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Abstract 

Various studies hav e addr essed the impact of microbial inoculants on the composition of the resident microbiome. How microbial 
inoculants impact plant metabolism and interact with the resident rhizobiota under herbivory stress remains elusive . Here , w e in- 
vestigated the impact of two bacterial and two fungal inoculants, inoculated as single species and as a synthetic community, on the 
rhizospher e micr obiome and v olatilome of tomato plants ( Solanum lycoper sicum ) comparing nonstr ess conditions to exposed to leaf 
herbi v or y by Spodoptera exigua . Based on amplicon sequencing analysis, rhizobacterial community composition was significantly af- 
fected by all four inoculants and the magnitude of this effect was dependent on herbivory stress. Fungal community composition 

w as alter ed by the micr obial inoculants but inde pendent of herbi v or y str ess. The rhizospher e v olatilome w as impacted by the mi- 
crobial inoculation and differences between treatments were evened under herbivory stress. Each microbial inoculant caused unique 
changes in the volatilome of stressed plants but also shared similar responses, in particular the enhanced production of dimethyl 
disulfide and benzothiazole. In conclusion, the introduction of microbial inoculants in the tomato rhizosphere caused unique as well 
as common changes in the rhizosphere microbiome and volatilome, but these changes were minor compared to the microbiome 
changes induced by herbi v or y str ess. 

Ke yw ords: amplicon sequencing; insect herbi v or y; micr obial consortia; micr obial inoculation; rhizospher e comm unities; rhizospher e 
volatilome 

e  

m
m  

p  

b  

o
t  

c
m
i  

(  

t  

t
 

f
o
h  

i
o  

t  

n  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/100/2/fiad160/7603995 by ESTAC
IO

N
 EXPER

IM
EN

TAL D
EL ZAID

IN
 (EEZ) user on 25 February 2025
Introduction 

In the current agricultural scheme, there is a great need for sus- 
tainable alternatives to chemical pesticides and fertilizers. In this 
context, plant-beneficial micr obes ar e consider ed an envir onmen- 
tall y friendl y alternativ e for impr oving plant health and defense 
(Finkel et al. 2017 ). Microbial inoculants typically contain a strain 

of specific plant-associated beneficial bacterial or fungal species. 
Inoculation consists of introducing the microbes into the soil or 
onto planting materials, for example, by seed coating, root dip- 
ping, or soil dr enc hing. Ho w e v er, the potential use of microbial 
inoculants is still questioned due to their variable efficacy under 
field conditions. Also, the mechanisms underlying their ecological 
interactions with soil microbes and the host plant are largely un- 
known. P articularl y for the root- or soil-inoculated microbes, suc- 
cessful rhizosphere colonization is crucial for the establishment 
of a beneficial relationship with the plant (Romano et al. 2020 ). To 
ac hie v e a sufficient colonization le v el, differ ent str ategies ar e of- 
ten follo w ed to impr ov e micr obial surviv al and ada ptation to the 
pr e v ailing natur al conditions . T hese include the introduction of 
high numbers of bacterial or fungal cells (often higher than 10 7 

cells/g), elaborating on specific formulations, or repeated applica- 
tions (Kaminsky et al. 2019 ). Another a ppr oac h is to a ppl y ben- 
Recei v ed 30 J an uar y 2023; revised 16 November 2023; accepted 7 February 2024 
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ficial microbes as a combination of different species (known as
icrobial consortia or synthetic communities). This is considered 

or e adv anta geous than the a pplication of single str ains due to
otential synergies in their effects on plant protection or micro-
ial persistence in the environment (Bradáčová et al. 2019b ). An-
ther factor influencing the success of microbial colonization is 
he species richness and evenness of the resident soil microbial
ommunity. It has been observed that resident microbial com- 
unities with higher diversity can better resist the alterations 

n community function and structure due to micr obial inv asions
Mallon et al. 2015 ) and that despite the outcome of the coloniza-
ion, a legacy effect remains detectable in the niche structure of
he community (van Elsas et al. 2012 ). 

To impr ov e the efficacy of micr obial inoculants, r esearc h has
ocused on understanding the ecological interactions between in- 
culated microbes and the recipient ecosystem. Variable results 
av e been r eported in differ ent studies r egarding the impact of

noculants on resident soil microbial communities, depending 
n the studied system, the sampling pr ocedur e, and the detec-
ion method used (e.g. cultur e-dependent, micr oscopy, or meta ge-
omic) (Romano et al. 2020 ). Although there is little consensus
bout the degree of such effects (Trabelsi and Mhamdi 2013 ), a
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 ecent meta-anal ysis r eported that out of 108 studies on the
mpact of inoculation on resident microbial communities, 86%
ltered the soil communities either on the short or long term
Maw ar da et al. 2020 ). The majority of the reported studies as-
essed the impact of microbial inoculation on plant growth, bio-
ontrol of plant pathogens, or plant tolerance to abiotic stresses
uc h as dr ought or soil contamination (Maw ar da et al. 2020 ). How-
 v er, the studies about the impact of div erse micr obial inocu-
ants are still biased to w ar d single bacterial strains: out of the
08 studies, 86 assessed the impact of single bacterial inoculants,
2 of fungal inoculants, and only two studies of microbial con-
ortia (Maw ar da et al. 2020 ). Fewer studies focused on microbial-
nduced systemic resistance (ISR), especially regarding resistance
o insect pests. ISR-triggering microbes induced physiological and

etabolic changes in the plant that result in an enhanced de-
ense status against both biotic and abiotic stresses (Pieterse et al.
014 , Jeon et al. 2022 ). Microbial inoculation can impact the natu-
 al comm unities not onl y thr ough micr obe–micr obe inter actions
uch as niche and nutrient competition, antibiosis, or priority ef-
ects (Fukami 2015 ) but also via altering the plant’s physiology,
nd ther efor e plant’s ecological inter action with the rhizospher e
icrobiota. 
The plant’s interaction with microbial inoculants is context-

ependent, and the outcome of the mutualistic interaction can
ary depending on the plant’s physiological status (Lee Díaz et al.
021 ). Abov egr ound or ganisms, suc h as insect pests, can impact
elowground plant defense (alteration of root exudates and de-
ense compounds) and the soil community composition (Bezemer
nd van Dam 2005 ). Under foliar insect herbivory stress, plants
er e r eported to inter act with the rhizospher e micr obiota and
 ecruit micr obes that can help alleviate or fight the stressor (Yi
t al. 2011 ). Se v er al studies hav e shown that both abov egr ound
nd belowground herbivory stress can induce changes in the rhi-
ospher e micr obial comm unities (Hu et al. 2018 , Pineda et al.
020 ). The subsequent recruitment and assembly of the rhizo-
pher e ar e lar gel y driv en by metabolic c hanges in r oot exudates
nd volatile compounds (Rizaludin et al. 2021 ). Howe v er, how
icrobial inoculation can impact plant chemistry and concomi-

antl y comm unity assembl y under str ess has r eceiv ed less atten-
ion. Plants’ volatile emissions can vary according to their physio-
ogical status; e.g. stress or flo w ering, and abov egr ound str esses
an have an impact on the root compartment. This has been
hown in studies where leaf herbivor e-str essed plants presented
 differ ent r oot volatilome than nonstr essed plants (Danner et al.
015 , Lee Díaz et al. 2022 ). Microbial inoculants and soil microbes
an also emit volatiles in response to environmental factors such
s plant hormones, nutrient r esources, and micr obe–micr obe in-
er actions (Sc hulz-Bohm et al. 2015 ). Assessing the impact of mi-
robial inoculation not only from a community composition per-
pective but also from a metabolomic perspective will provide a
or e compr ehensiv e understanding of the untar geted inocula-

ion effects (Maw ar da et al. 2020 ). 
In this study, we investigated the impact of five microbial inoc-

lant treatments on the resident rhizosphere microbial commu-
ities and the volatilome of tomato ( Solanum lycopersicum ) plants
nder leaf herbivory stress. We inoculated tomato plants with
ach of two phylogenetically diverse bacteria species; Bacillus amy-
oliquefaciens (Ba) and Pseudomonas azotoformans (Pa), and two fun-
al species; Trichoderma harzianum (Th) and Rhizophagus irregu-
aris (Ri) to investigate common or inoculant-specific patterns on
heir impact on the r esident micr obial comm unities and the r oot
olatilome. In addition to being inoculated alone as single species,
he microbes were inoculated as a consortium or synthetic com-
unity (SynCom) to test whether the combination affects the
atur al comm unities differ entl y than single str ains. To compar e
he inoculation effect under stress, a set of the inoculated plants
as subjected to continuous leaf herbivory stress for 15 days by

he c he wing lepidopter an insect Spodoptera exigua . Additionall y, we
tudied the root volatilome under differential control and stress
onditions to assess changes in root chemistry during the first
4 h of the herbivory attack. Our study r e v ealed that the different
icrobial inoculants impacted the rhizosphere communities in

erms of diversity and structure and also in terms of rhizosphere
olatilome in a pr edominantl y unique manner. 

aterials and methods 

icrobial strains and preparation of the 

noculants 

icr obial str ains wer e pr o vided by K oppert (Berkel en Rodenrijs ,
he Netherlands); the bacterial str ains wer e (Ba) B. am yloliquef a-
iens strain CECT 8238 and (Pa) P. azotoformans F30A, while the
ungal strains were (Th) T. harzianum T22 and the arbuscular my-
orrhizal fungi R. irregularis (Ri) MUCL 57021. All inoculants were
r epar ed according to Minc he v et al. ( 2021 ). Bacillus am yloliquef a-
iens w as gro wn in tryptone so y a agar (TSA) at 28ºC for 24 h. For
por e pr oduction, liquid difco sporulation medium was pr epar ed
s described by Nicholson and Setlow ( 1990 ) and inoculated with a
ingle colony from TSA culture and incubated for 48 h at 28ºC with
 otatory shac king at 200 r/m. The r esulting spor es wer e separ ated
rom the liquid medium by centrifuging for 15 min at 5000 r/m
nd resuspended in sterile tap water at a final concentration of
 ×10 7 spores/ml. Pseudomonas azotoformans was grown on TSA at
8ºC for 24 h. Next, a liquid pr ecultur e was pr epar ed with tryp-
one so y a broth (TSB) inoculated with a single colony from TSA
ulture and incubated overnight at 28ºC with rotatory shaking at
00 r/m. Then 1 ml of pr ecultur e was used to inoculate 25 ml of
SB and incubated at 28ºC with rotatory shaking for 3 h when

he bacterial growth is in the exponential phase. Bacterial cell
oncentration was quantified by measuring the optical density
OD) at 620 nm, then the cells were separated from the medium
 Table S1 , Supporting Information ) by centrifuging for 15 min at
000 r/m and resuspended in tap water at a final concentration of
 ×10 7 cfu/ml. Trichoderma harzianum was grown on potato dex-
r ose a gar at 25ºC for 7 da ys . Spor es wer e r ecov er ed fr om the
porulated culture in sterile tap water, spore concentration was
uantified using a Neubauer hemocytometer and adjusted to a fi-
al concentration of 1 × 10 7 spores/ml. Rhizophagus irregularis was
rown in monoaxenic culture on minimal (M) medium (Bécard
nd Fortin 1988 ) with Agrobacterium rhizogenes transformed carrot
oots as host (St-Arnaud et al. 1996 ). Spores were extracted from
porulated culture and resuspended in tap water to a final con-
entration of 1000 spores/ml. Finally, a synthetic microbial con-
ortia (SynCom) inoculum was pr epar ed mixing micr obial suspen-
ions of 1 ×10 7 spores/ml of B. amyloliquefaciens , P. azotoformans , T.
arzianum, and 1000 spores/ml of R. irregularis . 

oil prepar a tion, seedling inocula tion, and plant 
rowing conditions 

he soil was obtained from an olive tree field in Gójar with an-
 ual organic man ure fertilization under the trees (Granada, Spain)

37 ◦05 ′ 49.5“N; 3 ◦36 ′ 19.1 ′′ W; 810 m ele v ation). The soil used was a
alcareous cambisol obtained by digging at a depth of 25 cm in
he inter-rows between trees. Collected soil was sie v ed thr ough a
.5-mm pore-diameter and tyndalized in thr ee consecutiv e days

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
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at 95 ◦C for 45 min (Tyndall 1877 ). The gr owing substr ate con- 
sisted of a mixture of tyndalized soil and sterile sand in proportion 

1:1 v/v. Finally, 300 ml pots were filled with the growing substrate.
Seed surface sterilization, germination, and microbial inoc- 

ulation were done according to Minc he v et al. ( 2021 ). Briefly,
tomato Solanum lycopersicum cv Moneymaker seeds obtained from 

Vr eeken’s Zaden (Dordr ec ht, the Netherlands), were surface ster- 
ilized by immersion in 5% sodium hypochlorite for 10 min, rinsed 

with sterile water three times for 10 min and incubated in ster- 
ile vermiculite for 7 days at 24ºC. Seedlings were root inoculated 

by pipetting 1 ml of a microbial suspension of eac h micr obe and 

the consortium during transplantation. A total of 72 plants were 
gr own: 12 r eplicates wer e inoculated per micr obial tr eatment with 

the corr esponding micr obial solution (Ba = B. am yloliquef aciens , P a 
= P. azofotormans , Th = T. harzianum , Ri = R. irregularis , and Syn- 
Com = synthetic comm unity). Similarl y, 12 contr ol plants wer e 
mock-inoculated with sterile tap water. All plants were grown un- 
der same conditions for 6 weeks in greenhouses at 24–20 ◦C (day–
night) and r elativ e humidity of 60%. Plants wer e water ed twice 
per week with water and once per week with Long Ashton nutri- 
ent solution (Hewitt 1966 ) with reduced phosphate concentration 

(50%) to facilitate mycorrhizal establishment. After the comple- 
tion of 6 weeks of growth, half of the plants per treatment were 
subjected to herbivory stress for another 2 weeks (further details 
in herbivory stress induction section), therefore final harvest was 
carried out at week 8 of growth for shoot biomass, shoot nutrient 
content, rhizospher e comm unities and micr obial colonization. 

Herbivory stress induction 

Spodoptera exigua (Lepidoptera, Noctunidae) eggs provided by En- 
tocar e (Wa geningen, the Netherlands), wer e r ear ed after hatc h- 
ing at room temperature ( ∼21 ◦C) on an artificial diet ( Table S1 ,
Supporting Information ). For eac h micr obial tr eatment, six out of 
the 12 microbial-inoculated 6-week-old tomato plant plants were 
subjected to herbivory by placing third-instar larvae in a clip cage 
(stressed plants; H + ), while an empty clip-cage was placed in the 
remaining six nonstressed (H −) control plants per treatment. Two 
cater pillars wer e placed inside a clip ca ge on the a pical leaflet of 
the third true leaf and moved to another leaflet of the same leaf 
before the leaflet was fully consumed. Caterpillars were checked 

e v ery 48 h and dead cater pillars wer e r e placed to contin ue the 
herbivory stress for 2 weeks until the harvesting of the plants (at 
final stage of 8 weeks). 

Micorrhizal colonization detection 

Mycorrhizal colonization in Ri, SynCom and noninoculated plants 
was quantified histoc hemicall y. Upon harv esting, r oots wer e 
washed, cut into pieces of 1 cm and cleared by incubating them 

in 10% potassium hydroxide at 4ºC for 2 da ys . After clearing, root 
samples were rinsed three times with deionized water, acidified 

with 2% acetic acid for 5 min at room temperature and stained 

by immersion in a solution of 5% ink (Lamy, Germany) and 2% 

acetic acid for at least 30 min at r oom temper atur e . T he excess of 
ink solution was r emov ed by rinsing the root samples three times 
with deionized water (García et al. 2020 ). Mycorrhizal colonization 

was e v aluated b y quantifying the per centa ge of r oot length colo- 
nized by the fungus according to the grid line intersection method 

(Giovannetti and Mosse 1980 ) under stereo microscope Motic SMZ.
Briefly, ar ound 200 r oot pieces wer e r andoml y placed in a Petri 
dish with grid of lines of 1 cm and mycorrhizal colonization was 
assessed by counting positi ve (m ycorrhizal) and negati ve (nonm y- 
corrhizal) roots/gridline intersections, counting between 100 and 
00 intersections. Finally, the percentage of root length colonized 

y the fungus was calculated by dividing the number of positive
ntersections by the total number of intersections and m ultipl ying
y 100 (García et al. 2020 ). 

lant nutrient content analysis 

eaf material was oven dried at 60 ◦C and separated from stems
nd br anc hes manuall y. Leav es wer e crushed in a mortar and fur-
her ground in the Tissue Lyser II (Qia gen, German y) inside a 2-ml
ppendorf tube with metal beads at a maximum speed for 3 min.
n av er a ge of 2.2 mg aliquot w as w eighed per sample and folded

n tin cups for analysis of carbon (C) and nitrogen (N) content in
he Flash 1112 Elemental Analyzer (Thermo Scientific, MA, USA).
, N, and C/N ratio data were provided in μg and normalized ac-
ording to sample weight (in mg). 

hizosphere soil DNA extraction and sequencing 

hizosphere soil was collected from root-attached soil of 8-week- 
ld plants. Sterile vials of 15 ml were filled with soil adhering
round fine roots from the bottom of the pot. Soil samples were
rozen in liquid nitrogen and stored at −80 ◦C until further analy-
is. An aliquot of ∼806 ± 0.1 mg of each soil sample was used for
NA extraction and fine roots were removed manually with sterile
tensils. Rhizospheric DNA extraction was done according to the 
anufacturer’s instructions with the DNeasy ® Po w erSoil ® Pro Kit

Qiagen, Hilden, Germany). DNA quantity and quality were mea- 
ur ed with NanoDr op ® and Qubit ® fluor ometers. DNA samples
ere sequenced using the Illumina NovaSeq6000 or MiSeq system 

nd demultiplexed by BaseClear N.V. (Leiden, the Netherlands).
or bacteria, the V3–V4 region of the ribosomal (rRNA) 16S gene
as amplified with the 341F-NXT/785R-NXT primers. For fungi,

nternal transcribed spacer (ITS) in the ribosomal (rRNA) gene was
mplified with the ITS86F/ITS4 primers according to Beeck et al.
 2014 ). Sequencing yielded an av er a ge of 33 416 bp read pairs for
ungal sequences and 38 369 bp for bacterial sequences . T he a ver-
ge quality was 34.7 and 34.3 for fungal and bacterial sequences,
 espectiv el y. 

Raw FASTQ read sequence files were generated with blc2fastq 

v2.20, Illumina), and quality assessment was performed with the 
ASTQC quality control tool (v0.11.8). Raw data sequences were 
nalyzed with RStudio version 2022.07.2 + 576. D AD A2 pipeline
1.16) was used for trimming, primer r emov al, filtering, error cal-
ulation, assembly of ASVs, and taxonomic classification to ob- 
ain the ASV abundance and ASV taxonomy tables (Callahan et
l. 2016 ). The following R pac ka ges wer e used; dada2 (v1.18.0)
Callahan et al. 2016 : 2), ShortRead (v1.48), Biostrings (v2.58), and
idyverse . The function cutadapt (v 3.4) was used to trim the se-
uences where 280 bp and 250 bp were truncated for bacterial
6S samples and 200 bp and 180 bp were truncated for fungal ITS
equences from forw ar d and r e v erse sequences, r espectiv el y. Chi-
aer as wer e r emov ed and taxonomy was assigned using the Silv a

1.38.1 database (Quast et al. 2013 ) for bacteria and Unite v8.3
atabase (Nilsson et al. 2019 ) for fungi. 

ola tile tr apping and da ta anal ysis 

hizosphere volatiles were trapped through passive diffusion by 
lacing one Tenax ® (Markes International, Llantrisant, United 

ingdom) tr a p containing 200 mg T enax/tube type T A 60/80tr a p
nside a metal holder in eac h pot, r eac hing an a ppr o ximate de pth
f 5 cm. Metal holders were stainless steel cylinders with perfo-
ations allowing the air entrance while protecting the trap from
oil contamination. Tenax tr a ps wer e placed befor e the onset of

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
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he herbivory stress for 24 h (T0). Upon the leaf-herbivory stress
nduced by S. exigua , new Tenax traps were placed in the same
ots where T0 was measured. Traps were placed 24 h after the
nset of the herbivory stress for a 24 h period, thus collecting the
olatiles during the initial 24–48 h herbivory stress induction pe-
iod (T1). Tr a ps wer e tightl y closed and stored at r oom temper a-
ure until measurement. Before utilization, Tenax traps were pre-
onditioned by heating at 300 ◦C for 45 min under helium flow
5 l/min). 

Full details of Tenax measurement regarding thermal desorp-
ion, GC/Q-T OF measuring conditions , calibr ation, data anal ysis,
nd compound identification are described by Lee Díaz et al.
 2022 ). Briefly, v olatiles w as thermo-desorbed fr om Tenax tr a ps
t 240 ◦C for 8 min and then tr ansferr ed to an ultra-inter col-
mn (122–5532 UI, Agilent Tec hnologies, Inc., Santa Clar a, CA,
SA) of the GC/Q-TOF (model Agilent 7890B GC and the Agi-

ent 7200A Q-TOF). An n-alkane (C8–C20) standard solution was
piked at the beginning of the run for calibration. Mass spec-
ra of compounds were acquired in full-scan-mode and GC/Q-
 OF ra w data was translated to .cdf format and analyzed with
zMine v2.53 (Pluskal et al. 2010 , 2020 ) for mass feature detec-

ion and peak intensity quantification. P ar ameters used for GC-
S peak intensity tables (Du et al. 2020 ) ar e av ailable in Table S3

 Supporting Information ). Peak intensity tables were used in com-
ination with c hr omatogr am data (Mass Hunter Qualitative v10,
g ilent Technolog ies) for manual identification of volatile com-
ounds comparing the mass spectrum of target compounds with
he NIST 2020 database (V2.20, National Institute of Standards
nd Technology, USA). 

ta tistical anal ysis 

tatistical analysis on nutrient data was done with RStudio ver-
ion 2022.07.2 + 576. 2-way ANOVA analysis with sums of squares
ype III was applied to C, N, and CN r atio r elativ e v alues for dif-
erences between microbial treatments and herbivory stress. Post
oc analysis was applied with the Tuk e y Honest Significant Differ-
nce (HSD) test. Interaction figures elaborated with the emmeans
ac ka ge fr om a linear model test for inter acting factors. 

Statistical analysis of amplicon sequence data of ASV abun-
ance and taxonomy tables were statistically analyzed with the
h yloseq (McMur die and Holmes 2013 ) and metagenomeSeq (Paul-
on et al. 2013 ) R pac ka ges for r elativ e abundance, alpha, and
eta div ersity, and ASV contr ast anal ysis of bacterial and fungal
omm unities. Alpha div ersity indexes Shannon, Chao1, Observed,
nd Inverse Simpson (InvSimpson) were calculated with the es-
imate_richness function of the phyloseq pac ka ge. Statistical anal-
ses of diversity indexes were done applying a tw o-w ay ANOVA
est with microbial treatment (with six levels for Control, Ba, Pa,
h, Ri, and SynCom) and herbivory stress (with two le v els for non-
erbivory control and herbivory-stressed) as factors. Post hoc anal-
sis was performed with Tuk e y-HSD. Kruskal–Wallis statistical
est was applied when data were not normally distributed. Beta
iversity was calculated over normalized ASV counts with the
um ulativ e sum scaling (CSS) cumNorm function of the phyloseq
ac ka ge . T he distance matrix was built according to the Bray–
urtis method, and Perm utational m ultiv ariate anal ysis of v ari-
nce (PERMANOVA) analysis was done with the adonis function
f the vegan pac ka ge and the post doc test with the pairwise.adonis
ac ka ge at 9999 perm utations. Contr ast anal ysis of ASV differ en-
ial abundance was done with the metagenomeSeq pac ka ge. CSS-
ormalized samples were filtered for estimated effective samples
nd fitted for differential testing with the fitZig function. Contrast
atrixes wer e compar ed pairwise to obtain ASVs with a loga-
ithmic FC statistically significant ( P -value < .05). ASV differen-
ial analysis representations were elaborated with Fluorish Studio
 https:// flourish.studio/ ). 

Statistical analysis of peak intensity tables of volatile data was
one with MetaboAnalyst v.5.0 (Pang et al. 2021 ). Peak intensity
ables were analyzed with two different statistical tests; one to
est the effect of the microbial inoculation on the volatilome
f nonstressed or stressed plants (analysis one), and a second
nalysis to test the effect of the str ess within eac h micr obial
r eatment (anal ysis two). For anal ysis one, normalization was
one by log10 transformation and P ar eto-scaling. Statistical dif-
er ences between tr eatments wer e anal yzed with one-way ANOVA
or timepoint T0 (nonstressed) and in a separ ate anal ysis for T1
stressed). Post hoc analysis of Tuk e y’s HSD was performed for pair-
ise comparisons between treatments of significantly different

ompounds. Data was r epr esented with a hier arc hical clustering
s a heatma p. Tr eatment gr oup av er a ges wer e cluster ed accord-
ng to Euclidean distance similarity measures according to W ard’ s
inka ge algorithm. For anal ysis tw o, normalization w as done b y
og10 transform and autoscaling. Statistical differences within
ne treatment before and after herbivory wer e anal yzed with a
aired Fold Change (FC) analysis. Paired (nonindependent data)
C analysis counts the total number of FCs above a threshold of 2
nd v alues ar e pr ovided in the log2 scale. FC r epr esentation with
ar plots was elaborated with R Studio version 2022.02.3 build 492.

esults 

icrobial colonization, plant biomass, and 

utrient content 
he presence of the microbial inoculants in the rhizosphere at 8
eeks after inoculation was confirmed by RT-qPCR, for all treat-
ents (data not shown). In addition, root colonization by the in-

roduced arbuscular mycorrhizal fungus R. irregularis was con-
rmed by histochemical staining of fungal structures within the
oots . T he root mycorrhization percentage ranged from 20% to
0%, and differences between treatments were statistically signif-
cant. ( Figure S1 , Supporting Information ). Under herbivory stress,
i-inoculated plants had a significantly higher mycorrhization
ercenta ge than nonstr essed contr ol plants ( P -adj = 0.006) and
ynCom-inoculated plants ( P -adj = 0.031). This result suggests a
iffer ent plant–AMF inter action when R. irregularis is inoculated
s single species (Ri) or in a SynCom under leaf herbivory stress. 

Accor ding to tw o-w ay ANOVA, microbial inoculation did not
ave an effect on plant shoot biomass. The herbivory stress led
o a slight reduction on the shoot biomass of Ri-inoculated plants
Ri H + vs. H −; P -adj = 0.015) ( Figure S2 , Supporting Information ).
he effect microbial inoculation on the r elativ e shoot nutrient
ontent ( μg/mg), was herbivory-stress dependent, since two-way
NOVA sho w ed that the interaction between the inoculant treat-
ent and the herbivory significantly impacted C, N, and C/N ra-

io (Tr eatment ∗Herbivory; C P -v alue = .02, N P -v alue = .002, and
/N P -value = .007) (Fig. 1 ). The herbivory stress altered the rela-

ive content of shoot C and C/N ratio, and a significant interaction
etween microbial treatment and herbivory stress was observed
or all nutrient parameters (C, N, and C/N) ( Table S4 , Supporting
nformation ). Control- and Ba-inoculated plants presented a sim-
lar trend in N and C/N ratio in response to herbivory; for both
r eatments, N significantl y incr eased upon herbivory (and thereby
 reduction of C/N ratio) ( Table S4 , Supporting Information ). Un-
er herbivory stress , T h-inoculated plants sho w ed opposite, y et

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://flourish.studio/
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
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Figure 1. Impact of microbial inoculation and leaf herbivory stress on shoot C, N, and C/N content. Boxplots of relative shoot nutrient content ( μg/mg) 
of 8-week old tomato plants inoculated with microbial treatments Control (mock-inoculated), Ba, Pa, Th, Ri, and SynCom. Red color indicates plants 
without herbivory (H −), while plants subjected to herbivory stress over 2 weeks are indicated in blue (H + ). 
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not statistically significant, nutrient responses for N and C/N 

r atio compar ed to Contr ol and Ba-inoculated plants (Fig. 1 ). Inter- 
estingly, the nutrient content in SynCom-inoculated plants was 
bar el y alter ed b y herbiv ory stress (Fig. 1 ). 

Effect of microbial inoculants on the composition 

of rhizosphere resident microbial communities 

Bacterial communities 
Resident rhizobacterial communities presented a total of 7598 
unique ASVs encompassing 35 phyla and 534 genera. The com- 
munity composition was similar across microbial inoculant treat- 
ments and herbivory stress . T he top 10 most abundant phyla 
wer e Actinobacteria (30%), Pr oteobacteria (28%), Firmicutes (11%),
Chloroflexi (9%), Acidobacteria (6%), Gemmatimonadota (3%), 
Planctomycota (3%), Bacterioidota (3%), Myxococcota (3%), and 

Cyanobacteria (1%) (Fig. 2 A). Of the 534 bacterial genera identi- 
fied, onl y 35 pr esented a r elativ e abundance higher than 0.5%. The 
top 10 most abundant gener a wer e Microvirga (6.4%), Bacillus (6%),
Rubrobacter (5.5%), Pseudarthrobacter (3.7%), Skermanella (3.3%), No- 
cardioides (2.8%), Marmoricola (2.4%), Rubellimicrobium (2%), Bryobac- 
ter (2%), and Sphingomonas (1.7%). Despite similar r elativ e abun- 
dance profiles at the phylum level across microbial inoculant 
treatments and herbivory stress, the resident rhizobacterial com- 
m unities wer e significantl y impacted by the microbial inoculants,
but not by the herbivory stress (Table 1 ). Post hoc pairwise tests 
sho w ed that all microbial inoculant treatments, except P. azoto- 
formans (P a), significantl y alter ed the composition of the resident 
rhizobacterial comm unities compar ed to noninoculated Contr ol 
plants (Table 1 ). Also, SynCom-inoculated plants significantly dif- 
fer ed fr om Ba- and T h-inoculated plants , showing a different ef- 
fect of these two microbes when inoculated as a single strain than 

as a consortium. Although the herbivory stress did not have an 

ov er all significant effect on the composition of the rhizobacterial 
comm unities, PERMANOVA anal ysis performed within each mi- 
cr obial tr eatment sho w ed that herbiv ory str ess significantl y al- 
ter ed comm unities onl y in Ba-inoculated plants (Table 1 ). 

The m ultiv ariate principal coordinates anal ysis (PCoA) sho w ed 

absence of clustering of treatments, with an ov erla p between 

stressed and nonstressed communities (Fig. 2 B). Tw o-w ay ANOVA 

analysis sho w ed that bacterial alpha diversity w as significantly 
impacted by microbial inoculation (F-value = 4.25, P = .002) and 

herbivory str ess (F-v alue = 6.31, P = .015). The microbial inocula- 
tion effect was statistically significant only in nonstressed plants,
wher e Contr ol and P a-inoculated plants had a higher Shannon 

index than Th-inoculated plants (Fig. 2 C). The herbivory stress 
aused an ov er all significant increase in alpha diversity, but no sig-
ificant differences among treatments were observed (Fig. 2 C). De-
pite the herbivory stress having a general effect on div ersity, onl y
a-inoculated plants sho w ed a reduction of the Shannon index
nder stress (Fig. 2 D). An additional description of rhizobacterial
lpha diversity values (Chao1, Observed, and Inverse Simpson in- 
exes) and statistical analysis performed on pairwise differences 
etween treatments under different stress levels are provided in 

able S5 ( Supporting Information ). 
Contr ast anal ysis of ASV’s r elativ e abundances confirmed that

a- and Th-inoculated plants had the largest number of signifi-
antl y r educed ASVs compar ed to noninoculated Contr ol plants.
n absence of herbivory, 39 out of the 48 differ entiall y abundant
SVs between Control and Ba-inoculated plants were significantly 
 educed in contr ol plants (Table 2 ). T he T h was the second inocu-
ant with the most differ ential ASVs, wher e 19 ASVs were reduced
pon inoculation (Table 2 ). Similarly, under stress, Ba and Th treat-
ents also accounted for the largest number of differential ASVs

50 and 56, r espectiv el y). The r emaining tr eatments pr esented a
igher number of differential ASVs in comparison with the Con-
rol under herbivory stress: 36 for SynCom-, 34 for Ri-, and 35 for
a-inoculated plants (Table 2 ). Overall, the number of enriched
SVs r elativ e to the Contr ol w as higher under herbiv ory stress. 
In the absence of herbivory str ess, ther e wer e no commonl y

 educed ASVs r elativ e to the Contr ol among all micr obial tr eat-
ents. Only Ba-inoculated and Th-inoculated plants shared the 

ar gest FC r eduction of ASV130 ( Cellulomonas , Actinobacteriota)
nd the unknown ASV455. In Ba-inoculated plants, the most re-
uced bacterial orders were Burkholderiales (Proteobacteriota),
emmatales (Planctomycetota), Gemmatimonadales (Gemmati- 
onadota), Geobacter ales (Desulfobacter ota), Pol yangiales (Myx- 

coccota), and Str eptospor angiales (Actinobacteriota). On the 
ther hand, ther e wer e mor e commonl y enric hed ASVs in mi-
r obial tr eatments compar ed to noninoculated Contr ol plants.
he ASV363 Ramilibacter (Proteobacteria) was commonl y enric hed 

n all treatments compared to Control. The treatments which 

hared the most enriched ASVs were Ba-, Th-, and SynCom-
noculated plants, sharing fiv e commonl y enric hed ASVs; ASV260,
SV482, and ASV594 identified as Blastococcus (Actinobacteri- 
ta), ASV411 (Actinobacteriota), and ASV535 Ohtaekwangia (Bac- 
er oidota) ( Figur e S3 , Supporting Information ). Under herbivory
tress, a similar pattern was observed as in nonstress; Ba- and
h-inoculated plants presented the highest number of reduced 

SVs compared to controls. Both treatments commonly shared 

ight reduced ASVs, with the lar gest FC r eduction in ASV494
Actinobateriota) ( Figure S4 , Supporting Information ). Similarly,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
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Figure 2. Impact of microbial inoculation and herbivory on bacterial communities and di versity. Relati ve abundance (A), beta diversity (B), and alpha 
diversity (C) and (D) of tomato rhizobacterial communities per microbial treatment; noninoculated (Control), B. amyloliquefaciens (Ba), P. azotoformans 
(Pa), T. harzianum T22 (Th), R. irregularis (Ri), and the SynCom, with (H + ) and without herbivory (H −) stress. (A) Bar plot of bacterial phyla r elativ e 
abundance grouped by microbial inoculant treatment. Each stacked bar represents the average relative abundance of the different taxa (color guide 
on the legend) according to the herbivory stress (the left bar for H −; nonstressed, the right bar for H + ; herbivory-stressed). (B) Principal Coordinates 
Analysis (PCoA) plot of Euclidean distances representing community dissimilarities between treatments (color guide) and stress (circles for 
nonstressed, and triangles for stressed plants). The x - and y -axis r epr esent the components explaining the maximum variability between samples. Box 
plots of alpha diversity Shannon index for comparisons among microbial treatments within one stress condition (C) or within a microbial treatment 
(D). Statistical differences between comparisons ( P < .05) are noted with different letters (C). 
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o nonherbivory, more enriched ASVs were found in common
mong treatments. All four microbial treatments presented in
ommon the largest enrichment of the same genus, ASV66 Geo-
ermatophilus (Actinobacteriota), as well as other six yet un-
nown ASVs fr om whic h fiv e belonged to the Pr oteobacteria phy-
um (family Geminicoccaceae); ASV37, ASV70, ASV317, ASV346,
SV507, and ASV1085 (Planctomycetota) ( Figure S4 , Supporting

nformation ). 

ungal communities 
ungal comm unities pr esented a total of 1989 ASVs comprised
f 10 phyla, 245 genera, and 290 species . T he phylum Ascomy-
ota was the most dominant, r epr esenting 92% of the fun-
al r elativ e abundance, follo w ed b y Basidiomycota (4%), Glom-
romycota (2%), Chrytidiomicota (1%), and Mortierellomycota
1%). Within the Ascomycota, the five most abundant classes
 ere Sor dariom ycetes (49.5%), Dothiedeom ycetes (17.4%), Pezi-
om ycetes (11.6%), Eurotiom ycetes (9.5%), and Leoteiom ycetes
3.7%) (Fig. 4 A). Of the 290 identified species, Fusarium clamydospo-
um accounted for 30% of the fungal r elativ e abundance, fol-
o w ed b y three main species; Preussia terricola (6%), Alternaria sub-
ucurbitae (5.2%), and Stac hybotrys c hartarum (5%). Onl y 33 species
r esented a r elativ e abundance higher than 0.5%. PERMANOVA
est indicated that onl y micr obial inoculation significantly im-
acted the communities but not the herbivory stress (Table 3 ). Post
oc pairwise tests between microbial treatments sho w ed that all
icrobial inoculants significantly impacted the beta diversity in

omparison to noninoculated Control plants (Table 3 ). Also, Syn-
om’s beta diversity significantly differed from Ba-, Pa-, and Th-

noculated plants, showing a different effect of these three mi-
robes when inoculated as single species. A pairwise comparison
f communities of each treatment at different stress conditions
ho w ed that only Ba-inoculated plants were significantly altered
y the herbivory stress (Ba H − vs. H + ) (Table 3 ). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
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Table 1. Bacterial beta diversity. PERMANOVA test v alues for the effect of micr obial inoculation and str ess on bacterial comm unities. 
Pairwise test values for differences between bacterial communities. 

Bacterial communities 
PERMANOVA F model R 2 Pr( > F) 

Micr obial tr eatment 1 .379 0 .0945 0 .001 
Herbivory stress 1 .475 0 .0165 0 .127 

Pairwise 1 F model P -value P -adjusted 

Betw een trea tments 
Control vs . T h 1 .730 .0001 0 .002 
Control vs. SynCom 1 .635 .0003 0 .002 
Control vs. Ba 1 .737 .0018 0 .007 
Control vs. Ri 1 .454 .0063 0 .018 
SynCom vs . T h 1 .465 .0018 0 .007 
SynCom vs. Ba 1 .502 .007 0 .018 
Within treatment 
Ba H + vs. H − 1 .374 .0446 0 .0446 

1 P airwise Adonis v alues for comparisons between tr eatments (onl y statisticall y significant comparisons r eported for Contr ol and SynCom). P airwise comparison 
test values within treatment for comparisons of one microbial treatment between two stress conditions (nonstr essed; H −, herbivory-str essed; H + ). Onl y significant 
comparisons are reported. 

Table 2. Bacterial ASVs differential relative abundance. Total numbers of significantly reduced or enriched (fold-changed) ASVs under 
nonherbivory (H −) or leaf-herbivory stress (H + ) in control plants with respect to the compared microbial treatment. 

Nonherbivory (H −) Herbivory (H + ) 

Comparison Reduced Enriched Total Reduced Enriched Total 

Control vs. Ba 39 9 48 25 25 50 
Control vs . T h 19 7 26 33 23 56 
Control vs. SynCom 6 7 13 12 24 36 
Control vs. Ri 3 3 6 14 20 34 
Contr ol vs. P a 2 1 3 14 21 35 

Table 3. Fungal beta div ersity. PERMANOVA test v alues for the effect of microbial inoculation and stress on fungal comm unities. P airwise 
test values for differences between fungal communities. 

Fungal communities 
PERMANOVA F model R 2 Pr( > F) 

Micr obial tr eatment 2 .1809 0 .14 179 0 .001 
Herbivory stress 1 .0948 0 .0154 0 .3 

Pairwise 1 F model P -value P -adjusted 

Betw een trea tments 
Control vs. SynCom 4 .148 .0001 0 .000 
Control vs. Ri 3 .595 .0001 0 .000 
Control vs . T h 3 .070 .0001 0 .000 
Contr ol vs. P a 2 .213 .0004 0 .001 
Control vs. Ba 1 .925 .0168 0 .026 
SynCom vs. Pa 2 .185 .0002 0 .001 
SynCom vs. Ba 3 .405 .0001 0 .000 
SynCom vs . T h 2 .507 .0004 0 .001 
Within treatment 
Ba H + vs. H − 2 .637 .0064 0 .006 

1 P airwise Adonis v alues for comparisons between tr eatments (onl y statisticall y significant comparisons r eported for Contr ol and SynCom). P airwise comparison 
test values within treatment for comparisons of one microbial treatment between two stress conditions (nonstr essed; H −, herbivory-str essed; H + ). Onl y significant 
comparisons are reported. 

t  

S  

o
d  

n  

u
h  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/100/2/fiad160/7603995 by ESTAC
IO

N
 EXPER

IM
EN

TAL D
EL ZAID

IN
 (EEZ) user on 25 February 2025
Multiv ariate anal ysis sho w ed a lo w separ ation among tr eat- 
ments despite the differences in microbial communities due to 
microbial inoculation confirmed by PERMANOVA analysis. How- 
e v er, an ov erla p between str essed and nonstr essed comm uni- 
ties w as sho wn for fungal communities (Fig. 3 B). Although a 
similar trend as in bacterial diversity was observed for fungal 
alpha diversity, neither the overall impact of microbial inocula- 
ion nor herbivory stress was statistically significant ( Table S6 ,
upporting Information ). Ho w e v er, under no str ess conditions,
nly SynCom-inoculated plants had a significantly higher alpha 
iversity than the control (Fig. 3 C). Although herbivory stress did
ot have an ov er all effect on fungal alpha diversity, in noninoc-
lated Control plants a significant increase was observed under 
erbivory stress (Control H + vs. H −; P = .004) (Fig. 3 D). A com-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
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Figure 3. Impact of microbial inoculation and herbivory on fungal communities and diversity. Fungal relative abundance (A), beta diversity (B), and 
alpha diversity (C) and (D) of tomato rhizosphere communities per microbial treatment; noninoculated (Control), B. amyloliquefaciens (Ba), P. 
azotoformans (Pa), T. harzianum T22 (Th), R. irregularis (Ri), and the SynCom, with (H + ) and without herbivory (H −) stress. (A) Bar plot of fungal classes 
r elativ e abundance grouped by microbial inoculant treatment. Each stacked bar represents the average relative abundance of the different taxa (color 
guide on the legend) according to the herbivory stress (the left bar for H −; nonstressed, the right bar for H + ; herbivory-stressed). (B) PCoA plot of 
Euclidean distances r epr esenting comm unity dissimilarities between tr eatments (color guide) and str ess (circles for nonstr essed, and triangles for 
stressed plants). The x - and y -axis represents the components explaining the maximum variability between samples. Box plots of alpha diversity 
Shannon index for comparisons among microbial treatments within one stress condition (C) or within a microbial treatment (D). Statistical 
differences between comparisons ( P < .05) were noted with different letters (C) or with an asterisk (D). 
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lete description of bacterial Shannon index values and addi-
ional statistical analysis performed on pairwise differences be-
ween treatments under different stress levels for Chao1, Ob-
erv ed, and inv erse Simpson indexes ar e pr ovided in Table S7
 Supporting Information ). 

Similar to alpha diversity results, there was no microbial inoc-
lation or herbivory stress pattern in fungal ASV contrast analy-
is. All microbial treatments presented a similar number of en-
iched and reduced ASVs compared to noninoculated control
lants both with and without herbivory stress (Table 4 ). While
her e wer e no commonl y r educed fungal ASVs, thr ee fungal
pecies were commonly enriched in all treatments with respect
o contr ol, r egardless of the str ess; ASV6 Fusarium oxysporum (Sor-
ariomycetes), unknown ASV48 (Sordariomycetes) and unknown
SV23 ( Figure S5 , Supporting Information ). Under no herbivory,
wo fungal species wer e commonl y enric hed in all micr obial tr eat-

ents; ASV163 Schizothecium fimbriatum (Sordariomycetes) and
SV172 Clareoideoglomus walker (Glomeromycotes). In particular,
a-inoculated plants sho w ed significant enrichment of two As-
ergillus spp. (Eurotiomycetes) ASVs; ASV11 and ASV12. Under
erbivory stress, In addition to F. oxysporum , ASV48, and ASV23,
nother three ASVs were commonly enriched in all treatments
ith respect to control ( Figure S6 , Supporting Information ). Two
 ere Sor dariomycetes (ASV210 Neocosmospora rubicola and ASV7
ernia columnaris ) and one unknown ASV7. Only one ASV29 Plec-

osphaerella cucumerina (Sordariomycetes) was commonly reduced
n all treatments compared to the control ( Figure S6 , Supporting
nformation ). 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data
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Figure 4. Impact of microbial inoculation on rhizosphere volatilome with and without herbivory str ess. Heatma ps of volatile compounds’ peak 
intensity av er a ged ( n = 6) per micr obial tr eatment (Contr ol, Ba, Pa, Th, Ri, and SynCom). Left panel (A) compar es rhizospher e volatilomes among 
micr obial tr eatments without str ess (T0). Right panel (B) compar es rhizospher e volatilomes among micr obial tr eatments upon 24 h of leaf herbivory 
stress (T1). Compound peak intensity is indicated with a color gradient legend with dark blue as the lo w est intensity and dark red as the highest 
intensity. 

Table 4. Fungal ASVs differential relative abundance. Total numbers of significantly reduced or enriched (fold-changed) ASVs under 
nonherbivory (H −) or leaf-herbivory stress (H + ) in control plants with respect to the compared microbial treatment. 

Nonherbivory (H −) Herbivory (H + ) 

Comparison Reduced Enriched Total Reduced Enriched Total 

Control vs. Ba 8 8 16 8 5 13 
Control vs . T h 8 5 13 8 6 14 
Control vs. SynCom 7 4 11 8 4 12 
Control vs. Ri 7 6 13 12 6 18 
Contr ol vs. P a 6 5 11 7 8 15 
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Impact of microbial inoculation on the rhizosphere 
volatilome 
Volatiles from roots inoculated with the six microbial inoculant 
tr eatments wer e compar ed befor e (T0) and 24 h after (T1) leaf her- 
bivory stress by S. exigua . A total of 24 volatile compounds were 
detected across treatments (Table 5 ). The volatiles belonged to 
nine chemical classes: alcohol, aldehyde, alkane, aromatic, car- 
boxylic acid, furan, monoterpene, a sulfur compound, and thia- 
zole . One-wa y ANOVA of each volatile compound showed that mi- 
crobial inoculation had a significant impact on six compounds; 
acetic acid, benzene acetaldehyde, decanal, dimethyl disulfide, 
and two unknown compounds (954 and 985) (Table 5 ). The av er a ge 
peak intensity of unknown compound 954 was significantly higher 
in bacterial-inoculated treatments (Ba and Pa) and noninoculated 

contr ol, wher eas decanal and benzene acetaldehyde were higher 
in fungal-inoculated treatments (Ri, Th, and SynCom). 

Hier arc hical clustering according to Euclidean distances of 
tr eatment av er a ges sho w ed that fungal inoculated treatments (Ri,
h, and SynCom) grouped, while the bacterial treatments were 
ore similar to noninoculated Control plants (Fig. 4 ). Interest- 

ngl y, after the str ess induction, one-way ANOVA anal ysis sho w ed
hat no volatile compounds were found to be significantly differ-
nt among treatments . T herefore , the hierarchical clustering of
r eatment av er a ges did not group according to the micr obial tr eat-

ent, ther efor e the SynCom did not cluster together with the rest
f the fungal treatments (Ri and Th) (Fig. 4 ). 

FC analysis of the value change between subsequent measure- 
ents sho w ed significant changes in all tr eatments befor e and af-

er herbivory stress, with an increase of two volatile compounds
n all treatments: benzothiazole and dimethyl disulfide (DMDS).
he majority of significantl y differ ent compounds increased un-
er herbivory stress with respect to the control condition (Fig. 5 ).
he classes of stress-enhanced compounds were mainly sulfur,
lkane , aldehyde , benzene , fur an, and monoter pene. Dimethyl
risulfide (DMTS) significantl y incr eased under str ess in all tr eat-

ents except for Th. A pattern was shown between bacterial and
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Ta ble 5. Tomato rhizosphere v olatilome under microbial inoculation and herbiv ory stress. List of all v olatile compounds detected in 

tomato rhizospher es fr om both contr ol and inoculated plants with and without herbivory stress. Volatile compounds are classified 

according to chemical class and sorted by calculated retention index according to HP-5 column type (RI cal) and contrasted to liter atur e 
(RI lit). Statistical analysis output provided for differences between microbial treatments under nonherbivory conditions (control; C, B. 
am yloliquef aciens ; Ba, P. azotoformans ; Pa, T. harzianum ; Th, R. irregularis ; Ri, and synthetic community; SynCom). 

Compound Class RI cal RI lit a P -value C Ba Pa Th Ri SynCom 

Acetic acid Carboxylic acid 618 610 .007 a b ab a a ab 
Dimethyl disulfide Sulfur 747 746 .007 ab a b a a c 
Octane Alkane 800 800 
Hexanal Aldehyde 802 801 
Nonane Alkane 899 900 
Unknown 954 NA 954 NA .002 a a a ab b ab 
Benzaldehyde Aldehyde 966 692 
DMTS Sulfur 973 971 
Unknown 985 NA 985 NA .004 a a a a b a 
Benzonitrile Aromatic 988 984 
2-pentyl furan Furan 989 993 
Benzofuran Furan 999 1000 
Octanal Aldehyde 1003 1003 
p-Cymene Monoterpene 1027 1025 
2-ethyl-1-hexanol Alcohol 1028 1030 
Limonene Monoterpene 1031 1031 
Benzyl alcohol Alcohol 1034 1036 
β-Phellandrene Monoterpene 1034 1031 
Benzene acetaldehyde Aldehyde 1047 1045 .006 a a a b b b 
Acetophenone Ketone 1069 1066 
Nonanal Aldehyde 1105 1104 
Unknown1190 NA 1190 NA 

Decanal Aldehyde 1207 1206 .005 a a a ab b ab 
Benzothiazole Thiazole 1235 1228 

a RI lit. Reference retention index value used for identification according to NIST 2020 database. 
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ungal inoculants: bacterial inoculants (Ba and Pa) together with
ontrol plants sho w ed an increase of alkanes and aldehydes; ei-
her from hexanal, octanal, octane, nonanal, nonane, or decanal.
he fungal inoculants (Ri, Th, and SynCom) shared a FC increase
f monoter penes suc h as p-cymene and limonene. P articularl y,
i-inoculated plants were the only ones presenting a fold-increase
f the two furan compounds benzofuran and 2-pentyl furan. De-
r eased FC compounds wer e differ ent acr oss all tr eatments . T he
h treatment sho w ed the largest number (four) of reduced com-
ounds under herbivory (Fig. 5 ). 

iscussion 

ur study aimed to understand the impact of bacterial and fun-
al inoculants on the rhizosphere microbiota composition and
olatilome of tomato plants under herbivory stress. First, we hy-
othesized that microbial inoculants would impact both the rhi-
ospher e micr obial comm unity composition and the rhizospher e
olatilome. We r e v ealed that the individual bacterial and fungal
noculants and the SynCom had distinctive impacts on the rhizo-
pher e micr obiome composition differing among themselves and
n comparison, to the noninoculated control plants. Also, rhizo-
phere volatiles were impacted upon inoculant treatment, show-
ng eac h micr obial inoculant tr eatment a unique blend of volatile
ompounds among themselves and compared to control plants.
ext, we hypothesized that the addition of a continuous leaf her-
ivory stress to a plant–microbial inoculant system would impact
he relationship of the plant and the microbial inoculants both
t rhizospher e micr obiome and volatilome le v el. We confirmed
hat herbivory stress had a general effect irrespective of the in-
culant type for the majority of measured parameters on rhi-
ospher e micr obiome composition, although some effects were
tress-inoculant specific. Also, under herbivory each microbial in-
culant presented different volatile blends compared to their pre-
ious nonstressed condition. Our study confirmed that the effects
f the five different microbial inoculants and the microbial con-
ortium on plant physiology can be general or stress-dependent.
here was not major impact on plant physiology tr aits suc h as
hoot nutrient content or biomass due to the inoculation. How-
 v er, we observ ed that herbivory had a gener al significant effect
n leaf nutrient content and a micr obe-dependent incr ease of
 in noninoculated control and Ba-inoculated plants . T hese two

reatments sho w ed a significantly higher r elativ e amount of shoot
 (ther efor e a significantl y differ ent C/N r atio) under herbivory

tress . T he increase in N in the shoot might be related to the mobi-
ization of amino acids for the synthesis of defense-related com-
ounds (Zhou et al. 2015 ). Complementary analysis on the pest
 elativ e gr o wth or feeding performance w ould be necessary to de-
ermine the positive or negative impact on the pest of the N in-
rease. Regarding the shoot biomass, neither the inoculants nor
he herbivory had a significant effect, except for Ri-inoculated
lants, where a significant reduction of shoot biomass was ob-
erv ed under herbivory. Similarl y, further studies on the pest per-
ormance might help clarify whether the biomass reduction is
aused due to higher consumption rate by the pest or a growth-
efence trade-off (Züst and Agrawal 2017 ). Overall, these results

ndicate that the impact of microbial inoculants and the herbivory
tress was unique for each plant–microbial inoculant–stress com-
ination, indicating a certain le v el of specificity in each tripartite
lant–micr obe–insect inter action. 

Amplicon sequencing analysis of rhizosphere soils sho w ed
hat all microbial inoculants and the herbivory stress impacted
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Figure 5. Effect of leaf herbivory stress on rhizosphere volatilomes. Bar plots of significantly changed volatile compounds’ peak intensities after 24 h of 
shoot herbivory stress within each microbial treatment. The dashed line indicates a 2-fold logarithmic change (log2 FC) peak intensity increase under 
herbivory stress with respect to the previous nonstressed condition. FC values next to horizontal colored bars for each compound; blue for increased 
compounds under herbivory and red for reduced compounds under herbivory). 
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differ entl y the bacterial and fungal communities in terms of di- 
versity and structure. Bacterial alpha diversity was impacted by 
the microbial inoculants only under no-stress conditions . T he 
div ersity of B. am yloliquef aciens (Ba)- and T. harzianum T22 (Th)- 
inoculated plants were the lowest compared to control. It is 
unclear whether these inoculants dir ectl y competed with the lo- 
cal microbiota altering the rhizosphere through microbe–microbe 
inter actions, or indir ectl y alter ed the plant’s physiology through 

ISR activation. It has been shown that the coinoculation of Bacil- 
us spp.- and T. harzianum -induced changes in the rhizosphere
r eating a suppr essiv e envir onment a gainst a pathogenic Fusar-
um strain (Xiong et al. 2017 ). On the other hand, inoculated mi-
robes can alter the plant’s phytohormone balance and affect the
lant’s responses to later colonizers (Toju et al. 2018 ). Ho w e v er,
uch effects on the alpha diversity were no longer observed upon
eaf herbivory stress . Abo veground stresses can cause dramatic
hanges in plant physiology leading to differential microbial re- 
ruitment via changes in root exudates and volatiles (Yi et al.
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011 ). Although the alpha diversity was overall increased under
tr ess, all tr eatments sho w ed similar le v els of div ersity, indicating
hat the herbivory nullifies or e v ens the effect of the individual
noculants. Although bacterial comm unities wer e dominated by
ctinobacteria and Proteobacteria, among other phyla typically

eported as rhizosphere-associated bacteria (Trivedi et al. 2020 ),
ifferences in relative ASVs abundance between treatments com-
ar ed to contr ol wer e mor e pr onounced under str ess. Inoculants
a and Th presented the largest number of differentially abun-
ant ASVs with respect to noninoculated control plants (both with
nd without herbivory). Under nonstress conditions, they sho w ed
 common reduction with respect to noninoculated control plants
f the actinobacterium Cellulomonas spp., which has been pr e vi-
usl y r eported to be highl y associated with tomato landr aces typ-

cal from southern Spain (Smulders et al. 2021 ). Together with
he SynCom, these thr ee tr eatments pr esented a common enric h-

ent of diverse bacterial genera; Blastococcus spp. (Actinomycota)
as been reported in the rhizosphere of tomato plants adapted
o arid, desert, or stone environments (Sghaier et al. 2016 ), and
amilibacter spp. (Pseudomonadota) and Ohtaekwangia spp. (Bac-
er oidetes) wer e r eported in gr a pe vine fields r elated to unfarmed
oils or r ecentl y farmed soils (Liu et al. 2021 ). Ho w e v er, the r ole
hese micr obes hav e in association with tomato plants is still un-
no wn. Under herbiv ory str ess, a gener al herbiv ory effect w as ob-
erved since a higher number of ASVs were commonly enriched
mong micr obial tr eatments compar ed to noninoculated contr ol
lants . T his indicated that the microbial recruitment upon stress
as not impaired or reduced by the micr obial tr eatments, but
ad a different recruitment outcome than in noninoculated con-
rol plants. Ho w ever, most of the commonly recruited microbes by
he treatments under stress were unknown ASVs . T he beta diver-
ity of bacterial communities was more affected by the microbial
reatments . T he ASVs recruited under stress may be part of the
 ar e rhizospher e micr obiome, whic h is known to hav e an impor-
ant role in microbial communities despite its low r elativ e abun-
ance (Jia et al. 2018 ). 

Fungal alpha diversity was generally not affected by microbial
noculation or herbivory. Although a trend was visible like in bac-
erial alpha div ersity, onl y under contr ol conditions ther e ar e dif-
erences between treatments that are no longer detectable under
tress. Under no stress, SynCom was the treatment with the high-
st alpha div ersity. Similarl y, SynCom sho w ed the most different
ungal communities with respect to control. Beta diversity of fun-
al communities was largely affected by the microbial inocula-
ion regardless of the stress. In general, fungal communities were
ominated by Ascomycota (more than 90% r elativ e abundance),

n particular by the Sordariomycetes order, and the single species
usarium c hlam ydosporum accounted for one-third of the r elativ e
bundance. Like many other Fusarium spp. endophytic strains that
av e been r eported to be beneficial to plants (P a ppas et al. 2018 ,
e Lamo and Takken 2020 , Toghueo 2020 ), F. c hlam ydosporum can
e a nonpathogenic fr ee-living str ain with necr otr ophic behavior

Torbati et al. 2021 ). Inter estingl y the Ba-inoculated plants pre-
ented a larger abundance of Aspergillus spp. under no-herbivory
onditions than under herbivory stress. Plants can shift from one
icrobial partner to another under stress (Zuccaro 2020 ) and it

s possible that under herbivory stress some plant–microbe rela-
ionships might be altered. Although the Aspergillus species was
nknown, it is possible that it was recruited for P-solubilization
apacity (Khan et al. 2007 ) since the plants w ere w atered with a P-
imited fertilization regime . T his general microbial-treatment ef-
ect was also observed in similar patterns in terms of ASVs r elativ e
bundance. Microbial inoculation effects on fungal communities
er e gener al since all tr eatments had enric hment of F. oxysporum
ompared to control plants. It is possible that the microbial inocu-
ation and stress had a systemic effect on the plant defenses and
hytohormonal balance (Friman et al. 2021 ) that created a suit-
ble niche for F. oxysporum (Constantin et al. 2019 ). In addition to
. oxysporum , other fungal species were commonly enriched in all
reatments upon herbivory stress with respect to control. Three
SVs reported as unknown taxa, Kernia spp., which has been re-
orted as a decomposer of herbivore dung (Caretta et al. 1998 ), and
eocosmospora rubicola , reported as both plant pathogen (Zheng et
l. 2018 , Riaz et al. 2022 ) and as plant endophyte together with
ther species from the genus (Kim et al. 2017 , Sandoval-Denis et
l. 2019 ). Ho w e v er, whether these fungal species benefit from the
lant’s stress condition or play an activ e r ole in helping the plant’s
efenses is unknown. In general, fungal effects are mainly domi-
ated by microbial inoculation and are general, meaning that mi-
r obial inoculants hav e less pr onounced individual effects . T he
rid nature of the region where the soil was extracted could ex-
lain the high abundance of Fusarium species, known to thrive in
esertic and extreme environments (Mandeel 2006 ). 

Inoculated plants with the SynCom behav ed differ entl y than
he other microbial treatments and the noninoculated controls.
ndividually inoculated Ba or Th reduced bacterial alpha diversity
hile SynCom-inoculated plants did not. Also, SynCom bacterial
eta diversity was different from noninoculated control and to Ba-
nd T h-inoculated plants . For fungal communities , SynCom in-
culated plants had higher alpha diversity and the beta diversity
iffer ed fr om contr ol and Ba-, P a-, and T h-inoculated plants . How-
 v er, it is not clear what are the microbial interactions between
he inoculated microbes or whether some microbes have a more
r edominant r ole than others. Plant shoot nutrient and biomass
ata indicated that SynCom did not have an additional effect. It is
uestioned whether microbial consortia translate into additional
eneficial effects for the plants (Bradáčová et al. 2019b ). Microbial
onsortia are often reported to deliver better effects under stress
Bradáčová et al. 2019a , Joshi et al. 2020 ). 

Microbial inoculants impacted the rhizosphere volatilome un-
er the nonstress condition. Six volatiles were found to be dif-
erent among treatments only by inoculation. All six compounds
er e significantl y higher in one or more fungal-inoculated treat-
ents (Th, Ri, and SynCom). Inter estingl y, the SynCom behav ed
or e similarl y to the fungal inoculants Ri and Th in terms of

hizosphere volatilome . T h-inoculated plants sho w ed a high in-
ensity of acetic acid, which might be related to the indole-
-acetic acid production reported in many Trichoderma strains
s a r oot gr owth-pr omoting hormone (Nieto-Jacobo et al. 2017 ).
i-inoculated plants sho w ed an increase in unknown 985 and
ynCom-inoculated plants in DMDS. Upon stress, an ov er all
olatilome change was observed with no volatile compound sig-
ificantl y differ ent between tr eatments. Tw o compounds w ere
ommonl y incr eased in all tr eatments upon str ess: DMDS and
enzothiazole. Both DMDS and benzothiazole have been reported
s microbial volatiles with antifungal or antimicrobial properties.
or example, DMDS has been shown to effectiv el y r educe F. oxyspo-
um populations (P a pazlatani et al. 2016 ) while benzothiazole has
ntimicr obial functions a gainst pathogens (Gao et al. 2017 , Lam-
ers et al. 2021 ). It has been shown that abov egr ound herbivory

an reduce the root volatile production of terpenes and increase
he production of aldehydes and sulfur compounds (Lee-Diaz et
l. 2022 ). Bacterial inoculants sho w ed similar patterns in v olatile
nric hment upon str ess: by incr easing the pr oduction of sulfur
ompounds , aldehydes , and alkanes . Ho w e v er, fungal inoculants
nd the SynCom behaved similarly by increasing the production
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of terpenes , alcohols , and furans . Despite the similarities , each mi- 
crobial inoculant had a unique “stress-enriched” volatilome; Ri- 
inoculated plants sho w ed enrichment in two furan compounds,
whic h ar e mainl y pr oduced by fungi and hav e been r elated to an- 
timicrobial functions (Farh and Jeon 2020 ), while Th-inoculated 

plants presented both increase and decrease of monoter- 
penes and furan compounds . T he unique stressed rhizosphere 
volatilome of each microbial treatment could have a further im- 
pact on ecological interactions with other soil trophic levels. For 
example, incr eased DMDS fr om str essed r oots has been shown to 
attr act natur al enemies of r oot-feeding herbivor es (Danner et al.
2015 ). Also, aldehydes have been reported as attractants to soil- 
dwelling insects, such as coleopteran larvae (Barsics et al. 2017 ). 

Ov er all, our r esults sho w ed that abov egr ound herbivory af- 
fected the rhizosphere’s volatile and microbiome composition. 
This stress-associated effect was impacted by microbial inoc- 
ulation, and depending on the parameter measured (diversity,
comm unity structur e , biomass , and colonization), the effects 
were common for all microbial inoculants or inoculant-specific.
Ov er all, the impact of microbial inoculation was stronger under 
nonstress conditions . T he differences found in both community 
structure and volatilome wer e le v eled by herbivory, illustrating 
that biotic stress is a major driver of plant–microbe interactions.
Ho w e v er, the unique inter action of micr obial inoculant-herbivory- 
dependent effects reflects the complexity of the plant’s ecological 
interactions and context dependency. Further knowledge on the 
ecological role of inoculants and their interactions with biotic and 

abiotic factors can bring knowledge that impr ov es their efficacy 
and safe application. 
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radáčová K , Sittinger M, Tietz K et al. Maize inoculation with micro-
bial consortia: contrasting effects on rhizosphere acti vities, n utri-
ent acquisition and early growth in different soils. Microorganisms 
2019b; 7 :329.

allahan BJ , McMurdie PJ, Rosen MJ et al. D AD A2: high-resolution
sample infer ence fr om Illumina amplicon data. Nat Methods 
2016; 13 :581–3.

aretta G , Piontelli E, Savino E et al. Some coprophilous fungi from
K en ya. Mycopathologia 1998; 142 :125–34.

onstantin ME , de Lamo FJ, Vlieger BV et al. Endophyte-mediated re-
sistance in tomato to Fusarium oxysporum is independent of ET, JA,
and SA. Front Plant Sci 2019; 10 :979.

anner H , Brown P, Cator EA et al. Abov egr ound and belowground
herbivor es syner gisticall y induce volatile or ganic sulfur com-
pound emissions from shoots but not from roots. J Chem Ecol
2015; 41 :631–40.

e Lamo FJ , Takken FLW. Biocontrol by Fusarium oxysporum using
endophyte-mediated resistance . F ront Plant Sci 2020; 11 :37.

u X , Smirnov A, Pluskal T et al. Metabolomics data pr epr ocess-
ing using ADAP and MZmine 2. In: Li S (ed.), Computational Meth-
ods and Data Analysis for Metabolomics . New York: Springer, 2020,
25–48.

arh ME-A , Jeon J. Roles of fungal volatiles from perspective of dis-
tinct lifestyles in filamentous fungi. Plant Pathol J 2020; 36 :193–203.

inkel OM , Castrillo G, Herr er a P ar edes S et al. Understanding
and exploiting plant-beneficial microbes. Curr Opin Plant Biol 
2017; 38 :155–63.

riman J , Karssemeijer PN, Haller J et al. Shoot and root insect her-
bivory change the plant rhizosphere microbiome and affects 
cabba ge–insect inter actions thr ough plant–soil feedbac k. New
Phytol 2021; 232 :2475–90.

ukami T . Historical contingency in Community Assembly: integrat- 
ing niches, species pools, and priority effects. Annu Rev Ecol Evol
Syst 2015; 46 :1–23.

ao Z , Zhang B, Liu H et al. Identification of endophytic Bacillus
velezensis ZSY-1 strain and antifungal activity of its volatile com-
pounds against Alternaria solani and Botrytis cinerea . Biol Contr
2017; 105 :27–39.

arcía JM , Pozo MJ, López-Ráez JA. Histochemical and molec- 
ular quantification of arbuscular mycorrhiza symbiosis. In: 
Rodríguez-Concepción M, Welsch R (eds.), Plant and Food 
Carotenoids: Methods and Protocols . New York: Springer, 2020, 293–9.

iovannetti M , Mosse B. An e v aluation of tec hniques for measuring
vesicular arbuscular mycorrhizal infection in roots. New Phytol 
1980; 84 :489–500.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiad160#supplementary-data


14 | FEMS Microbiology Ecology , 2024, Vol. 100, No. 2 

H  

 

 

H  

 

J  

 

J  

J  

 

 

K  

K  

 

K  

 

L  

 

L  

L  

 

L  

 

M  

M  

M  

 

 

M  

 

M  

 

N  

 

N  

 

 

N  

 

P  

 

P  

 

 

P  

 

 

P  

P  

 

P  

 

P  

 

 

P  

 

 

Q  

 

R  

 

R  

 

R  

 

 

S  

 

S  

 

S  

 

 

S  

 

S  

 

 

T  

T  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/100/2/fiad160/7603995 by ESTAC
IO

N
 EXPER

IM
EN

TAL D
EL ZAID

IN
 (EEZ) user on 25 February 2025
ewitt EJ . Sand and water culture methods used in the study of plant
nutrition. Tec hnical Comm unication No. 22. Long Ashton, Bristol,
East Malling, Maidstone, K ent: Univ ersity of Bristol Agricultur al
and Horticultural Research Station, 1966.

u L , Robert CAM, Cadot S et al. Root exudate metabolites drive
plant-soil feedbacks on growth and defense by shaping the rhi-
zospher e micr obiota. Nat Commun 2018; 9 :2738.

eon J-S , Rybka D, Carr eno-Quinter o N et al. Metabolic signatur es of
rhizobacteria-induced plant growth promotion. Plant, Cell & Envi-
ronment 2022; 45 ;3086–99.

ia X , Dini-Andreote F, Salles JF. Community assembly processes of
the microbial rare biosphere. Trends Microbiol 2018; 26 :738–47.

oshi B , Chaudhary A, Singh H et al. Pr ospectiv e e v aluation of indi-
vidual and consortia plant growth promoting rhizobacteria for
dr ought str ess amelior ation in rice ( Oryza sativ a L.). Plant Soil
2020; 457 :225–40.

aminsky LM , Trexler RV, Malik RJ et al. The inherent conflicts in de-
v eloping soil micr obial inoculants. Trends Biotec hnol 2019; 37 :140–
51.

han MS , Zaidi A, Wani PA. Role of phosphate-solubilizing microor-
ganisms in sustainable a gricultur e—a r e vie w. Agron Sustain Dev
2007; 27 :29–43.

im J-H , Kim D-Y, Park H et al. Neocosmospora rubicola , an unrecorded
endophytic fungus isolated from roots of glycyrrhiza uralensis in
Korea. Kor J Mycol 2017; 45 :63–7.

ammers A , Zweers H, Sandfeld T et al. Antimicrobial compounds
in the volatilome of social spider communities . F ront Microbiol
2021; 12 :700693.

ee Díaz AS , Macheda D, Saha H et al. Tackling the context-
dependency of microbial-induced resistance. Agronomy 
2021; 11 :1293.

ee Díaz AS , Rizaludin MS, Zweers H et al. Exploring the volatiles re-
leased fr om r oots of wild and domesticated tomato plants under
insect attack. Molecules 2022; 27 :1612.

iu Q , Wang S, Li K et al. Responses of soil bacterial and fungal com-
munities to the long-term monoculture of grapevine. Appl Micro-
biol Biotechnol 2021; 105 :7035–50.

allon CA , Elsas JDv, Salles JF. Micr obial inv asions: the pr ocess, pat-
terns , and mechanisms . Trends Microbiol 2015; 23 :719–29.

andeel QA . Biodiversity of the genus Fusarium in saline soil habi-
tats. J Basic Microbiol 2006; 46 :480–94.

aw ar da PC , Le Roux X, Dirk van Elsas J et al. Deliberate introduction
of in visible in v aders: a critical a ppr aisal of the impact of micro-
bial inoculants on soil microbial communities. Soil Biol Biochem
2020; 148 :107874.

cMurdie PJ , Holmes S. phyloseq: an R pac ka ge for r epr oducible in-
ter activ e anal ysis and gr a phics of micr obiome census data. PLoS
ONE 2013; 8 :e61217.

inc he v Z , Kostenk o O, Soler R et al. Microbial consortia for effec-
tiv e biocontr ol of r oot and foliar diseases in tomato. Front Plant
Sci 2021; 12 :756368.

icholson WL , Setlow P. Sporulation, germination, and outgrowth.
In: Molecular Biological Methods for Bacillus . Boston: ScienceOpen,
Inc. , 1990. 

ieto-J acobo MF , Stey aert JM, Salazar-Badillo FB et al. Environmental
growth conditions of Trichoderma spp. affects indole acetic acid
deri vati ves, volatile organic compounds, and plant growth pro-
motion. Front Plant Sci 2017; 8 :102.

ilsson RH , Larsson K-H, Taylor AFS et al. The UNITE database for
molecular identification of fungi: handling dark taxa and parallel
taxonomic classifications. Nucleic Acids Res 2019; 47 :D259–64.
ang Z , Chong J, Zhou G et al. MetaboAnalyst 5.0: narrowing the gap
between raw spectra and functional insights. Nucleic Acids Res
2021; 49 :W388–96.

 a pazlatani C , Rousidou C, Katsoula A et al. Assessment of the im-
pact of the fumigant dimethyl disulfide on the dynamics of ma-
jor fungal plant pathogens in greenhouse soils. Eur J Plant Pathol
2016; 146 :391–400.

 a ppas ML , Lia pour a M, P a pantoniou D et al. The beneficial endo-
phytic fungus Fusariumsolani strain K alters tomato responses
against spider mites to the benefit of the plant. Front Plant Sci
2018; 9 :1603.

aulson JN , Stine OC, Bravo HC et al. Differential abundance analysis
for microbial marker-gene surveys. Nat Methods 2013; 10 :1200–2.

ieterse CMJ , Zamioudis C, Berendsen RL et al. Induced sys-
temic resistance by beneficial microbes. Annu Rev Phytopathol
2014; 52 :347–75.

ineda A , Kaplan I, Hannula SE et al. Conditioning the soil micro-
biome through plant–soil feedbacks suppresses an aboveground
insect pest. New Phytol 2020; 226 :595–608.

luskal T , Castillo S, Villar-Briones A et al. MZmine 2: mod-
ular fr ame work for pr ocessing, visualizing, and anal yzing
mass spectrometry-based molecular profile data. BMC Bioinf
2010; 11 :395.

luskal T , Korf A, Smirnov A et al. CHAPTER 7:metabolomics data
analysis using MZmine. In: Processing Metabolomics and Proteomics
Data with Open Software . London: Ro y al Society of Chemistry, 2020,
232–54.

uast C , Pruesse E, Yilmaz P et al. The SILVA ribosomal RNA gene
database pr oject: impr ov ed data pr ocessing and web-based tools.
Nucleic Acids Res 2013; 41 :D590–6.

iaz M , Akhtar N, Msimbira LA et al. Neocosmospora rubicola , a stem
rot disease in potato: characterization, distribution and manage-
ment. Front Microbiol 2022; 13 :953097.

izaludin MS , Stopnisek N, Raaijmakers JM et al. The chemistry of
stress: understanding the ‘cry for help’ of plant roots. Metabolites
2021; 11 :357.

omano I , Ventorino V, Pepe O. Effectiveness of plant beneficial
micr obes: ov ervie w of the methodological a ppr oac hes for the
assessment of root colonization and persistence . F ront Plant Sci
2020; 11 :6.

andoval-Denis M , Lombard L, Crous PW. Back to the roots: a reap-
praisal of Neocosmospora . Persoonia Mol Phylo Evol Fungi 2019; 43 :
90–185.

chulz-Bohm K , Zweers H, de Boer W et al. A fr a gr ant neighbor-
hood: volatile mediated bacterial interactions in soil. Front Micro-
biol 2015; 6 :1212.

ghaier H , Hezbri K, Ghodhbane-Gtari F et al. Stone-dwelling
actinobacteria Blastococcus saxobsidens , Modestobacter marinus
and Geodermatophilus obscurus proteogenomes. ISME J 2016; 10 :
21–9.

mulders L , Benítez E, Moreno B et al. Tomato domestication affects
potential functional molecular pathways of root-associated soil
bacteria. Plants 2021; 10 :1942.

t-Arnaud M , Hamel C, Vimard B et al. Enhanced hyphal growth and
spor e pr oduction of the arbuscular mycorrhizal fungus glomus
intr ar adices in an in vitro system in the absence of host roots.
Mycol Res 1996; 100 :328–32.

oghueo RMK . Bioprospecting endophytic fungi from fusarium genus
as sources of bioactive metabolites. Mycology 2020; 11 :1–21.

oju H , Peay KG, Yamamichi M et al. Cor e micr obiomes for sustain-
able a gr oecosystems. Nat Plants 2018; 4 :247–57.



Lee Díaz et al. | 15 

Torbati M , Arzanlou M, da Silva Santos AC. Fungicolous Fusarium 

 

r esha ping the soil microbiome. Soil Biol Biochem 2017; 114 : 

Y  

Z  

 

Z  

 

Z
 

Z  

 

D
ow

nloaded from
 https://academ

ic.oup.co
species: ecology , diversity , isolation, and identification. Curr Mi- 
crobiol 2021; 78 :2850–9.

Trabelsi D , Mhamdi R. Microbial inoculants and their impact 
on soil microbial communities: a review. Biomed Res Int 
2013; 2013 :e863240.

Triv edi P , Leac h JE, Tringe SG et al. Plant–micr obiome inter actions: 
fr om comm unity assembl y to plant health. Nat Rev Microbiol 
2020; 18 :607–21.

Tyndall J.VI . On heat as a germicide when discontinuously applied.
Proc R Soc Lond 1877; 25 :569–70.

van Elsas JD , Chiurazzi M, Mallon CA et al. Microbial diversity deter- 
mines the invasion of soil by a bacterial pathogen. Proc Natl Acad 
Sci 2012; 109 :1159–64.

Xiong W , Guo S, Jousset A et al. Bio-fertilizer application in- 
duces soil suppr essiv eness a gainst Fusarium wilt disease by 
Recei v ed 30 J an uar y 2023; revised 16 November 2023; accepted 7 February 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O
Attribution License ( http://creativecommons.org/licenses/by/4.0/ ), which permits unrestri

work is pr operl y cited.
238–47.
i H-S , Yang JW, Ghim S-Y et al. A cry for help from leaf to root. Plant

Signal Behav 2011; 6 :1192–4.
heng F , Xu G, Zheng FQ et al. Neocosmospora rubicola causing

stem Rot of Pitaya ( Hylocereus costaricensis ) in China. Plant Dis
2018; 102 :2653.

hou S , Lou Y-R, Tzin V et al. Alteration of plant primary
metabolism in response to insect herbiv ory. Plant Ph ysiol 2015; 169 :
1488–98.

uccaro A . Plant phosphate status drives host microbial prefer- 
ences: a trade-off between fungi and bacteria. EMBO J 2020; 39 :
e104144.

üst T , Agrawal AA. Trade-offs between plant growth and defense
against insect herbivory: An emerging mechanistic synthesis.
Annu Rev Plant Biol 2017; 68 :513–34.
pen Access article distributed under the terms of the Cr eati v e Commons 
cted reuse, distribution, and reproduction in any medium, provided the original 

m
/fem

sec/article/100/2/fiad160/7603995 by ESTAC
IO

N
 EXPER

IM
EN

TAL D
EL ZAID

IN
 (EEZ) user on 25 February 2025

http://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Author contributions
	Acknowledgments
	Supplementary data
	References

