic metage-
omic reads using Promer v3.23. Alignment percentage identity
nd cov er a ge wer e visualized with identity gr a phs cr eated using
he promer_deid_v9gmv.py script (available on GitHub). 

a ta anal yses 

tatistical analyses of plant phenotypes were conducted using R
3.5.1 (R De v elopment Cor e Team 2003 ), with ggplot2 v3.3.0 (Wic k-
am 2016 ) for plot design. Diversity analysis utilized R’s phyloseq
1.24.2 (McMurdie and Holmes 2013 ). Spearman correlations be-
ween genera abundance and plant phenotype were analysed us-
ng corrplot v0.84 (Wei 2021 ), P -values were adjusted for mul-
iple comparisons using the Benjamini–Hoc hber g method. Gen-
r a anal ysis in hydr oponics and cor e micr obiome calculations
mplo y ed the Venn dia gr am v1.6.20 (Chen 2022 ). Protein core
etagenome was determined with UpSet v1.4.0 (Conway et al.

017 ). Differential taxa and predicted proteins were calculated
sing DESeq2 v1.10.1 (Love et al. 2014 ) in R v3.2.2. constrained
nalysis of principal coordinates (CAP) analysis used the Bray–
urtis dissimilarity scor e, constr ained by plant phenotypic traits.
MDS ordination used Bray–Curtis dissimilarity scores between
r edicted pr oteins of tomato hydr oponic and soil systems. 
esults 

lant productivity and microbiome di v ersity 

nder low-nutrient availability 

e hypothesize that nutrient limitation drives the selection of
acterial communities that compensate for nutrient deficiencies.
o test this, we used S. lycopersicum plants in a hydroponic sys-
em to investigate the effect of microorganisms on plant pro-
uctivity under low-nutrient availability. We implemented treat-
ents with soil added to the hydroponic medium as a microbial

noculum under low-nutrient availability (50% fertilization, t50).
e contrasted these conditions with plants growing under high

utrient availability and the same soil inoculum (100% fertiliza-
ion, t100). In this experiment, we included controls containing
nly fertilizer (f100 and f50) and controls with the sterilized in-
culum under low (50% fertilization, NC50) and high (100% fer-
ilization, NC100) nutrient a vailability. T hese controls allo w ed us
o e v aluate the nutritional contribution of the inoculum as well
s the contribution of the fertilizer to plant growth under both
onditions. 

The presence of the inoculum under high nutrient availabil-
ty (t100) diminished biomass production compared to f100 con-
rol ( t -test, P ≤ .001) ( Fig. S1 A). Likewise, no significant differences
ere detected in plant length between t100 and its r espectiv e con-

rols NC100 and f100 ( Fig. S1 B). In contrast, under limited nutri-
nt availability, t50 exhibited higher biomass production and plant
ength compared to f50 and NC50 ( t -test, P ≤ .001) ( Fig. S1 A and B
nd Table S3 ). These results indicate that bacteria and other mi-
r oor ganisms fr om the inoculum hav e a positiv e impact on plant
roductivity under low-nutrient availability conditions. 

Based on the positive effect of microbial communities on plant
roductivity under low-nutrient availability, we evaluated multi-
le inocula and c har acterize the bacterial community associated
ith tomato under these conditions . Treatments in volved plants
ith a low-nutrient profile (50% fertilization) and soil as a micro-
ial inoculum. Controls included a group without inoculum with
0% fertilizer (f50) and another with 100% fertilizer (f100) to e v alu-
te growth under different nutrient conditions. Nutrient controls
NC) wer e pr epar ed with sterilized inoculum and r eceiv ed 50% fer-
ilization (Fig. 1 ). Our assessment of se v er al plant tr aits r e v ealed
he effects of bacterial communities originating from the inocu-
um. 

T he highest a v er a ge biomass was r ecorded in the maximum
ertilization control (f100 = 4.86 g ± 0.71), follo w ed b y the 50% fer-
ilized pots with soil as microbial inoculants (treatment = 2.77 g

0.46). Sterilized soil with 50% nutrients produced lo w er biomass
NC = 1.87 g ± 0.57), while the minimum fertilization control (f50)
roduced the least biomass (0.83 g ± 0.45).These findings under-
core the potential of bacteria and other micr oor ganisms in en-
ancing plant gr owth, particularl y under nutrient-limited condi-
ions 

Biomass production in treatments significantly exceeded that
f the f50 and NC gr oups, demonstr ating enhanced performance
n treatments with inoculum and low-nutrient availability ( t -test,
 ≤ .001 and P ≤ .05, r espectiv el y; Fig. 2 A and B). Similarly, the
ighest stem diameters were observed in f100 (5.60 mm ± 0.29)
nd treatments (4.81 mm ± 0.16), with treatments showing signif-
cant impr ov ements ov er NC (3.70 mm ± 0.39) and f50 (3.12 mm ±
.72) ( t -test, P ≤ .001 and P ≤ .5, r espectiv el y). The stem length of
reatments (32.84 cm ± 2.34) was comparable to f100 (37.16 cm ±
.64), showing no significant difference, despite being significantly
onger than those of f50 (20.7 cm ± 4.15) and NC (26.99 cm ± 2.85)
 t -test, P ≤ .05 and P ≤ .01, r espectiv el y). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
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Figure 2. Effect of low-nutrient availability on root-associated bacterial diversity and plant growth. (A) Re presentati ve plants from the low-nutrient 
availability experiment: 50% fertilizer control (red, f50), 100% fertilizer control (gray, f100), NC (green), and treatment (y ello w), illustrating visual 
differences in plant growth. (B) Box plots of plant biomass production, highlighting growth differences under varying nutrient and microbial 
conditions ( ∗P < .05, ∗∗P < .01, and ∗∗∗P < .001). (C) Box plots showing the Shannon diversity index across treatment groups, indicating variations in 
micr obial div ersity. (D) Heatma p depicting the r elativ e abundance of phyla within eac h tr eatment and contr ol gr oup, with phyla of low r elativ e 
abundance ( ≤ 0.001) shown in the “Low abundance” category. (E) CAP ordination plots based on Bray–Curtis distances, correlating OTUs with plant 
phenotypic traits and pH across all groups, illustrating the influence of microbial diversity on plant characteristics. 
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No significant differences were observed in leaf area between 

treatments (1390.79 cm 

2 ± 211.21) and NC (1072.62 cm 

2 ± 336.20) 
or between treatments and f50 (690.93 cm 

2 ± 451.71). Additionally,
w et w eights w er e similar acr oss tr eatments (10.59 g ± 1.47), f50 
(5.86 g ± 3.41), and NC (9.24 g ± 2.18). 

The substantial growth observed in treatments, compared to 
f50 and NC, suggests a beneficial impact of bacterial communities 
(Fig. 2 A and Table S4 ). In contr ast, c hlor osis, r educed biomass pr o- 
duction, and poor growth performance in the f50 group indicate 
nutritional stress and suboptimal growth conditions (Fig. 2 A). 

Plant root bacteria di v ersity under low-nutrient 
availability 

We sequenced 3 591 762 reads (average = 284 bp) across 32 sam- 
ples. After quality control and sequence clustering, we identified 

12 294 OTUs (97% 16S rRNA gene identity). T hese O TUs were clas- 
sified within the hydroponic dataset, encompassing treatments, 
NC, and fertilized controls (f100 and f50). 

Treatments exhibited the highest richness with 7247 OTUs 
(Chao1 = 3223.19 ± 321.24), follo w ed b y NC with 5265 OTUs 
(Chao1 = 2812.76 ± 268.88), f50 with 3077 OTUs (Chao1 = 3019.89 
± 666.25), and f100 with 2957 OTUs (Chao1 = 2812.95 ± 323.14).
he Shannon index r e v ealed that tr eatments had the highest bac-
erial diversity (median = 5.03 ± 0.51), follo w ed b y f50 (4.66 ± 0.32).
100 and NC sho w ed reduced diversity (4.36 ± 0.07; 3.80 ± 0.31, re-
pectiv el y). Significant differ ences wer e found in the div ersity of
r eatments compar ed to all other gr oups (ANOVA, P = 3.48 ×10 −6 ;
uk e y-HSD, P -adj < .05), indicating a r obust micr obial enric hment
nder treatment conditions (Fig. 2 B). 

acterial taxa associated with tomato roots 

nder low-nutrient conditions 

axonomic assignments of OTUs r e v ealed that Pr oteobacteria was
he dominant phylum across all conditions. Ho w e v er, tr eatments
isplay ed a lo w er pr oportion of Pr oteobacteria (x = 49.66%) com-
ared to f100 (66.71%), f50 (55.35%), and NC (52.05%). Bacteroidota
ollo w ed in abundance, with treatments showing a lower percent-
 ge (33.09%) compar ed to f50 (40.89%) and NC (46.54%), while f100
ad the lo w est (30.16%). Verrucomicrobiota w as notabl y mor e
bundant in treatments (13.59%) than all controls, indicating dis- 
inct micr obial comm unity structuring under tr eatment condi-
ions (Fig. 2 D). 

T he 12 294 O TUs wer e assigned to 818 bacterial gener a.
lavobacterium was the most abundant in treatments (x = 22.79%)

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
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F igure 3. Relationship betw een micr obial gener a and plant phenotype. (A) Heatma ps showing the corr elation between bacterial gener a r elativ e 
abundance (gray scale) and plant phenotypic traits across treatment and control groups. Genera are sorted by decreasing correlation values, indicating 
their association with plant growth characteristics. Symbols denote genera overrepresented in treatments ( ∗), and those unique to treatments ( + ). (B) 
Venn dia gr am illustr ating the distribution of micr obial gener a in contr ols and tr eatments, highlighting shar ed and unique comm unities to emphasize 
differences in microbial recruitment and establishment under varying conditions. 
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nd had a substantial r elativ e abundance growth in NC (45.14%).
n contrast, the relative abundance of Flavobacterium was lower in
100 (18.65%) and f50 (16.33%). On the other hand, Allorhizobium –
eorhizobium –Pararhizobium –Rhizobium ( ANPR ), considered a single
enus by the SILVA database, was the most pr e v alent genus in f100
29.70%) and f50 (19.13%). Ho w e v er, ANPR r elativ e abundance de-
reased in both treatments (6.49%) and NC (14.66%). Notably, Lu-
eolibacter sho w ed a remarkable increase in treatments (11.76%)
hen compared with NC (0.09%), f100 (0.02%), and f50 (0.009%)

 Fig. S2 , Table S6 , and S7 ). 
A CAP was performed on the 16S communities using Bray–

urtis distances (Fig. 2 E), explaining 22.9% of the variance in mi-
r obial comm unities , with C AP1 accounting for 13.3% and C AP2
or 9.6%. The treatment groups formed distinct clusters, sepa-
 ate fr om the contr ols. Significant differ ences wer e found between
he treatments, NC, and controls ( P = 1 ×10 −4 ; Adonis), with con-
rols (f50 and f100) showing greater dispersion. A notable differ-
nce was observed between NC (sterilized soils with 50% fertil-
zer) and treatments (soil inoculum with 50% fertilizer), indicating
ifferences in the bacterial communities. Plant phenotypic traits
uch as dry weight, stem diameter, stem length, and leaf area
er e positiv el y r elated to bacterial comm unities and its struc-
ure in the treatments, based on the CAP analysis (Fig. 2 E). Phe-
otypic traits and bacterial genera abundance suggested k e y bac-
erial taxa in plant interaction. Significant Spearman’s correla-
ions ( P ≤ .05), sho w ed that genera strongly correlated with ben-
ficial plant phenotypes were prevalent in treatments. In con-
rast, those with low or negative correlations were found in NC
nd f50 controls (Fig. 3 A). Genera such as Sphingopyxis , Hyphomi-
robium , Bradyrhizobium , Neorhizobium , Flavihumibacter , Luteolibac-
er , and Sphingobium sho w ed the highest corr elation with positiv e
lant traits ( Table S7 ). Additionally, differential abundance anal-
sis using corncob R pac ka ge (Martin et al. 2020 ) sho w ed a posi-
ive and significant association between genera such as Hyphomi-
robium , Luteolibacter , and Sphingopyxis and plant phenotypic traits
 Fig. S3 ). Suggesting they could positiv el y impact plant productiv-
ty. 

Qualitati ve and quantitati ve analyses delineated shared and
nique bacterial genera between treatments and controls. A Venn
ia gr am r e v ealed 179 unique genera within tr eatment gr oups,
uggesting a rich diversity of potentially beneficial microbes
Fig. 3 B and Table S8 ). We found unique genera in treatments, in-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
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cluding Kaistia , Peredibacter , Nitrosococcus , Leucobacter , Pseudoruege- 
ria , and Desulfonispora . Additionally, these gener a wer e positiv el y 
correlated with plant phenotypes (Fig. 3 A). 

Sixty-six genera sho w ed significant variations in abundance 
between treatments. ( P -adj ≤ 0.05, DESeq2 ), including Caedibacter ,
Luteolibacter , Flavihumibacter , Sphingobium , and Bradyrhizobium , as- 
sociated with positive plant traits ( Table S9 ). Additionally, 13 gen- 
era sho w ed significant changes in contr ols, suc h as Brevundimonas ,
the combined group ANPR , Phenylobacterium , and Flavobacterium ,
also positiv el y corr elated with plant phenotypes ( Table S7 ). This 
analysis highlights the dynamic interactions between bacterial 
communities and plant phenotypic traits under low-nutrient con- 
ditions with an inoculum, suggesting bacterial taxa potentially as- 
sociated with plant growth. 

Shared core taxa of tomato microbiome under 
hydroponics and soil growth 

Our r esearc h identified a cor e micr obiome in hydr oponic tomato 
r oots, consistent acr oss all tr eatments and comprising 34 gener a,
collectiv el y known as the Hydroponic Tomato Core Microbiome 
(HTCM; Fig. 4 A). HTCM include Flavobacterium , Luteolibacter , Sph- 
ingobium , ANPR , Caedibacter , Rhodobacter , Dyadobacter , and Sphin- 
gopyxis . We also identified a relaxed core featuring genera present 
in at least 11 of the 12 treatment samples, such as Flavihumibac- 
ter , P orph yrobacter , Defluviicoccus , Edaphobaculum , Hyphomonas , Gem- 
matimonas , Candidatus Protoc hlam ydia , Brad yrhizobium , and Nordella 
(Fig. 4 A). 

Comparing hydroponic and soil-grown tomato roots (Barajas et 
al. 2020 ) r e v ealed 212 common gener a, 133 unique to hydr opon- 
ics, and 777 exclusive to soil (Fig. 4 B and Table S10 ). The HTCM 

and Soil Tomato Core Microbiome (STCM) comparison sho w ed 

nine genera common to both systems, forming the TCM. This hy- 
brid core includes Sphingomonas , Sphingobium , Rhizobium , Devosia ,
Caulobacter , Dongia , Novosphingobium , Bacillus , and Prosthecobacter 
(Fig. 4 C). 

The r elativ e abundance of these gener a v aried, with Sphingob- 
ium mor e pr e v alent in hydr oponics and Sphingomonas more abun- 
dant in soil, highlighting their adaptability and crucial role in the 
tomato root microbiome across different conditions. 

Tomato root metagenomic di v ersity under 
lo w-nutrient av ailability 

Hydr oponic tr eatment meta genomes gener ated 126 030 926 raw 

r eads. After quality contr ol and filtering out host plant sequences 
( S. lycopersicum L.), 114 475 444 sequences remained, assembling 
into 5 239 742 contigs with an av er a ge length (N50) of 1506 base 
pairs. Pr otein pr ediction identified 5 196 182 pr oteins gr ouped into 
1 984 648 protein families at 70% identity. Of these, 722 677 pro- 
teins were annotated using the M5nr database ( Table S11 ). 

Notable proteins in hydroponic treatments included the IS110- 
like element ISPa71 transposase (0.05% relative abundance) 
and others such as hypothetical proteins hp_5547 (0.037%) and 

hp_304 (0.028%), a DUF11 domain-containing protein (0.023%), 
gl ycosyltr ansfer ase (0.022%), and a Z1 domain-containing pro- 
tein (0.020%). Proteins involved in heavy metal efflux, like the 
CusA/CzcA family RND transporter, also sho w ed a 0.020% abun- 
dance ( Table S13 ). 

NMDS analysis sho w ed distinct clustering of pr edicted pr o- 
teins of hydroponic and soil-grown tomato metagenomic proteins 
( Fig. S4 A). Hydroponic samples contained significantly more pro- 
teins (334 724) than soil samples (142 737; P ≤ .01 Wilcoxon). The 
hannon–Weav er div ersity index was higher in hydroponic sam-
les (H’ = 11.62 ± 0.22) compared to soil samples (H’ = 10.97 ±
.28) ( Table S14 and Fig. S5 ), likely due to higher sequencing cov-
r a ge in hydroponics (42 × 10 6 reads versus 29 × 10 6 in soil). 

DESeq2 analysis identified significant differences between pro- 
ein families in hydroponic (1388 families) and tomato soil 

etagenomes (330 families) ( P -adj ≤ .001) ( Fig. S4B ). Proteins
ike the IS110-like element ISPa71 transposase and the TonB- 
e pendent rece ptor wer e mor e pr e v alent in hydr oponic samples
 Table S15 ). Cluster of Orthologous Groups (COG) categorization 

ho w ed abundant categories in hydr oponics: r eplication, r ecom-
ination, and repair (L COG); unknown functions (S COG); amino
cid transport and metabolism (E COG); translation, ribosomal 
tructure, and biogenesis (J COG); and inorganic ion transport and
etabolism (P COG) ( Fig. S4 C). 

hotgun metagenomics taxa di v ersity 

he total metagenome provides an unbiased perspective on mi- 
r obial div ersity, avoiding PCR amplification biases associated 

ith 16S amplicons, ITS, and other marker genes (de Lilo et al.
006 , Tessler et al. 2017 ). Taxonomic assignment of all metage-
omic shotgun contigs was conducted using the Kraken2 (Wood 

t al. 2019 ) pr ogr am. F or the h ydr oponic-gr own tomatoes, most
f the sequences were assigned to bacteria (93.72%), follo w ed b y
ukary otes (6.2%), ar c haea (0.008%), and vir al sequences (0.025%).
mong the eukaryotes, most sequences were identified as human 

0.76%) and fungi (0.28%), while the remaining 5.16% comprised a
iv erse arr a y of unicellular eukaryotes . A complete table of tax-
nomic assignments and abundances is available in the supple- 
entary materials ( Table S12 ). 
We identified a notable mix of potentially phytopathogenic,

a pr ophytic, and biocontr ol fungi and fermenting yeasts, basid-
omycetes , algae , protozoans , and parasites within the eukary-
tic diversity. The detected phytopathogenic genera included Cer- 
ospora , Fulvia , Zymoseptoria , Colletotrichum , Botrytis , Fusarium , Pyric-
laria , Rhizoctonia , Ustilaginoidea , and Puccinia (Doehlemann et al.
017 ). The sampled plants exhibited no symptoms despite known
lant pathogens and a ppear ed healthy. We also identified fungi
apable of degrading lignocellulose and organic matter, including 
arasmius , Thermothelomyces , Thermothielavioides , and Neurospora 

Wang et al. 2023 , Caputo et al. 2024 ). Notabl y, Thermothelom yces
as demonstrated the potential for degrading bacterial biofilms,

ncluding Esc heric hia coli (Samaniego et al. 2024 ). Additionally,
ungi with antibiotic production capabilities and biocontrol po- 
ential, such as Aspergillus , Penicillium , and Talaromyces , were de-
ected (Nicoletti and Trincone 2016 , Boruta et al. 2021 , Abbas
t al. 2024 ). Diatoms, like Thalassiosira pseudonana and Haslea os-
rearia , were identified in the system. Fewer than 40 contigs cor-
esponded to various protozoa and zoonotic parasites, including 
lasmodium malariae , Cryptosporidium spp., and Theileria spp. This 
nding highlights the importance of environmental monitoring 
rom a One Health perspective, particularly for tracking poten- 
ially pathogenic organisms in nonhuman en vironments . 

Regar ding ar chaea, w e found multiple species of halophilic
e.g. Halobaculum and Halorubrum ), methanogenic (e.g. Methan- 
thermobacter and Methanobacterium ), ammonia-oxidizing archaea 
A O A) (e.g. Nitrosocosmicus ). Nitrosocosmicus has already been re-
orted to be associated with plant rhizospheres and plays k e y
oles as A O A archaea (Alves et al. 2019 , Lee et al. 2024 ). Viruses
er e pr esent in lo w abundance (0.025%), y et w e found virus-

nfecting algae (e.g. ATCV1 and Micromonas viruses), fish-infecting 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
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Figure 4. Analysis of the TCM in hydroponic and comparison with soil systems. (A) Heatmap showing the relative abundances of genera within the 
HTCM. Relaxed core was determined by accounting for the presence of each genus in all samples except one. ANPR . (B) The Venn dia gr am shows the 
shar ed gener a between tomatoes in soil and hydr oponics. (C) Relativ e abundance of gener a found in a strict cor e for hydr oponic and soil rhizospher e 
samples. 
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iruses (e .g. K oi herpesvirus), and insect-infecting viruses (e .g. en-
omopoxvirus) for moths and lepidopterans. Although bacterial
equences dominated the analysed microbiomes, these findings
emonstrate that shotgun sequencing enables the detection of
r oader micr obial div ersity, including low-abundance taxa. Giv en
ur focus, subsequent analyses will center on the bacterial com-
onent. 

CMe analysis 

e identified a core set of 48 116 protein families in all hy-
roponic tomato treatments, termed the HTCMe ( Fig. S6 A and
able S16 ). The HTCMe includes various proteins such as the
S110-like element ISPa71 family transposase, DUF11 domain-
ontaining pr otein, gl ycosyltr ansfer ase, Z1 domain-containing
r otein, CusA/CzcA famil y heavy metal efflux RND transporter,
nd PAS domain S-box pr otein. Notabl y, it also contains proteins
nvolved in plant growth promotion, including tRNA dimethylallyl
r ansfer ase MiaA, indole acetamide hydrolase, tryptophan decar-
oxylase, aldeh yde deh ydrogenase, and components of the nitro-
enase enzyme complex ( nifD , nifK , nifH , nifA , nifB , nifE , nifN , nifW ,
nd nifZ ). 

Using metagenomic data from soil-grown tomatoes (Barajas et
l. 2020 ), we established the Soil-grown Tomato Core Metagenome
STCMe) ( Fig. S6 B and Table S17 ). We also defined the TCMe
s protein families common to all soil-grown and hydroponic
omato rhizosphere samples . T he TCMe comprises 663 protein
amilies, including BamA/TamA family outer membrane proteins,
amB domain-containing proteins, patatin-like proteins, aspar-
ate aminotr ansfer ase famil y pr oteins, TonB-dependent r eceptors,
AD-glutamate dehydrogenase, and glutamate synthase large
ubunit. These pr oteins wer e consistentl y detected acr oss all sam-
les, underscoring their fundamental role in tomato physiology
cr oss differ ent gr owing conditions ( Fig. S6 C and Table S18 ). 

ey bacteria identification in metagenomes 

e constructed genus-le v el pangenomes using the r efer ence
enomes of Luteolibacter , Flavobacterium , Sphingopyxis , and Hy-
homicrobium , whic h wer e identified as k e y taxa in the tomato root
nder low-nutrient availability through 16S rRNA analysis . T hese
angenomes served as anchors to recruit metagenomic reads, ver-

fying their presence in the hydr oponic rhizospher e. Comparison
ith hydr oponic meta genomic r eads sho w ed high similarity, with
mino acid identities ranging from 70% to 100%, confirming their

nvolvement in the hydroponic rhizosphere (Fig. 5 A). 
Additionally , Luteolibacter was the most prevalent genus in

ydroponic taxonomy, with significant representation from Lu-
eolibacter luteus (12.14%) and Luteolibacter ambystomatis (11.9%).
ther notable classifications included bacteria (4.37%), Proteobac-

eria (1.61%), Pseudomonas mexicana (1.53%), and Methyloversatilis
p . RA C08 (0.93%) ( Table S19 and Fig. S7 ). 

We also identified nitr ogen-fixation-r elated pr otein families us-
ng Le v el 4 SEED categories, showing an increased abundance
n hydr oponic tr eatments compar ed to soil meta genomes, espe-
iall y the nitr ogenase complex (Fig. 5 B). Taxonomic identifica-
ion with Kr aken2 r e v ealed that the Methyloversatilis genome con-
ained all identified Nif-r elated pr oteins, follo w ed b y unclassified
yanobacteria and Rhizobacter sp . AJ A081-3. An analysis of the
ethyloversatilis pangenome confirmed its presence in hydroponic
etagenomes, with amino acid identity percentages ranging from

0% to 100% (Fig. 5 C). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
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Figure 5. P angenomic anal ysis of k e y micr obial gener a in tomato rhizospher es under low-nutrient av ailability. (A) Recruitment plots showing 
hydr oponic rhizospher e meta genomes six-fr ame tr anslations and its amino acid identity a gainst Luteolibacter , Flavobacterium , Sphingopyxis , and 
Hyphomicrobium pangenomes. Blue dots are forw ar d and pink ones reverse matches. (B) Heatmap of nitrogen-fixation proteins showcasing the relative 
abundance in hydroponic versus soil tomato metagenomes. A green heatmap is also included to present a taxonomic revision of each protein, 
detailing the taxa associated with each nitrogen-fixation protein and their relative abundances. (C) Cov er a ge and av er a ge amino acid identity gr a phs 
for Methyloversatilis . This panel highlights the genomic r epr esentation and sequence conservation of Methyloversatilis in the metagenomes, 
underscoring its significance in nitrogen metabolism within the hydroponic system. 
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Discussion 

Microbiome di v ersity and plant growth 

As expected, the highest micr obiome div ersity was observ ed in 

tr eatments (Fig. 2 C), while contr ol gr oups f50, f100, and the NC 

group sho w ed lo w er diversity due to the lack of additional mi- 
crobiological input. Ho w ever, the Shannon diversity values in our 
treatments (4.92 ± 0.29) were lo w er than those reported in previ- 
ous studies of soil-grown tomatoes. Cai et al. ( 2017 ) reported an 

av er a ge div ersity of 5.38, and Bar ajas et al. ( 2020 ) r eported v alues
between 6.21 and 7.75. In hydroponic conditions, Shannon values 
r anged fr om 3.2 to 4.3, as Anzalone et al. ( 2022 ) noted, suggesting 
that the confined environment of hydroponics limits micr oor gan- 
ism movement to w ar d plant r oots, r educing div ersity. Anzalone 
et al. ( 2022 ) also reported a decrease in fungi in hydroponics com- 
pared to soil-grown tomatoes. 

The fertilized controls sho w ed predictable gro wth patterns,
with the f100 controls achieving the highest biomass, indicating 
their nutritional needs were fully met. Ho w ever, they exhibited 

lo w er bacterial diversity than the f50 controls (Fig. 2 C), supporting 
van der Heijden et al. ( 2008 ), who hypothesized that optimal nutri- 
ent conditions reduce the need for plants to recruit a diverse mi- 
t
r obial comm unity. Tr eatments with 50% fertilization and inocu-
ation sho w ed gr eater bacterial div ersity and biomass than the f50
nd NC controls . T his suggests that plants recruit bacteria under
utrient-limited conditions to support their growth. Our findings 

ndicate that reduced nutrient availability increases the recruit- 
ent of beneficial microbial diversity, enhancing plant productiv- 

ty. Similar r esults hav e been r eported in rice and soybean under
ow-nutrient conditions (Sinong et al. 2021 , Wang et al. 2024 ) and
n maize, where the root microbiome is linked to plant genetic
ariability under low nitrogen conditions (Meier et al. 2022 ). 

The variation in bacterial communities between treatments 
nd controls (Fig. 2 E) demonstrates a link between the micro-
iome and plant phenotype, indicating that our system facilitates 
he recruitment of rhizosphere communities from the inoculum.
ur study found a high proportion of the phyla Proteobacteria and
acteroidota in both control and treatment groups (Fig. 2 D), con-
istent with pr e vious r eports on tomatoes (Cai et al. 2017 , Zolti et
l. 2019 ). These phyla are typically dominant in the rhizospheres
f tomatoes and other Solanum spp. (Zolti et al. 2019 , Barajas et al.
020 ). 

Verrucomicrobiota was the third most abundant phylum in 

he tomato rhizosphere, consistent with findings from hydroponic 
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omato systems (Vargas et al. 2021 ). In rice studies, Verrucomicro-
iota has been linked to root growth-promoting traits (Bünger et
l. 2020 ). Our r esearc h showed enric hment of Verrucomicr obiota
n treated groups compared to controls, suggesting that this phy-
um ma y pla y an important role in supporting plant de v elopment
nder nutrient scarcity. 

Luteolibacter , a Verrucomicrobiota genus enriched in treatment
r oups, corr elated positiv el y with plant phenotypes and was part
f the Hydr oponic Cor e Micr obiome (HTCM). Found in div erse en-
ironments like potato and leek rhizospheres and marine settings
da Rocha et al. 2010 , Park et al. 2013 ), Luteolibacter has potential as
 plant gr owth-pr omoting activity in heavy metal-contaminated
nvironments (Zadel et al. 2020 ). Proteins related to stress re-
ponses, such as those protecting against reacti ve o xygen species
R OS), w ere identified in Luteolibacter . While Flavobacterium (Bac-
eroidota) was the most abundant genus across treatments and
ontrols, it did not directly correlate with plant phenotypic traits
 Tables S5 and S7 ), indicating a k e y micr obiome r ole despite the
ack of a direct relationship with plant phenotype, aligning with
r e vious observ ations (Anzalone et al. 2022 ). 

Sphingopyxis (Alpha pr oteobacteria) demonstr ated the highest
ositiv e corr elations with plant traits (Fig. 3 A) and was ov err ep-
 esented in tr eatments ( Table S9 ). Known for producing indole
cetic acid and enhancing plant growth, its association with QTLs
n tomatoes underscores its significant role in root microbiome
Oyserman et al. 2022 ). 

Hyphomicrobium (Alpha pr oteobacteria), although not pr edomi-
ant, sho w ed significant correlations with plant traits ( Table S7 ).

ts role in the tomato rhizosphere is likely enhanced by its facul-
ativ e methylotr ophy, allowing it to thrive in hydroponic systems
y utilizing methane (Martineau et al. 2013 ). 

Gener a exclusiv e to tr eatments, suc h as Akkermansia , Methy-
ocapsa , Arenibacter , Marimicrobium , Syntrophomonas , Nitrosococcus ,
hiohalobacter , and Kaistia , could be critical under tomato nutrient-
oor conditions. Kaistia , whic h corr elated positiv el y with plant
raits and was identified in the HTCM, is known for enhanc-
ng plant growth under phosphorus limitation (Liu et al. 2023 ).

etabolites from Kaistia have been reported to modulate the
iofilm and motility of Methylobacterium (Usui et al. 2020a , b ),
hich was also found in the HTCM and positiv el y corr elated with
lant phenotype. 

roteins in hydroponic tomatoes under a 

o w-nutrient concentr a tion 

e identified 1 984 648 protein families with 70% identity in hy-
r oponic tr eatments tar geting plant gr owth pr omotion. Pr oteins
v err epr esented in hydr oponic meta genomes spanned v arious
OG categories, with “Replication and Repair of DNA (L)” being
ost pr e v alent ( Fig. S4 C). Bacterial comm unities likel y use these

r oteins to r epair DNA dama ge fr om R OS under lo w oxygen hydro-
onic conditions. Notable proteins included catalase, cytoc hr ome
 pero xidase, and Vanadium-de pendent halopero xidase, known

or ROS pr otection. Cha per ones ClpB and Gr oEL highlighted ada p-
ation mechanisms crucial in oxygen-limited conditions and key
o survival in hydroponics. 

The HTCMe comprised 48 116 protein families in all conditions,
hile the TCMe included only 663 families . T he most pr e v alent
TCMe protein, the IS110-like element ISPa71 family transposase,

upports the hypothesis that the rhizosphere facilitates horizon-
al gene transfer (Maheshwari et al. 2017 ), allowing DNA rear-
angements that help bacteria adapt to environmental changes
Lugtenberg and Dekkers 1999 ). The HTCMe core features proteins
elated to plant growth, such as enzymes involved in nitrogen fix-
tion ( Table S16 ). 

HTCMe includes the BamA/TamA family outer membrane pro-
ein and T amB domain. T amA and T amB are part of the transloca-
ion and assembly module (TAM) subunits, which assemble outer

embr ane pr oteins r elated to adhesion and biofilm formation in
acteria (Josts et al. 2017 ). These pr oteins ar e crucial for infection
nd host colonization (Heinz et al. 2015 ), indicating TAM’s poten-
ial role in colonizing tomato roots. 

Our study also explored the pangenomes of microbial gen-
ra in the hydroponic root metagenomes, confirming their pres-
nce. Genes within Luteolibacter and Sphingopyxis contigs included
hose related to multidrug resistance efflux pumps and chaper-
nes , which ma y protect bacteria from plant-derived antibacte-
ial compounds (Alv ar ez-Ortega et al. 2013 , Paço et al. 2016 ). This
nding suggests that these efflux pumps play a crucial role in the
uccessful colonization and persistence of these bacteria in the
ydr oponic rhizospher e. 

itrogen fixation and assimilation in the 

acterial community 

e found that nitrogen-fixation genes ar e mor e abundant in our
omato hydroponic system than in soil-grown, emphasizing the
 ole of micr obial comm unities under nutrient deficiency condi-
ions . For instance , nitr ogenase-stabilizing pr otein NifW is crucial
or maintaining nitrogenase activity in aerobic conditions, high-
ighting its significance for diazotrophic bacteria in oxygen-rich
nvironments (Nonaka et al. 2019 ). Another protein enriched in
ydroponics was the nitrogenase molybdenum–iron protein sub-
nits, along with NifB, NifE, and NifN, which are involved in the
iosynthesis of the nitrogenase cofactor (Rettberg et al. 2020 ).
hese findings suggest that nitrogen fixation is a crucial mecha-
ism by which the hydroponic microbiome supports plant growth,
ighlighting the recruitment of such proteins in the root micro-
iome under low-nutrient availability. 

Nitrite can be reduced to ammonia by ferredoxin-nitrite reduc-
ase (NirA) in Luteolibacter or by nitrite r eductase NADPH lar ge sub-
nit (NasD) in Luteolibacter , Sphingopyxis , and Methyloversatilis . This

nvolvement in the nitrogen cycle highlights the collabor ativ e na-
ure of microbial communities in facilitating plant nitrogen ac-
uisition, which is essential for optimal gro wth. Meth yloversatilis
lays a unique role in the hydroponic system by potentially us-

ng methanol or methane for carbon and energy while contribut-
ng to nitrogen fixation (Doronina et al. 2014 , Smalley et al. 2015 ).

ethane in anoxic zones of the hydroponic rhizosphere may en-
ble Methyloversatilis to perform functions such as nitrate reduc-
ion, illustrating the complex interplay of microbial activities that

ay contribute to supporting plant growth (Sun et al. 2016 ). 

onclusions 

his r esearc h highlights the importance of understanding root
icrobiome dynamics under nutrient deficiency as a pathway to

educe fertilizer use and enhance a gricultur al pr oductivity and
ustainability. Excessive fertilization can lead to nutrient pollu-
ion, greenhouse gas emissions, biodiversity loss, and health im-
acts. Our model shows reduced nutrient availability increases
icr obial div ersity, enhancing plant pr oductivity under contr olled

onditions. By le v er a ging the micr obiome under low-nutrient
vailability for plants, we can enhance plant growth and re-
ilience, making a gricultur al pr actices mor e sustainable and en-
ir onmentall y friendl y. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf019#supplementary-data
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