
FEMS Microbiology Ecology , 2025, 101 , fiaf063 

DOI: 10.1093/femsec/fiaf063 
Ad v ance access publication date: 18 June 2025 

Research Article 

The quest for molecular markers indicating root growth 

in microbially treated tomato ( Solanum l ycoper sicum ) 
plants 

Leonar d S . v an Ov erbeek * , Stefan Aanstoot, Erik Esveld 

†, Lina Russ , Beatriz Andreo Jimenez 

Wa geningen Univ ersity and Researc h (WUR), Radix building (building 107), Dr oe v endaalsesteeg 1, 6700AB Wa geningen, The Netherlands 
∗Corr esponding author. Wa geningen Univ ersity and Researc h, Radix building (building 107), Dr oe v endaalsesteeg 1, 6700AB Wa geningen, T he Netherlands . 
E-mail: leo.v anov erbeek@wur.nl 
†coauthor is deceased and contributed to the study by his expertise on X-ray microtomography 
Editor: [Angela Sessitsch] 

Abstract 

Roots are essential plant organs for anc hor age in soil, uptake of water with n utrients, stora ge of photosynthates, and microbial in- 
teractions. More knowledge on microorganisms stimulating root growth is needed to control root development of cultured plants. 
A marker-assisted approach would facilitate vast screenings of microbes for eventual effects on root development. It was aimed to 
select for transcripts that r e port on r oot gr owth stim ulation at the earl y tomato plant gr owth sta ge upon micr obial tr eatments. Mi- 
cr obiall y tr eated tomato ( Solanum lycoper sicum ) plants wer e culti v ated in stone wool sla bs and scr eened for genes that incr eased or 
decr eased in differ ential expr ession upon incr eased r oot gr owth, by RNAseq. Expr ession of 21 selected genes w as measur ed by quan- 
titati v e pol ymer ase c hain r eaction (qPCR) in r elation with stim ulated r oot gr owth, r ecorded by X-ray microtomography, of micr obiall y 
treated tomato plants cultivated in stone wool bloc ks. Tw o genes w ere identified of which expression significantly correlated with 

high measur ed r oot length, and for one also with high measured shoot wet and dry w eight. The tr anslated pr oducts, both inv olv ed 

in modulation of Rubisco acti vity, wer e a chlor oplast-localized acetyltransferase (SlSNAT2) and a Rubisco acti v ase (Rca). Transcripts 
whose translated products modulate Rubisco activity can serve as candidates for r e porting on earl y r oot dev elopment upon micr obial 
inoculation. 

Ke yw or ds: microbial inoculant; RN Aseq; r oot dev elopment; r oot gr owth indicator; stone wool; tomato plants; Verrucomicr obium ; X-r ay 
microtomography 
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Introduction 

Roots are essential plant organs for anchorage in soil, uptake of 
water with dissolved nutrients, storage of photosynthates, and for 
interactions with soil microorganisms (Atkinson et al. 2014 , Hoang 
et al. 2020 ). These functions all are important to maintain a pro- 
ductive and healthy status of arable plants. Plants benefit from 

compr ehensiv e r oot surfaces by intense inter actions with benefi- 
cial micr oor ganisms pr esent in soils (Balestrini et al. 2024 ). Exten- 
siv e r oot gr owth will ov er all r esult in better plant de v elopment 
and incr eased r esilience to differ ent forms of str ess (Hoang et al.
2020 ). Man y envir onmental factors play a r ole in r oot gr owth and 

de v elopment and ther e is still no complete ov ervie w on all factors 
contributing to root growth (Hardtke 2006 , Osmont et al. 2007 ). 

Plant-associated microbes support plant development by root 
gr owth stim ulation under suboptimal circumstances, such as in 

parched soils, or in soils limited in P or N (Osmont et al. 2007 ,
Estrada-Bonilla et al. 2012 , Eltlbany et al. 2019 ). Certain micro- 
bial strains are applied as active ingredients in products meant 
to stimulate root growth in arable plants (Ortíz-Castro et al. 2009 ,
Verbon and Liberman 2016 ). In specific, root growth stimulants 
can be r ele v ant for plants cultivated in alternative growth matri- 
ces, such as stone wool, that are virtually void of indigenous mi- 
crobes (Mendes et al. 2013 , Bakker et al. 2018 ). High value food and 
Recei v ed 7 February 2025; revised 19 May 2025; accepted 17 June 2025 
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rnamental plants ar e r outinel y cultiv ated in stone wool bloc ks in
reenhouses in the Netherlands and microbial inoculants could 

ontribute to root growth and development. Root growth stimu- 
ants act as biostimulants because they can increase nutrient up-
ake and tolerance to abiotic stresses. Marketing of biostimulants 
ithin the EU is harmonized and should comply with EU regula-

ion EU 2019/1009 on fertilizing products. In the current situation,
nl y four micr obial gr oups can be r egister ed as biostim ulants , i.e .
zospirillum , Azotobacter , and Rhizobium spp and mycorrhizal fungi.
ore information on the role of other microbial species in root de-

elopment is therefore needed to offer new perspectives to grow- 
rs for root growth control in their crop production practices. 

To investigate the impact of microbial inoculants on root 
rowth, it is important to accurately measure root systems (Atkin-
on et al. 2018 ). For root growth studies done in soils, it is difficult
o k ee p root systems intact and not to cause any disturbances in
 oot structur es (Poole 2017 ). Measur ements causing disturbances
n root structures provide incomplete information on root capac- 
ty for nutrient uptake and microbial interactions. In the labora- 
ory, r oot structur es can be measur ed ov er time, but then plants

ust be grown under artificial circumstances (Atkinson et al.
014 ). Ne w anal ytical tools would ther efor e be r equir ed to inv es-
igate root growth in its matrix under realistic growth conditions,
 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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Table 1. Micr obial str ains used for tomato plant tr eatments. 

Strain Taxonomic identity Origin/reference 

T-22 T. afroharzianum Trianum-P, Koppert biological systems, Netherlands 
FZB42 B. velezensis Plant pathogen infested soil (Krebs et al. 1998 ), active 

component of Rhizovital Abiteb, Germany 
PsJN Paraburkholderia phytofirmans Onion roots (Sessitsch et al. 2005 ) 
D5/23 Kosakonia radicincitans Winter wheat (Kämpfer et al. 2005 ) 
R034 Klebsiella variicola Rice roots (Hardoim et al. 2011 ) 
R035 Enterobacter sp. Rice roots (Hardoim et al. 2011 ) 
R043 Citrobacter freundii Rice roots (Hardoim et al. 2011 ) 
R082 Enterobacter sp. Rice roots (Hardoim et al. 2011 ) 
R175 Pseudomonas sp. Rice roots (Hardoim et al. 2011 ) 
E353 Mucilaginibacter pocheonensis Surface-sterilized tomato stem, unpublished 
E390 Acidovorax avenae Surface-sterilized tomato stem, unpublished 
E394 Kokuria kristinae Surface-sterilized tomato stem, unpublished 
CHC8 Verrucomicrobium subdivision 1, Candidatus genus Rhizospheria Leek rhizosphere (Nunes da Rocha et al. 2010 ) 
C20 Verrucomicrobium subdivision 1, Luteolibacter Potato rhizosphere (Nunes da Rocha et al. 2010 ) 
Z35 Verrucomicrobium subdivision 1, Candidatus genus Rhizospheria Potato rhizosphere (Nunes da Rocha et al. 2010 ) 
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r efer abl y nondestructiv e, to allow m ultiple r oot measur ements
er plant growth cycle (Flavel et al. 2012 , Tracy et al. 2012 ). These
ypes of measurements could offer better insight in the adapta-
ion of plants by modification of their root systems . X-ra y microto-

ogr a phy is such a novel approach (Tracy et al. 2012 , Poole 2017 ),
lthough still confronted with technical constrains in visualiza-
ion of root systems in natural soils (Zappala et al. 2013 ). How-
 v er, it is possible to measure entire root systems and to quantify
 ultiple tr aits in r oot arc hitectur e that ar e important for plant

rowth (Mooney et al. 2011 , Flavel et al. 2012 , Tracy et al. 2012 ).
otal root system analysis can therefore be used as a tool to study
he impact of micr oor ganisms, deriv ed fr om plant micr obiomes,
n stimulation of root growth (Verbon and Liberman 2016 , Poole
017 ). 

The modes of action of many microorganisms isolated as root
r owth stim ulants fr om soil and plant micr obiomes ar e unknown
Bulgarelli et al. 2012 , Mendes et al. 2013 , Yu and Hochholdinger
018 ). For commercial purposes, the search for individual strains
r mixtures thereof (SynComs) in soil and plant microbiomes
ould be r ele v ant for de v elopment of ne w pr oducts that can be
 pplied as r oot gr owth stim ulants in sustainable pr actices. Al-
hough novel insight on root architectural changes can be of-
er ed by X-r ay micr otomogr a phy, this method cannot be a pplied
n high thr oughput scr eenings for root growth stimulation in
lants treated with microbial agents . As alternative , molecular
arkers in plants, that are indicative for stimulated root growth,

an be an option to screen among vast numbers of microbially
reated plants for identification of r oot gr owth-stim ulating mi-
r obial str ains. Tr anscription-based markers could monitor early
tages in root growth, whereas their translated products do not
ecessarily need to be involved in root architectural processes

Verbon and Liberman 2016 , Hoang et al. 2020 ). For the quest
o such transcripts in plants, an untargeted approach, such as
N Aseq, w ould be an adequate tool. 

The objective of this study was to search for transcriptional fac-
ors that report on root growth upon microbial treatments at the
arl y plant gr owth sta ge. For that pur pose, we used a set of plant-
ssociated bacterial strains that originated from surfaces and in-
ernal compartments of different plant species. By individual ap-
lications of different microbial strains (bacteria and a fungus in
 commercial product), we attempted to stimulate root growth
n our model plant tomato ( Solanum lycopersicum ), an important
ood crop in Dutch greenhouse production, via different regu-
atory networks (Ortíz-Castro et al. 2009 , Verbon and Liberman
016 ). The relationship between root growth stimulation and dif-
er ential expr ession of genes was inv estigated using the combina-
ion of in vitro root growth measurements in stone wool slabs and
NAseq analysis on stem base samples. In a subsequent step, a
elected set of primer systems, targeting transcripts of genes that
r e str ongl y incr eased or r educed in expr ession upon r oot gr owth
tim ulation, was e v aluated on micr obiall y tr eated plants gr own in
tone wool blocks of which the total root sizes were recorded by
-r ay micr otomogr a phy. 

aterials and methods 

xperimental design 

he experiment consisted of two phases, a first phase wherein
enes were selected that wer e differ entiall y expr essed upon stim-
lated r oot gr owth, and a second wher ein a selected set of tran-
cripts was e v aluated for corr elation with r oot and shoot gr owth
f micr obiall y tr eated tomato plants ( Fig. S1 ). In phase 1, tomato
lants wer e individuall y gr o wn in stone w ool slabs and a total of
6 microbial and control treatments were applied on five replicate
lants per treatment in two independent experiments. RNAseq
nalysis was performed on pooled RNA samples of each treat-
ent, separate for the replicate experiments. In phase 2, tomato

lants wer e individuall y gr o wn in stone w ool blocks and a total of
v e micr obial and contr ol tr eatments wer e a pplied on fiv e r epli-
ate plants per treatment in one single experiment. Total root size
 as recor ded b y X-r ay micr otomogr a phy and gene expr ession of
1 selected transcripts was quantified by qPCR on plant RNA ex-
racts. 

icrobial strains 

icr obial str ains, differing in taxonomical identity and originat-
ng from different sour ces, w ere used in this study (Table 1 ).
w o strains w ere used as references because these have al-
eady been applied as active compounds in products. Tricho-
erma afroharzianum strain T-22 was used in a formulated form,
rianum-P (Koppert Biological Systems BV, Netherlands), and
acillus velezensis strain FZB42 in a nonformulated form and
his strain is the active compound of RhizoVital (Abiteb, Ger-

an y). Further, thr ee str ains (E353, E390, and E394), c har acterized
s endophytes and originating from surface-sterilized stems of

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
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gr eenhouse-cultiv ated tomato plants cv. Moneymaker, were used.
All other bacterial strains originated from roots and rhizosphere 
soils of different plant species. Among the group of bacteria, strain 

identities affiliated with different taxonomical phyla including 
Actinobacteria (E394), Bacteroidetes (E353), Firmicutes (FZB42), Pro- 
teobacteria ( Betaproteobacteria , PsJN, E39, and Gammaproteobacteria , 
D5/23, R034, R035, R043, R082, and R175), and Verrucomicrobium 

subdivision 1 (CHC8, C20, and Z35). 
Verrucomicrobium subdivision 1 strains were cultivated on R2A 

(Sigma Aldrich) for 7–10 days at 25 ◦C, because of their recal- 
citrance to grow in liquid broth (Nunes da Rocha et al. 2011 ).
All other bacterial strains were overnight cultivated in one-tenth 

strength tryptic soy broth (T hermoFisher Scientific , Waltham, Ma) 
at 25 ◦C under rotation. Cells from plates were harvested, by scrap- 
ing from the agar surface with a sterilized spatula, in quarter 
strength Ringer solution ( 1 4 Ringer solution; Oxoid, UK) and cell 
suspensions of all bacterial strains were centrifuged for 5 min at 
10 000 × g . Resulting cell pellets were three times washed in 

1 
4 

Ringer solution by r epeated r esuspension and centrifugation steps 
and finally diluted in tomato nutrient solution (TNS; Voogt and 

Sonne v eld 1997 ). Spor es of T . afroharzianum T -22 (Trianum-P) were 
diluted in TNS as recommended by the manufacturer, and all bac- 
terial cell and strain T-22 spore suspensions were set at 10 8 CFU 

ml −1 using TNS. 

Tomato plant treatments and growth 

Tomato plants (cultivar Delioso F1, Rijk Zwaan, Netherlands) were 
grown in stone wool (Grodan Rockwool BV, NL) slabs of 12 (W) 
× 12 (H) × 1 (D) cm, in phase 1, or in blocks of 10 (W) × 11.2 
(H) × 20 (D) cm in size, in phase 2. Slabs were covered with two 
tr anspar ent plastic sheets on both large sides for recording root 
gr owth ov er time, and bloc ks wer e wr a pped in white plastic foil on 

four sides, to avoid excessive water e v a por ation. Slabs and blocks 
were soaked in TNS until complete saturation. Then, seeds were 
placed on top of open sides of slabs and blocks and individually 
treated with 100 μl bacterial cell or strain T-22 spore suspension 

(Trianum-P tr eatment). Contr ol plants were treated with TNS only.
All microbial and control treatments were repeated on emerging 
seeds after 3 da ys . Se v en slabs of the same microbial or control 
tr eatment wer e placed in one tr ay and onl y the inner fiv e slabs 
were used for recording root development over time and RNA ex- 
tr action. Bloc ks wer e individuall y placed on supporting tr ays and 

TNS was administered to slabs and bloc ks fr om below, e v ery 3 
da ys . Seeds in slabs w ere allo w ed to germinate and to grow out to 
plants in a plant growth cabinet for 21 d (Weisstechnik, USA) and 

in blocks in the greenhouse for 17 d, all under the same day/night 
regime of 16 h light at 25 ◦C/8 h dark at 20 ◦C, at a constant air 
humidity of 70%. 

Root and shoot measurements in stone wool 
slabs and blocks 

Root sizes and number of side br anc hes wer e r ecorded in stone 
wool slabs at different time periods after seeding, namely at days 
7, 10, 14, and 21. Ther efor e, r oots visible under the tr anspar ent 
sheets on both sides of the slabs were marked with different 
colours for each time period. Then, sheets were scanned and the 
cum ulativ e curv ed length was determined using optimized colour 
separation and image skeletonization procedures created in Mat- 
lab (MathWorks Inc, MA). Plants wer e destructiv el y sampled at 
day 21 by cutting shortly above the stone wool surface. The transi- 
tion zone between roots and stem at the first 3 cm above the stone 
ool surface, and further denoted as ‘stem base’, of all plants were
ampled and sna p-fr ozen for 10 s in liquid nitr ogen and further
tored at −70 ◦C for later RNA extr action. Further, length, fr esh
eight, and number of compound leaves of the shoots were mea-

ured. 
The total length of root systems in stone wool blocks was de-

ermined via X-ray microtomography at 17 d after sowing. There-
or e, plants wer e destructiv el y sampled by cutting off shoots as
escribed before . T hree centimetre stem base samples were taken
rom the shoots, snap-frozen and stored at −70 ◦C for later RNA ex-
r action. Fr esh weight of the separated shoots were immediately
etermined, after which samples were overnight dried at 60 ◦C
or dry weight measurement. The blocks still containing intact 
 oot systems wer e dehydr ated for 40 min via ca pillary dr aina ge
n a presoaked stacked column of stone wool blocks of 1.5 m in
eight and thus dehydrated blocks were stored overnight at 50%
H. Then, individual stone wool blocks with r oots wer e scanned
t 70 μm resolution (Phoenix v | tome | x m, General Electric, Ger-
any) during a time frame of 45 min. Reconstructed 3D images

f all root systems in stone wool blocks wer e identicall y pr ocessed
sing Avizo V9.2 (Thermo Fisher Scientific, MA) to visualize roots
ia a combination of thresholding and morphological filtering. Re- 
aining capillary water clusters could be eliminated from the 

egmented root system by skeletonization and deletion of small 
nd thin segments. 

ecovery of introduced microbial strains from 

oots in stone wool blocks 

fter X-ray microtomography, roots were separated from three 
 andoml y selected stone wool blocks for quantitative detection,
y qPCR, of strains Z35, FZB42, and R043, and for recovery by cul-
iv ation, of str ains T-22, FZB42, and R043. Ther efor e, r oots fr om
ac h bloc k wer e split into two batc hes for DNA extr action and mi-
r obial r ecov ery. 

DN A w as extracted from 100 mg frozen ( −20 ◦C) root samples
sing the DNeasy Po w erSoil Kit (Qia gen, German y), following the

nstruction provided by the manufacturer. DN A w as quantified us-
ng the Qubit quantitation platform (Thermo Fisher Scientific) and 

0 fg of root DN A w as used as target in quantitative polymerase
 hain r eactions (qPCRs) using Takar a TB Gr een Pr emix Ex Taq II
it (Takara Bio Inc., Japan), combined with the primers described
n Table S1 . For calibration, synthetic double-stranded DNA tar- 
ets (gBlocks), complementary to each primer system, were used.
eactions were run in an Applied Biosystems 7500 real-time PCR
ystem (Thermo Fisher Scientific), using a thermal cycling regime 
f one cycle at 95 ◦C for 2 min, follo w ed b y 40 c ycles at 95 ◦C for 10 s
nd 60 ◦C for 45 s. During the pr ogr am, fluor escence was recorded,
nd cycle threshold (Ct) values established. In addition, dissocia- 
ion curves of the amplicons were made at the end of the pr ogr am
t a temper atur e r ange between 60 ◦C and 95 ◦C. 

For r ecov ery of str ain T-22 fr om Trianum-P-tr eated plants,
oot parts of between one and three cm in length were placed
nto potato dextrose agar (PDA; ThermoFisher Scientific) in 

etridishes . For reco very of strains FZB42 and R043 from treated
lants, samples composed of 5 g root parts were transferred
o BioReba extraction bags (BioReba A G , Switzerland) contain-
ng 5 ml of 1 

4 Ringer solution, after which roots were macer-
ted and suspensions plated onto R2A. All plates were incubated
t 25 ◦C for 4 da ys , after which they were inspected for pres-
nce of colonies with morphologies identical to the introduced 

trains. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
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N A extr action from stem base samples, re verse 

ranscription, sequencing, and data processing 

otal RN A w as extr acted fr om all sna p-fr ozen and stor ed stem
ase samples of plants grown in stone wool slabs and blocks.
her efor e, samples wer e homogenized by bead beating for 30 s
t 8000 RPM using a Pr ecell ys ® bead beater (Bertin Technolo-
ies, F rance). Obtained homogenates w ere k e pt on ice during
ll RNA extraction steps, using the RNeasy plant mini kit (Qia-
en). DN A w as r emov ed fr om all RN A samples using RN Ase-free
N Ase (DN Ase I, amplification grade , T hermo Fisher Scientific).
NA samples, free of DNA, were stored at −70 ◦C for later RNAseq

from plants grown in slabs) and qPCR (from plants grown in
loc ks) anal yses. 

For RNAseq analysis, a total of 32 RNA extracts (16 pooled
NA samples of five plants per treatment, in replicate from the
wo separate experiments) were used. Plant mRNA samples were
nric hed by pol yA mRNA selection using the TruSeq stranded
NA sample pr epar ation kit (Illumina Inc , C A). Samples were

r a gmented and r e v erse tr anscribed into cDNA. Ada pters wer e
hen ligated to final cDNA products and the obtained cDNA li-
rary w as amplified, accor ding to the protocol provided by the
anufactur er. The final libr ary, eluted to 30 μl in elution buffer,
as quality c hec ked and quantified using a Bioanalyzer 2100
NA1000 chip (Agilent Technologies, Germany). Prepared libraries
ere pooled and diluted to 6 pM for TruSeq paired-end v4 DNA

lustering on a one single flow cell lane using a cBot device (Illu-
ina). Final sequencing was done on a HiSeq 2500 platform (Il-

umina). All steps for clustering and subsequent sequencing were
arried out according to the manufactur er pr otocol. Reads wer e
plit per corresponding sample using CASA V A 1.8 software (Illu-
ina), length ( > 30 bp) and quality trimmed (0.05, 2 ambiguous

ucleotides) with CLC Genomics Workbench 11.0.1 (Qiagen) and
apped to the tomato reference genome [International tomato

enome project ( https:// solgenomics.nethttps:// solgenomics.net )
ersion SL3.0 and ITAG3.10] using the hisat2 software excluding
iscordant alignments (Kim et al. 2015 ). Raw sequence reads from
ll samples were deposited in the NCBI sequence read archive un-
er Bioproject number PRJNA644532 ( https://www.ncbi.nlm.nih.
ov/ bioproject/ PRJNA644532 ). 

Quantitativ e pol ymer ase c hain r eactions wer e conducted on
 e v erse tr anscribed tr anscripts of 21 selected genes using RNA ex-
r acts fr om individual plants gr o wn in stone w ool blocks . T here-
or e, primers tar geting tr anscripts of these 21 genes, further r e-
erred to as primer sets 1 through 21 ( Table S2 ), were applied
n separate qPCRs and calibrated with gBlocks, specific for each
rimer set. Reactions were all carried out on 75 ng template RNA

n buffer solution of the Takara One-Step TB Green PrimeScript
 T-PCR kit II, accor ding to the manufacturer protocol. Reactions
ere run in a 7500 real time thermocycler, using the same thermo-

ycle regime for all 21 primer sets , i.e . 5 min r e v erse tr anscription
tep at 42 ◦C, follo w ed b y one denaturing step for 10 s at 95 ◦C and
0 cycles at 95 ◦C for 5 s and at 55 ◦C for 45 s. Dissociation curves
f all amplicons were made as described before. 

ta tistical anal yses 

he effect of 16 microbial and control treatments on shoot (length,
resh weight, and number of compound leaves) and root (length
nd number of adventitious roots) parameters of tomato plants
rown in stone wool slabs (phase 1) and of five microbial and con-
r ol tr eatments on shoot (fresh and dry weight) and root (length)
arameters on tomato plants grown in blocks (phase 2) were anal-
sed b y one-w ay ANOVA (Genstat 22nd edition, VSN international,
K), including two block treatments for the separate experiments
onducted in phase 1. Differences were considered to be signifi-
ant at le v els of P ≤ .05. In case of significance, least significant dif-
er ence v alues wer e calculated for making comparisons between
v er a ge v alues. In addition, Students t -test was used to calculate
iffer ences in av er a ge Ct v alues between contr ol and individual
icr obial tr eatments and between r oot length and shoot dry (in

loc ks onl y) and fr esh weight v alues of tomato plants grown in
labs (21 d) and in blocks (17 d). Correlations between correspond-
ng values of different shoot and root parameters from the dif-
er ent samples wer e calculated by linear r egr ession, separ ate for
omato plants grown in slabs and in blocks. 

Gene expression counts, obtained with htseq-count version
.11.1 (Anders et al. 2015 ), were analysed with DESeq2 version
.14.1 (Love et al. 2014 ) in R, comparing the effect of all individ-
al micr obial tr eatments with that of the contr ol. Corr elations be-
ween expr ession pr ofiles of individual samples were calculated
y principal component analysis (PCA) in VEGAN R pac ka ge. Cor-
 elations between expr ession pr ofiles and corr esponding v alues
f shoot and r oot par ameters wer e calculated by canonical corre-
pondence analysis (CCA). 

Ct values from 25 reverse-transcribed RNA samples were indi-
iduall y anal ysed for eac h the 21 primer sets. Nondetectable v al-
es were replaced by a Ct value of 40, to a maximum of three non-
etectable values per primer set, to enable statistical analyses on
he data set. Datasets from four primer sets, where the number
f nondetectable Ct values was higher than three, were not fur-
her used in statistical analyses . T he effect of microbial and con-
r ol tr eatments on Ct values of thus remaining 17 primer sets was
etermined b y one-w ay ANOVA and comparisons betw een aver-
 ge Ct v alues fr om individual micr obial tr eatments with that of
he control was made by Students t -test. Correlations among Ct
 alues fr om individual primers sets and of individual primer sets
ith corresponding shoot fresh and dry weight and root length
 alues wer e calculated by linear r egr ession. 

esults 

ffects of microbial treatments on tomato root 
nd shoot development in stone wool slabs 

igh variation in root and shoot parameters resulted from the
iffer ent micr obial tr eatments on tomato plants gr own in stone
ool slabs . T her e was no significant bloc k effect for the different

oot and shoot parameters over all plants between the replicate
xperiments and ther efor e plants fr om the same tr eatments in
oth experiments were considered as individual samples ( n = 10).
he effect of treatment on root length values measured at differ-
nt times points, namely at 7, 10, 14, and 21 da ys , determined by
ne-w ay ANOVA, w as onl y tempor al (Fig. 1 ). Ther e wer e no sig-
ificant treatment effects at days 7, 10, and 21, but there was a
ignificant effect at day 14 ( P = .013). Highest av er a ge r oot length
 alues measur ed under tr eatments with str ains E394 (128.6 cm),
390 (115.6 cm), C20 (114.6 cm), and E353 (113.5 cm) at day 14 sig-
ificantl y differ ed fr om all others. Comparisons between individ-
al microbial treatments with respective controls at all four time
oints, by using Students t -test, r e v ealed significant differ ences in
v er a ge r oot length v alues at four occasions. Av er a ge r oot length
 alues wer e higher and significantl y differ ent between tr eatment
ith strain E353 at day 10 (69.1 cm; P = .015) and between treat-
ents with strains E394 (178.3 cm; P = .007) and E353 (182.7 cm;

 = .04) at day 14 to corresponding controls (respectively, 24.3
nd 90.2 cm). Treatment with strain FZB42 resulted in lo w er and

https://solgenomics.nethttps://solgenomics.net
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA644532
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
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Figure 1. Box plot (maximum, 3rd, 2nd, and 1st quartiles, minimum values) of root length measured over time in stone wool slabs (A), and number of 
adv entitious r oots after 21 d (B). Roots of tomato plants gr o wn in stone w ool slabs ( n = 10) w er e measur ed at 7, 10, 14, and 21 d after sowing. Box plot 
with ∗ indicate significant different average value from control, as determined by Students t -test. 
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significantl y differ ent av er a ge r oot length (71.3 cm; P = .019) than 

corr esponding contr ol (431.3 cm) at da y 21. T he effect of treat- 
ment on the number of adventitious roots at day 21, as deter- 
mined b y ANOVA, w as significant at the le v el of P = .035. Treat- 
ments with strains FZB42, D5/23, CHC8, and Trianum-P resulted 

in lo w er n umber of ad v entitious r oots than all other tr eatments 
and av er a ge v alues under these four tr eatments significantl y dif- 
fer ed fr om all others. No significant differ ences in av er a ge num- 
ber of adventitious roots were present between individual micro- 
bial treatments and control as determined by Students t -test. The 
lar gest differ ences in total r oot length and n umber of ad ventitious 
roots at day 21 were in both cases between the treatments with 

str ain FZB42 (r espectiv el y, 249.5 cm; 11.0 adv entitious r oots) and 

R043 (r espectiv el y 542.5 cm; 27.1 adv entitious r oots) (Fig. 1 ). 
Ther e wer e significant tr eatment effects on shoot length ( P = 

.014) and fresh weight ( P = .037) values after 21 d, but not on 

the number of compound leaves per plant, as calculated by one- 
way ANOVA. Lar gest differ ences in shoot length and fr esh weight 
v alues wer e between tr eatments with str ain FZB42 (on av er a ge 
11.4 cm, 0.88 g) and strain R175 (on average 15.0 cm, 1.37 g) (Fig. 2 ).
Differ ences in av er a ge shoot length v alues wer e significant ( P = 

.046) between strain R175 and control (13.5 cm) as determined 

by Students t -test. No significant differences were further found 

between individual microbial treatments with respective controls 
for shoot fresh weight values and the number of compound lea ves .
Shoot length and fresh weight values and the number of com- 
pound leav es corr elated with eac h other at a significance le v el 
of P < .001 [percentage variance accounted for (PVA), was be- 
tween 28.7–55.9] as calculated by linear r egr ession. The corr ela- 
tion between root length values and the number of adventitious 
roots was also significant ( P < .001; PVA 25.0%). Comparisons be- 
tween root and shoot parameters measured at day 21 revealed 

that corr elations wer e occasionall y pr esent. Shoot length signif- 
cantl y corr elated with r oot length at the le v el of P = .035 (PVA,
.3%) and with the number of adventitious roots at the le v el of
 = .016 (PVA, 3.2%). Shoot fresh weight significantly ( P = .004;
VA, 4.6%) correlated with the number of adv entitious r oots and
ust above the level of significance ( P = .067; PVA, 1.5%) with root
ength. Ther e wer e no significant corr elations between the num-
er of compound leaves and root length values or number of ad-
 entitious r oots. 

ffect of microbial treatments on differential 
ene expression in tomato plants grown in stone 

ool slabs 

 total of 177 427 sequence reads were obtained from reverse
r anscribed RNA fr a gments fr om the 32 pooled stem samples of
reated tomato plants grown for 21 d in stone wool slabs in two
epar ate experiments. Expr ession pr ofiles substantiall y differ ed
etween treatments, as determined by PCA (Fig. 3 ). Most of the
ariation (35%) was explained by differences in microbial and con-
r ol tr eatments on the first axis in the ordination dia gr am. In
3 cases, replicate samples of same treatment were closely lo-
ated from each other in the biplot, whereas in three treatments,
ith strains E353, R035, and R082, the individual samples were 
or e distantl y located fr om eac h other. This indicates that for

he majority of the microbial and control treatments, the effects
n tomato plant gene expression was congruous. When gene ex- 
r ession pr ofiles of all 16 tr eatments wer e combined with shoot

fresh weight, length, and number of compound leaves) and root
length at day 21 and number of adv entitious r oots) par ameters,
ncluded as metadata set in CCA (Fig. 3 ), it r e v ealed that four treat-

ents (R043, R175, Z35, and CHC8) positiv el y corr elated with both
oot, and with two of the three shoot (fresh weight and length)
arameters . T his in contrast to treatments with FZB42 and D5/23,
f which the transcription profiles were located opposite of these
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Figure 2. Box plot (maximum, 3rd, 2nd, and 1st quartiles, minimum values) of shoot fresh weight (A) and length values (B) and number of compound 
leaves (C) of tomato plants ( n = 10) grown in stone wool slabs and sampled after 21 da ys . Box plot with ∗ indicate significant different average value 
fr om contr ol, as determined by Students t -test. 
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Figure 3. Principle component analysis biplot (A), demonstrating differences between gene expression profiles of tomato plants under 16 microbial 
and control treatments, and CCA biplot (B), demonstrating the relationship between gene expression profiles and shoot (CL, SL, SW) and root (AR, RL) 
parameters: CL, number of compound leaves; SL, shoot length; SW, shoot fresh weight; AR, number of adventitious roots; and RL, root length. 
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Table 2. Selected transcripts that were differentially expressed in microbially treated samples, where highest root growth to control was 
measured in stone wool slabs at day 21. Quantitative primer sets were designed based on RNA sequences of these transcripts ( Table S2 ). 

Transcript 
number Locus 

Correlation to 
high or low root 
growth 

Log 2 -fold 
change Function 

1 Solyc01g005305.1 High 5.7 Eukaryotic aspartyl protease family protein 
2 Solyc01g091600.1 Low −3.15 RING/Ubiquitin box superfamily protein 
3 Solyc01g109160.4 Low −1.01 Cytoc hr ome P450 CYP74C4 
4 Solyc02g084850.3 High 3.59 Abscisic acid/stress-inducible protein TAS14 
5 Solyc03g115230.3 Low −2.49 S. lycopersicum heat shock protein 
6 Solyc03g115760.3 High 3.26 Vesicle transport SNARE protein 
7 Solyc03g124110.2 High 1.02 C-repeat/ DRE binding factor (CBF) 
8 Solyc05g010250.2 High 3.68 N -acetyltr ansfer ase 
9 Solyc06g005990.3 High 7.25 Helicase 
10 Solyc06g051650.1 High 3.5 Pe ptid yl-pr ol yl cis–tr ans isomer ase 
11 Solyc06g076780.3 Low −1.3 Gl ycosyl hydr olase famil y pr otein 
12 Solyc07g043580.3 High 1.02 Basic helix-loop-helix transcription factor 52 
13 Solyc07g064160.3 High 3.66 Thiamine thiazole synthase 
14 Solyc08g061500.2 Low −3.04 Myosin 
15 Solyc08g078470.3 Low −2.81 Forkhead-associated domain-containing protein 
16 Solyc09g011080.3 Low −1.03 Ribulose bisphosphate carbo xylase/o xygenase acti vase 
17 Solyc09g065850.3 High 2.83 Auxin-regulated IAA3 
18 Solyc10g078930.2 High 4.1 Activator of 90 kDa heat shock ATPase 
19 Solyc10g081170.1 Low 3.04 Calmodulin 2 
20 Solyc10g083450.2 Low −2.98 NAC domain protein 
21 Solyc12g013850.2 Low −2.39 Cor e-2/I-br anc hing beta-1 
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our parameters, in the direction of the vector representing ‘num-
er of compound leaves’ in the ordination diagram. 

Copy numbers of individual transcripts from tomato stems un-
er all 15 microbial treatments were compared with the ones from
ontrol plants and differences in number of transcripts varied per
icr obial tr eatment between 21 933 (treatment with strain R082)

nd 31 440 (strain PsJN) ( Table S3 ). Of these transcripts, between 0
strain E390) and 186 (strain CHC8) were Log2-fold higher or lo w er,
nd between 0 (strain E390) and 543 (strain CHC8) were signifi-
antly higher or lo w er in copy number under microbial than un-
er contr ol tr eatments . T he number of transcripts that were both
og2-fold higher or lo w er and significantl y differ ent fr om con-
r ol wer e between 0 (str ain E390) and 165 (str ain CHC8) and their
ranscribed genes are further denoted as differentially expressed
enes (DEGs). 

Genes that were differentially expressed in individual samples,
mong all 15 microbial treatments where highest root lengths to
ontr ol wer e r ecorded at day 21, were selected. This resulted in a
otal of 11 genes that wer e incr eased, and 10 that wer e decr eased
n differ ential expr ession in these samples (Table 2 ). Expression of
hese 21 DEGs as potential ‘indicators of r oot gr o wth’ w as further
 v aluated in phase 2. Four microbial strains were selected for this
 v aluation, namel y str ains R043, Z35, FZB42, and T-22 (Trianum-
). Strains R043 and Z35 were selected because of their correla-
ion with high root and shoot growth and strains FZB42 and T-
2, in Trianum-P, were used as r efer ences. In opposite to str ains
043 and Z35, strain FZB42 was correlated with low root and shoot
ro wth (Fig. 3 ). F rom these four strains it was shown that they in-
uced different genes upon treatments of tomato plants in phase
 ( Table S3 ). 

ffect of four selected microbial treatments on 

lant development in stone wool blocks 

oot systems of tomato plants under five microbial and control
r eatments wer e visualized by micr otomogr a ph y in deh ydrated
tone wool blocks ( Fig. S2 ). A maximum growth period of 17 d
as chosen to avoid roots growing outside the blocks. Namely,
reliminary studies sho w ed that longer incubation times led to
 oot accum ulation beneath the blocks, distorting accurate root
ize measurements by X-ray microtomography. Three of the ap-
lied micr obial str ains wer e r ecov er ed fr om the r oots. Str ain T-22
ycelium gr e w out on PDA a gar fr om 17 day-old r oots fr om plants

reated with Trianum-P, but not from roots of control plants.
olonies identical in morphology to strain R043 were recovered

r om tr eated r oots by plating, wher eas these colonies wer e not
 ecov er ed fr om r oots of contr ol plants. Furthermor e, qPCRs spe-
ific for strains R043 and Z35 on root DNA extracts revealed 11–12
nits lo w er av er a ge Ct v alues to contr ol and differ ences wer e in
oth cases significant at le v els of P < .001. Str ain FZB42 was not
etectable in roots, neither by plating, nor by qPCR, by making use
f B. velezensis -specific primers, perfectly matching with the strain
ZB42 genome sequence . T he limit of detection in qPCR was es-
ablished at 10 fg μl −1 , corresponding to ∼2.5 × 10 3 FZB42 cell
quivalents ml −1 , and it can therefore not be excluded that FZB42
ells were present in, or near roots at undetectable levels. 

Ther e wer e no significant effects of tr eatment on r oot length
nd on shoot dry and fresh weight values of tomato plants grown
n stone wool blocks as calculated by one-way ANOVA. Av er a ge
oot length values under treatments with Trianum-P (1649 mm)
nd strain R043 (1501 mm) were higher than that of control
1127 mm) and differ ences wer e in both cases significant at lev-
ls of, r espectiv el y, P = .015 and .022, as determined by Students
 -test (Fig. 4 ). T he a v er a ge shoot dry weight v alue under tr eatment
ith strain Z35 (67.1 mg) was higher than control (53.0 mg) and

his difference was significant at the level of P = .004. Further-
or e, ther e wer e positiv e corr elations between r oot length and

hoot dry ( P = .066; PVA, 10.2) and fresh weight ( P = .009; PVA,
3.1%) values, as calculated by linear r egr ession. When av er a ge
hoot fresh weight values were compared between tomato plants
rown in stone wool blocks and in slabs at day 21, then ov er all

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
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Figure 4. Box plot (maximum, 3rd, 2nd, and 1st quartiles, minimum values) of root length (A), shoot dry (B), and shoot fresh weight (C) values of 
tomato plants grown in stone wool blocks ( n = 5) measured after 17 d under five different microbial and control treatments. Root length was 
determined by X-ray microtomography. Box plot with ∗ indicate significant different average value from control, as determined by Student t -test. 
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 alues wer e not significantl y differ ent between plants gr own in
locks and in slabs (difference of 1.04) as calculated by Students
 -test. Ho w e v er, when av er a ge r oot length v alues of plants under
he same treatments were compared, then averages significantly
 P < .001) differ ed fr om eac h other and the av er a ge r oot size in
locks was five times higher than in slabs. 

uantitati v e PCR on cDNA samples from treated 

omato plants grown in stone wool blocks 

t values of the qPCRs with 21 primer sets on RNA extracts from
ll 25 tomato plants varied between 23.7 and not detectable ( > 40).
ondetectable Ct values were replaced for 40, to a maximum of

hree, for the primer set targeting transcript 17 (further denoted as
rimer set 17, Table S2 ) onl y, wher eas numbers of nondetectable
t values were higher for the primer sets 4, 5, 10, and 20 and Ct
 alues fr om these primer sets were excluded from further statis-
ical analyses. 

The effect of microbial and control treatments on Ct values was
ignificant for primer sets 13 ( P < .001) and 18 ( P = .002) and just
bove the arbitrary level of significance for 17 ( P = .059), as calcu-
ated b y one-w ay ANOV A ( T able S4 ). Highest Ct values of primer
ets 13 and 18 were found for treatment with strain FZB42 and
ifferences with the other four microbial and control treatments
ere significant, indicating that both targeted transcripts were

o w er under treatment with strain FZB42 than under the other
r eatments. Significant negativ e corr elations of Ct v alues with r oot
ength was observed for primer set 8 ( P = .029; PVA, 15.7) and for
rimer set 16 ( P = .029; PVA, 15.6). Furthermor e, Ct v alues sho w ed
ignificant negativ e corr elations with shoot fr esh weight v alues
or primer set 8 ( P < .001; PVA, 41.4) and with shoot dry weight
alues for primer sets 8 ( P = .026; PVA, 16.3) and 18 ( P = .018; PVA,
8.7), as determined by linear r egr ession ( Table S4 ). 

Significant corr elations wer e observ ed among the different
rimer sets ( Table S5 ). Strongest correlation was found between
rimer sets 1, 13, 16, and 18 with P -values between .008 and < .001

PVA between 23.8 and 80.4). Primer sets 12 and 19 occasionally
orrelated with primer sets 1, 13, 16, and 18. Weaker correlations
ere found between primer sets 2, 7, and 9 [ P -values of .019 be-

ween 2 and 7 (PVA, 18.4) and of 0.03 between primers 7 and
 (PVA, 15.3)]. A total of nine genes were thus coexpressed un-
er the experimental circumstances, and the transcripts of other
ight genes (3, 6, 8, 11, 14, 15, 17, and 21) not. In summary, there
er e positiv e corr elations between the copy number of transcript
, coding for a N -acetyltr ansfer ase (Table 2 ), and r oot length and
hoot fresh and dry weight values, and between the copy num-
er of transcript 16, coding for a ribulose biphosphate carboxy-
ase/o xygenase (Rubisco) acti v ase, and r oot length v alues. Expr es-
ion of transcript 8 was independent of any of the other e v aluated
ranscripts under the experimental circumstances, whereas that
f transcript 16 was coexpressed with three other transcripts. 

iscussion 

election of transcripts reporting on root growth upon microbial
reatments at the early tomato plant growth stage was endeav-
red in this study. Strain selection was based on association with
lants and diversity in taxonomic affiliation. Strains PsJN, D5/23,
034, R035, R043, R082, and R175 are endophytes derived from
onocotyledonous (onion, wheat, and rice), and strains E353,

390, and E394 from dicotyledonous (tomato) plants . T he three
errucomicrobium subdivision 1 strains CHC8, C20, and Z35 are not
ndophytes, but inhabitants of leek and potato rhizosphere soils
Nunes da Rocha et al. 2010 , 2011 ). Although their exact modes
f action in tomato plants were unknown for the majority of the
trains, we anticipated, based on their close associations with
lants, that these strains would have different effects on root de-
 elopment, shoot gr owth and gene expr ession. Altogether, micr o-
ial tr eatments r esulted in str ong effects on tomato r oot gr owth
nd effects were stronger on roots than on shoots. Further, micro-
ial inoculations resulted in a wide diversity in gene expression
rofiles, enabling us to select 21 transcripts as potential indica-
ors of early root growth. 

Root measurements in stone wool blocks by X-ray microtomog-
 a phy was more accurate than in slabs by visible inspection. This
as clear from the five times higher root length measured in stone
ool blocks than in slabs . T his difference in measur ed r oot sizes

an be explained by the fact that not all roots in slabs were vis-
ble b y ey e, but also that roots were more limited in growth by
he available volume that was smaller in slabs than in blocks.
hoot sizes of the tomato plants were, to the contrary, about the
ame under the tw o gro wth cir cumstances, indicating that shoot
ro wth w as not, or to a m uc h lesser extent, affected by culti-
ation in slabs . T he period of growth of tomato plants in stone
ool slabs and blocks was r elativ el y short because of experimen-

al constrains with respect to outgrowth of roots from stone wool
labs and blocks. Our observations on root and shoot growth and
ene expression was therefore limited to the young plant growth
tage . T he experimental period is r ele v ant for pr actical a pplica-
ions because microbial treatments often will be applied at the
ursery stages of plant cultivation and development of roots is
ften critical in this particular plant growth stage. 

Variation in differential gene expression under the different mi-
r obial tr eatments was striking, especiall y with r espect to tr eat-
ents with the three strains belonging to Verrucomicrobium sub-

ivision 1 clade , i.e . C20, CHC8, and Z35. Highest DEG numbers
er e r ecorded for tr eatments with these str ains, wher eas num-
ers wer e occasionall y lo w er and e v en zer o for other tr eatments.
he three Verrucomicrobium subdivision 1 strains belonged to dif-
erent taxonomical clades within subdivision 1, namely to Lute-
libacter (strain C20) and to a new group tentatively named as
andidatus genus Rhizospheria (strains CHC8 and Z35) (Nunes da
ocha et al. 2010 , 2011 ). It was already known that all three strains
ould live in association with plants and that they possessed
ome r oot gr owth stim ulatory activities (Nunes et al. 2011 ). A to-
al of 145 genes were differentially expressed upon tomato plant
reatment with strain Z35, of which 13 were selected for further
creening because differential expression of these genes was as-
ociated with high root growth in comparison to control. Among
hese 13 DEGs, two wer e involv ed in hormone regulation, i.e. ab-
cisic acid/stress-inducible protein TAS14 and an auxin-regulated
AA3 gene, indicating that strain Z35 can influence plant growth
nd de v elopment via differ ent hormone-r egulated pathwa ys . Fur-
hermor e, str ain Z35 colonized roots grown in stone wool blocks,
hich makes clear that this strain is an avid root colonizer of

omato plants. Altogether, this sheds new light on the mode of ac-
ion of r epr esentativ es of Verrucomicrobium subdivision 1. Our re-
ults confirm observations made in other studies wherein it was
hown that Verrucomicrobium strains interact with plants (Nunes
a Rocha et al. 2011 , Ranjan et al. 2015 , Bünger et al. 2020 ). There-
ore, it can be concluded that particular groups within the phylum
f Verrucomicrobiota interact with plants without causing them any
isible harm and ther efor e these groups must be considered as
lant-associated rhizobacteria. 

Two other strains used for tomato plant treatments in stone
ool blocks were shown to colonize plants, namely T-22, as active

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf063#supplementary-data
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component of Trianum-P, and R043. Strain T-22 is known to stimu- 
late plant de v elopment and to induce r esistance in tomato plants 
(Vitti et al. 2016 ). Strain R043 possesses IAA and ACC deaminase 
genes (Hardoim et al. 2011 ), indicating that this strain has the po- 
tential to interfere in hormone regulation in plants, but it is un- 
known whether these genes ar e expr essed under the applied cir- 
cumstances. Because strain R043 originates from rice, it demon- 
strates its rather divers plant host spectrum. Strain FZB42 was not 
r ecov er able fr om tomato r oots, but considering the 62 DEGs de- 
tected in strain FZB42-treated tomato plants and the significantly 
r educed expr ession of two genes encoding thiamine thiazole syn- 
thase and activator of 90 kDa heat shock ATPase, it is clear that 
this strain must have had an interaction with tomato plants un- 
der the experimental circumstances . P ossibl y, str ain FZB42 need 

a short contact time with tomato plants for specific gene induc- 
tion. In studies performed by Fan et al. ( 2012 ) and Chowdhury et 
al. ( 2015 ), it was demonstrated that strain FZB42 colonized Ara- 
bidopsis thaliana , lettuce, and maize roots, but that it was not a 
strong competitor in all of these plant species. Strain FZB42 pro- 
duce auxin in duckweed (Idris et al. 2007 ), indicating that this 
strain can influence auxin-regulated pathways in planta. The ob- 
serv ed decr ease in r oot and shoot gr owth upon tr eatment with 

str ain FZB42, compar ed to tr eatments with the other strains and 

with the untreated control, makes clear that gene induction in 

tomato plants by strain FZB42 initially leads to growth retarda- 
tion. Since strain FZB42 is described as plant gr owth-pr omoting 
rhizobacterium (Fan et al. 2012 ), it is possible that it induces sys- 
temic resistance pathways in tomato plants upon inoculation. 
This is a resource and energy consuming process for plants that 
initiall y r esults in gr owth r etardation and at later stages of growth 

to increased resilience to different forms of stress (Hoang et al.
2020 ). 

Se v enteen of the 21 e v aluated primer sets applied on reverse 
transcribed RNA samples from tomato plants grown in stone wool 
bloc ks gav e r eliable Ct v alues and this indicates that expr ession of 
most of the selected genes was detectable in individual plants cul- 
tivated under these circumstances . T hat four primer sets did not 
giv e r eliable Ct v alues may r el y on the fact that composite sam- 
ples fr om fiv e plants wer e used for RNAseq analysis on tomato 
plants grown in slabs, whereas qPCR analysis was performed on 

individual plants grown in blocks . T he correlations between Ct 
v alues fr om primer set 8, tar geting a N -acetyltr ansfer ase gene,
and fr om 16, tar geting a Rubisco activ ase gene, with r oot lengths 
values, and for primer set 8 also with shoot fresh and dry weight 
values, indicate that both targeted transcripts can be a good in- 
dicators for root development upon microbial treatments. Under 
the e v aluated circumstances, the N -acetyltr ansfer ase gene was 
expressed independent of any of the other transcripts whereas 
the Rubisco activase gene was coexpressed with three other genes 
encoding for an eukaryotic aspartyl pr otease famil y pr otein, thi- 
amine thiazole synthase, and activator of 90 kDa heat shock AT- 
P ase. Tr anslated pr oducts of these thr ee genes ar e known to be in- 
volved in heat and drought stress tolerances and in plant growth 

and de v elopment (Salvucci 2008 , Cao et al. 2019 , Yin et al. 2022 ).
Coexpression of these genes is illustrative for the regulatory net- 
work controlling the balance between growth and str ess toler ance 
in plants (Hoang et al. 2020 ). Most likely, the introduced microbes 
interfere with this regulatory network in tomato plants. 

N -acetyltr ansfer ases ar e commonl y involv ed in plant de v elop- 
ment and resilience to stresses. It was shown that N -terminal 
acetyltr ansfer ase r egulate plant gr owth and pr otection a gainst 
osmotic stress in Arabidopsis (Feng et al. 2020 ) and histone acetyl- 
tr ansfer ase in de v elopment of flo w er meristem in tomato plants 
Hawar et al. 2022 ). Howe v er, the tar geted gene (Sol yc05g010250)
s annotated as a c hlor oplast-localized acetyltr ansfer ase ( slsnat2 ),

ember of the gener al contr ol nonr epr essible 5-r elated N -
cetyltr ansfer ases superfamil y (Wang et al. 2022 ). Its gene pr od-
ct, SlSNAT2, catal yze l ys acetylation of the large ribulose-1,5-
iphosphate carboxylase/ oxygenase (Rubisco) subunit and neg- 
tiv el y r egulates dr ought toler ance in tomato plants (Wang et al.
022 ). Ribulose biphosphate carbo xylase/o xygenase acti vase (Rca)
egulates Rubisco activity by adenosine triphosphate-dependent 
onformational changes in Rubisco protein folding (Amaral et al.
024 ). It is a remarkable fact that we identified two genes that are
oth involved in modulation of Rubisco activity via our screening
n micr obial-stim ulated r oot gr owth. Most likel y genes expr essing
nzymes involved in the modulation of Rubisco activity are ap-
ropriate candidates as indicators of root growth in general upon
icr obial tr eatments. Regulation of Rubisco activity is contr olled

nder differ ent envir onmental conditions (Amar al et al. 2024 ) and
lant-associated micr oor ganisms ma y pla y a role in induction of
ubisco activity regulation. The exact link between regulation of 
ubisco activity and stimulation of root growth is not clear and
eeds further investigation. It, ho w ever, creates new opportuni-
ies to select for targets in plants that report on increased root
nd shoot growth, but possibly also on tolerance to abiotic stresses
pon microbial treatments (Wang et al. 2022 ). 

onclusion 

wo genes that were differentially expressed upon stimulated root 
ro wth b y micr obial tr eatments wer e identified. Both genes ar e in-
olv ed in r egulation of Rubisco activity and their tr anscripts ar e
ndicators for r oot de v elopment at the early plant growth stage.
hese indicators can be applied in high thr oughput scr eenings of
lants treated with different microbes or consortia of microbes 
or preselection of root growth stimulants. More accurate screen- 
ngs can be applied in a follow up stage with a selection of mi-
r obial str ains in a comparable way as performed in this study.
inal selections of micr obial str ains can be used as active in-
r edients in micr obial pr oducts and these pr oducts ar e v aluable
or applications as plant growth stimulants in sustainable crop 

roduction. 
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