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Abstract

Background The replacement of synthetic molecules with biological solutions has been a global goal with high
priority in agriculture. Worldwide, there are several well-organized microbial collections holding high biodiversity
and biotechnological potential. This study was based on the hypothesis that in vitro analyses can guide the selection
of promising strains for subsequent in vivo evaluation. We selected 100 strains representative of the "Diazotrophic
and Plant Growth-Promoting Bacteria Culture Collection of Embrapa Soja’, Brazil, to be evaluated in vitro for
proteolytic and cellulolytic activities, production of 1-aminociclopropano-1-carboxilato deaminase (ACC-deaminase),
siderophore, indolic compounds (indole-3-acetic acid, IAA), exopolysaccharides (EPS), biofilm, solubilization of
nutrients, and ability to grow in medium with reduced water activity and high temperature. The 100 strains were
also evaluated in a greenhouse on maize growing in sterile substrate to assess their ability to promote tolerance to
drought.

Results Hydrolytic and proteolytic activities were highlighted in Paenibacillus, Pantoea, and Bacillus, and ACC-
deaminase was widespread in 38 strains of several genera. Tolerance to drought and high temperature (40+2 °C)
was highly present in Bacillus. Outstanding results were obtained with Azospirillum for EPS, in Paraburkholderia,
Pseudomonas, and Bacillus for biofilm, and in Chromobacterium for IAA. Regarding properties that could putatively
help the uptake of nutrients, 30 strains synthesized siderophores, but only seven were able to solubilize calcium
phosphate, five of which were classified as Pseudomonas. A high correlation was found between the ability to

grow in vitro in medium with reduced water activity and tolerance to drought in vivo. From this initial greenhouse
experiment, 15 strains were selected to confirm their potential to mitigate drought in a greenhouse experiment with
non-sterile soil. Three outstanding strains, Bacillus velezensis CNPSo 2384, Bacillus subtilis CNPSo 2606, and Bacillus
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tolerance to drought.

microbial properties.

deaminase, Siderophores

sp. CNPSo 2723 were identified as promising candidates to compose future bio-inputs aimed at increasing plant

Conclusion Speeding up strain selection programs is highly relevant, and certain properties of agronomic interest
can be found more easily in specific bacterial genera. Additionally, the proof of concept for a preliminary in vitro
evaluation was confirmed in vivo for plant tolerance to drought, thereby stimulating the validation of other important

Keywords Plant growth-promoting bacteria, Bacillus, Pseudomonas, IAA, EPS, Biofilm, Solubilization of nutrients, ACC-

Background

Biological collections are outstanding components of a
nation’s scientific and national sovereignty, being con-
sidered essential for its innovation infrastructure [1].
Therefore, microbial collections represent a rich reser-
voir for the survey of potential new technologies. World-
wide, there are important microbial culture collections
(MCC), many also known as Biological Resource Centers
(BRC), acting as centers of excellence in ex-situ conser-
vation and microbial taxonomy, such as ATCC (United
States of America), BCCM (Belgium), DSMZ (Germany),
and WDCM (China). In 2022, the World Federation for
Culture Collections (WEFCC) -the leading organization
that synchronizes activities of the MCC - listed 820 col-
lections worldwide [2]. In Brazil, a mega-diverse country
that holds around 25% of global biodiversity [3], the exist-
ing system of collections receives increasing recognition
in governmental policies as part of efforts to organize
germplasms of economic interest, including microbial
collections.

Microbial collections typically contain hundreds or
thousands of strains or isolates. For example, our cul-
ture collection located in Londrina, State of Paran,
Brazil, “Diazotrophic and Plant Growth Promoting Bac-
teria Culture Collection of Embrapa Soja” (WFCC Col-
lection # 1213, WDCM Collection # 1054), currently
includes 4,800 strains obtained over more than four
decades. Many of these strains were obtained from field
collections of legumes’ nodules, others from a variety of
legumes and non-legume species, from natural or agri-
cultural areas, in studies of biodiversity [4, 5], ecology [6—
8], or bioprospection for agricultural purposes [9-11].

As a result of the agricultural sector’s growing aware-
ness of biological inputs (bio-inputs), there has been a
significant increase in the search for solutions based on
microorganisms [12]. Soil health collapses in poorly man-
aged soils, biodiversity faces the sixth mass extinction,
and crop yields is reaching a plateau. Against this critical
narrative, a call for regenerative agriculture emerges, one
that goes beyond sustainability, focusing on the recovery
of soil health and fertility [13]. In response to this sce-
nario, a governmental program to stimulate the produc-
tion And use of bio-inputs was established in Brazil in

2020 [14], reinforcing the country’s vocation for the use
of bio-inputs in agriculture.

Plant growth-promoting bacteria (PGPB) have been
increasingly applied in agriculture as a sustainable prac-
tice to enhance crop yields [15]. PGPB can stimulate
plant growth based on several properties, including
the synthesis of growth-regulating molecules [16], sid-
erophores [17, 18], 1-aminocyclopropane-1-carboxylate
deaminase (ACC-deaminase) [19], exopolysaccharides
(EPS) and biofilms [20], hydrolytic enzymes such as cel-
lulases and proteases [21, 22]. Growth promotion may
also be achieved by increasing plant tolerance to abiotic
stresses, such as drought [23, 24]. In addition, some bac-
teria have properties that can enhance the plant uptake
of nutrients [25], such as the capacity for solubilize inor-
ganic phosphate [26, 27] or associated with the biological
N, fixation (BNF) [28]. Finally, we can cite mechanisms
of growth-promotion related to the direct biocontrol
of pests and diseases, including induced systemic resis-
tance (ISR) and the synthesis of antimicrobial molecules,
among others [29, 30].

In the highly dynamic microenvironment of the plant-
soil system, microorganisms interact with roots, exu-
dates, and the native microbiota, directly influencing the
colonization and activity of introduced strains. Species
such as Azospirillum brasilense, Pseudomonas fluores-
cens, and various rhizobia, present in the Embrapa Soja
collection, have already demonstrated successful asso-
ciations with the rhizosphere of different crops, high-
lighting their potential for adaptation to agricultural
environments [9-11]. These bacteria not only express
plant growth-promoting traits but are also influenced by
factors such as soil type, host crop, and cultivation con-
ditions, including water deficit. Therefore, studies on the
occurrence and ecological behavior of these strains in the
plant-soil environment under different climatic condi-
tions contribute to the development of formulations with
greater persistence and positive interaction with plants
under field conditions.

The search for biological solutions in agriculture, with
an emphasis on microorganisms, has been enormous, so
that the growth rate of bio-inputs use far exceeds that of
chemicals, and further increases are expected over the
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next decades [31]. However, the search for elite microbial
strains can be a laborious task, especially due to the large
number of microorganisms whose functionality has not
yet been fully investigated.

The objective of this study was to evaluate whether
in vitro analyses can guide the selection of strains with
agronomic potential for subsequent in vivo validation.
For that, a careful selection of 100 representative strains
based on the main genera isolation site, and indications
of relevant properties from previous studies was made
for the analysis of in vitro traits that might indicate
agronomic potential (e.g., ability to increase the uptake
of nutrients by plants, drought tolerance, production
of phytohormones), and further evaluation of toler-
ance to drought in vivo in maize plants. The hypothesis
tested was that traits evaluated under in vitro conditions
would be predictive of the strains’ performance in plants
under water stress. As main results, we identified gen-
era in which certain properties might be predominant,
facilitating bioprospection in culture collections, and
we also confirmed a correlation between in vitroand in
vivo properties that confer tolerance to drought in maize
plants.

Methods

Bacterial strains

A total of 100 strains, representative of a collection con-
taining 4,800 strains, were initially investigated in vitro
for properties putatively indicative of their biotechnolog-
ical potential of agronomic traits of interest. The strains
are deposited at the “Diazotrophic and Plant Growth-
Promoting Bacteria Culture Collection of Embrapa Soja”
(WECC Collection #1213, WDCM Collection # 1054) in
Londrina, State of Parand, Brazil. The selection of the 100
strains was aimed at including representative strains of
the main genera, site of isolation, and indications of rel-
evant traits from previous studies. The selected strains
and corresponding culture medium used for their main-
tenance are shown in Supplementary Table S1 [32, 33].

Plant growth-promoting traits in vitro

Proteolytic activity

For the evaluation of the synthesis of proteolytic
enzymes, the strains were grown in a culture medium
containing skim milk, as described by Gerhardt et al. [33].
After incubation for 7 days at 28 +2 °C, casein hydrolysis
was evaluated by the formation of a translucent haloes of
degradation around the colony, as shown in Supplemen-
tary Figure S1.

Cellulolytic activity

To evaluate the cellulose degradation capacity of the
strains, the method described by Gerhardt et al. [34] was
employed, which was carried out using a culture medium
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containing carboxymethyl cellulose (CMC) as carbon
source. After incubation for 5 days at 28 °C, the cellu-
lose degradation haloes were revealed by adding 2 mL
of 1 Mol L-1 NaCl solution on the medium surface, And
after 5 min, the saline solution was removed, and 2 mL
of a 0.1% Congo red solution was added. After 30 min,
distilled water was applied to wash off the dye solution,
revealing haloes around colonies showing of positive cel-
lulolytic activity (Figure S1).

Production of 1-aminocyclopropane-1-carboxylate
deaminase

The ability of some strains to metabolize ACC as the sole
source of nitrogen (N) in the medium, due to the action
of the enzyme ACC-deaminase, was evaluated by adapt-
ing the methodology of Glick et al. [35] and Lucon et al.
[36]. Initially, a N-free culture medium (NF) and a buf-
fer solution (containing KH,PO, and Na,HPO,) were
prepared. After sterilization in an autoclave, the buf-
fer solution was added to the culture medium, and the
mixture was enriched with a liquid solution containing
ACC (0.03%), which had been previously sterilized using
a bacteriological filter. The same NF medium was pre-
pared without ACC, therefore without any source of N.
The strains were inoculated on plates with both media
and incubated at 28 °C for 8 days. Growth in both con-
ditions was then compared. Strains that showed more
pronounced growth in the ACC-containing medium
compared to the NF medium were considered capable of
using ACC as an ACC-deaminase producer (Figure S1).

Siderophore production

To assess siderophore production, the isolates were
grown on King B agar culture medium [37] containing
chromazurol S (CAS) [38]. The medium was inoculated
with 10 pL of bacterial culture suspension, and after 24
and 72 h of incubation at 28°C, in the dark, the evalua-
tions were carried out. The ability to produce sidero-
phores was considered positive when an orange or pink
halo was observed around the colony, and its extent was
then measured using a pachymeter (King Tools, Sao
Paulo, Brazil) in both evaluations to obtain the halo/col-
ony ratio (Figure S1).

Production of indolic compounds

To quantify the production of indole-3-acetic acid (IAA)
in vitro [39], each bacterial strain was inoculated in the
corresponding liquid culture medium for each genus
(Table S1) and enriched with tryptophan (100 pg mL™),
and the flasks incubated under shaking (100 rpm) for
7 days at 28 °C. The growth broth was then transferred
to microtubes and centrifuged at 10,000 rpm for 10 min
(Eppendorf -Centrifuge 5804 R). Following, 1 mL of the
supernatant was transferred to new microtubes, and
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750 pL of the Salkowski’s reagent (1 mL of FeCl;.6H,O
(0.5 Mol L-1), 50 mL of HCIO, (35%) was added. After
30 min of reaction in the dark at room temperature, the
staining intensity was evaluated in a spectrophotometer
(Genesys™ 10S UV-VIS spectrophotometer) at a wave-
length of 540 nm. The results were expressed in pg mL™
of IAA in the medium based on a calibration curve with
synthetic IAA (0, 50, 100, 200, 300, 400, 500, 600, 800,
1000 ug mL™") (Figure S1).

Production of exopolysaccharides

The assessment for EPS production was conducted based
on the method proposed by de Meneses et al. [40] and
Castellane et al. [41], with some adaptations. Aliquots of
2 mL of culture broth incubated for 72 h at 28 °C were
placed in microtubes and centrifuged at 14,000 rpm
(Eppendorf—Centrifuge 5804 R) for 12 min at 4 °C. The
cell pellet was discarded, and 50 pL of the supernatant
were transferred to a new microtube containing 150 pL
of ice-cold ethanol. The microtubes were centrifuged
again at 14,000 rpm at 4 °C for 10 min. The microtubes
were then transferred to a concentrator (Eppendorf—
Concentration Plus) at 45 °C for 1 h or until dry, and then
200 pL of ultrapure water were added and homogenized
in a vortex. For quantification, 200 uL of 5% phenol and
1 mL of concentrated H,SO, were added and homog-
enized in a vortex, using ultrapure water, phenol, and
H,SO, as blank. After 15 min of reaction at room tem-
perature, spectrophotometric analysis was carried out
(Genesys™ 10S UV-VIS spectrophotometer), reading the
O.D. at 485 nm. The results were obtained according to a
calibration curve based on the Phenol-Sulfuric method
described by DuBois et al. [42] for measuring total carbo-
hydrates, using glucose (0, 10, 20, 40, 60, 80, 100, 200 pL
mL™) as the standard substrate for the calibration curve
(Figure S1).

Production of biofilm

The assessment of biofilm production was carried out
according to the method proposed by Lima et al. [43],
with some adaptations. Bacterial growth was assessed in
microtubes (Eppendorf—2 mlL) in the respective culture
medium for each strain (Table S1). In this analysis, there
is no standard comparative concentration, considering
only the differences among the strains based on optical
density (O.D.), where higher readings indicate greater
biofilm production (Figure S1).

Phosphate solubilization

The capacity for phosphate solubilization was evalu-
ated using the Sylvester-Bradley et al. [44] method. After
autoclaving (121 °C for 20 min), the medium was sepa-
rately supplemented with inorganic calcium phosphate
(CaHPO,-2H,0), which was previously prepared and
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sterilized. The cultures were incubated at 28 °C, and the
presence of a solubilization halo was assessed at 3, 7, and
12 days after inoculation (DAI). The Solubilization Index
was determined by the ratio between the halo diameter
and the colony diameter, using a pachymeter (King Tools,
Sdo Paulo, Brazil) (Figure S1).

Ability to grow in a culture medium with reduced water
activity and high temperature (40 °C)

To evaluate the development of the strains in a medium
with reduced water activity (Aw), Aw was tested at 0.919
and 0.897, as proposed by Hallsworth et al. [45]. After
incubation at 40 +2 °C for seven days in Petri dishes, the
strains that exhibited visible growth were considered
positive (Figure S1), while those that failed to grow in the
medium with a high solute concentration and incubated
at high temperatures were considered negative.

Phenotypic clustering
The in vitro evaluation data of 100 PGPB strains for
agronomically relevant traits were used for phenotypic
clustering. A binary matrix was generated based on the
presence or absence of these traits, and the isolates were
grouped using the UPGMA (Unweighted Pair Group
Method with Arithmetic Mean) algorithm with the aid
of Bionumerics® software version 7.6.3 (Applied Math-
ematics, Sint-Martens-Latem, Belgium) [46]. Clustering
distinction was established at a 70% similarity threshold.
Numerical data were also normalized and used to
generate a heatmap in the R environment (v. 4.5.0),
supported by RStudio (v. 2024.12.1) and the packages
ggplot2 (v. 3.5.2), reshape2 (v. 1.4.4), and ggtext (v. 0.1.2).

Evaluation of the bacterial strains on conferring plant
tolerance to drought under greenhouse

First experiment: evaluation of 100 strains in maize grown in
sterile substrate

Substrate preparation Plants were grown in 1 L pots
(12 cm in diameter), filled with approximately 1 kg of a
substrate composed of coarse sand and ground coal in a
1:1 (v:v) ratio. The substrate was previously homogenized
in trays and sterilized in an autoclave at 121 °C for 40 min.

Inoculum preparation The inocula were prepared by
cultivating each bacterial strain in the corresponding liq-
uid medium (Table S1), ensuring an equivalent concentra-
tion of approximately 108 CFU mL™! for each strain.

Conduction of the experiment The treatments con-
sisted of the 100 selected strains and two non-inoculated
controls: one subjected to water restriction similar to the
inoculated plants, and another maintained under ade-
quate watering conditions. The experiment was laid out
in a completely randomized design with three replicates.
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Maize (Zea mays L.) seeds of hybrid Pioneer 30F53 PRO
3 were surface-disinfested by immersion in 70% ethanol
for 1 min, 0.4% sodium hypochlorite for 5 min, and six
consecutive rinses in sterile distilled water.

The inoculation was carried out directly in the pot. The
seeds were inoculated with 1 mL of the bacterial suspen-
sion cultivated in liquid medium, without removing the
culture medium. This volume was applied to each seed,
ensuring complete coverage of the seed by the inocu-
lum. Immediately afterward, the seeds were covered with
substrate, guaranteeing full coverage and proper contact
with the soil.

The greenhouse experiment was carried out at the
Experimental Station facilities of Embrapa Soja in Lon-
drina, Parand State, southern Brazil (23°11" S, 51°11’
W). Plants were supplied with sterilized Hoagland and
Arnon’s nutrient solution [47] at 50% of the N conce-
tration, in a greenhouse with forced ventilation, natural
photoperiod, and a temperature of 29+2 °C (day) and
17+2 °C (night). Plants were submitted to water restric-
tion at the V3 stage, 10 days after emergence (DAE),
when they had three fully developed leaves, for 12 days.

Induction of water stress The water deficit condition
was monitored by randomly weighing selected pots to
track mass loss, ensuring that the plants did not reach the
permanent wilting point but remained stressed through-
out the period of water restriction. The amount of nutri-
ent solution for replenishment was established daily and
distributed equally among the treatments. A view of the
experiment is shown in Figure S2.

Data collection

Plants were collected 22 DAE, 12 days after the water
restriction was imposed. Roots and shoots were sepa-
rated, and the following traits were assessed: on the day
before harvesting (21 DAE), plant height was measured
from the soil surface to the base of the first mature leaf.
Chlorophyll was determined using a chlorophyll meter
(SPAD 502, Konica Minolta Sensing, Inc., Osaka, Japan)
according to the calibration described by Kaschuk et al.
[48]. At harvest, fresh and dry shoot biomass, and root
system volume were recorded according to Rondina et al.
[49].

Second experiment: evaluation of selected strains in maize
grown in non-sterile soil

Substrate and inoculant preparations and conduction
of the experiment Fifteen bacterial strains that most
promoted plant growth under water restriction in the
first greenhouse experiment, as well as positive results
in most in vitro tests, were selected for confirmation in
a second greenhouse trial. This second trial followed
similar inocula preparation And sowing procedures,
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except for the substrate, consisting of 5 kg of non-sterile
soil per pot (24 cm in diameter). The soil was classified
as Typic Acrudox [50] taken at 0-20 cm topsoil layer
from a commercial farm located in Ponta Grossa, Parana
State, Brazil, and presenting the following characteris-
tics: pH (CaCl,)=5.14; organic matter=18.24 g dm>;
available P=2.85 mg dm™; exchangeable K=0.10 cmol,
dm™3; Ca=3.47 cmol, dm™; Mg=1.10 cmol, dm3; sol-
uble N=2.5 mg dm™>; H+Al=4.12 cmol, dm™; Cation
Exchange Capacity (CEC) =8.79 cmol, dm™>; granulome-
try: sand = 238 g kg, silt =30 g kg™, and clay =732 g kg .

Preparation of inoculants and procedures of inocula-
tion were the same as described for the first experi-
ment The experiment was also carried out at the
Experimental Station facilities of Embrapa Soja, under
greenhouse conditions, with an average photoperiod of
13 h (day) and 11 h (night) + 28 min and a temperature
of 24+3.1 °C (day) and 20+ 2 °C (night). During the trial,
the average day/night relative humidity was 52.5 to 92.7%,
respectively. The experiment was conducted following a
completely randomized design, with five replicates per
treatment.

Water stress induction For the adjustment of soil mois-
ture, the water-holding capacity was determined using a
tension table and Richards’s extractor device, resulting
in a water-retention curve that correlates the water con-
tent with the soil water potential (yw). During the first 22
DAE, all plants received water to maintain the yw at 70%
of the water-holding capacity. After 22 DAE, at V5 stage,
when the plants had five fully developed leaves, they were
submitted to water restriction. For that, the pots under
water restriction were maintained at 30% of water-hold-
ing capacity, while non-inoculated control plants were
kept with adequate water supply (70% water-holding
capacity). Soil moisture was monitored daily by weighing
each pot on an electronic scale, and adjustments of mois-
ture were made in the morning (between 9 And 11 a.m.).
We considered the fresh mass of plants at well-watered
conditions at 22 DAE from extra pots to correct the effect
of plant weight on the water reposition in pots containing
plants subjected to water restriction. An overview of the
experiment is shown in Figure S3.

Data collection

On the 3rd, 5th and 9th days of water restriction, physi-
ological parameters were recorded in both stressed and
non-stressed plants with a portable gas exchange meter,
model LI-6400 (Li-Cor, Biosciences Inc., Nebraska,
USA). Determinations included net photosynthetic (A)
and transpiration (E) rates, stomatal conductance (gs),
intercellular CO, concentration (Ci), and temperature
of leaves. Gas exchanges were assessed in the central leaf



Page 6 of 23

(2026) 26:11

Vasques et al. BMC Microbiology

el Yzl Yyvsil el psz00 + #80€ 0SdND asuabuiuupbnA unjqoziyiApoig
Y186l yogiLL polco + + L06T 0SdND “ds wniqoziyifppig
y/lce iy pos10 + 65T OSdND 1zIYiAyopd wniqoziyipoig
Y09y 1000 PSyy0 £ OS4ND wnojuodpl winiqoziyiApoig
ysry yolel P9900 + 9TH€ OSAND I1yoLapaL WniqoziyiAppig
4y60€ 1079 p8eCo 6 OSdND HUDYjo WNIqozZIYiAppig
Yv/le 1000 pzr00 71 OSdND H1UDYjo WnIqoziyiAppig
4y00¢ 16C°9 P10 9 OS4ND SUBIDLYE0ZDIP WNIqOZIYIAPDIg
499l byl ylre Y160l P0o9c0 + €vPE OSAND I11apaly wniqoziyifppig
a0 1000 J9/'S 9G6'GY p/y10 + + + + /59T OSdND SisuazajaA snjjiobg
SRV 180°C e6veL + + + + 8ET OSAND SISUaZajaA sNjjIobg
yvrsl o Jos'L UYLS 961’61 46660 + + + + + 0C9¢C OSdND 's11aqns snjj1oog
pse6e6 20¢'eY qor60 + + + + 909¢ OSdND s/11qns snjj1dog
[A4] oCE'SY pPreEco + + + G09C OSdND sihgns snjjiobg
plees LL Yy P90C0 + + + + 812€ 0SdND ds snjjog
99 CllNay peyy'o + + + GTLT OSdND “ds snjjipog
IYAWA4 0L LY peLco + + + €2LT 0SdND “ds snjjpog
4980¢ 9C6'EY P8800 + + 859¢ OSAND ‘ds snjjog
498/ 1890 Rr47A0 €867 0SdND “ds snjjipog
pPr9€8 0€ v P0Z00 + + €092 0SdND 1DIDYqDAID Snjj1oDg
psee 0 pol/L yeoetl prLeo 98/7 OSdND winjiydoiys wnjjuidsozy
Y89yl egelel pPeLLO + /S /€ OSIND wnsobnu winjjuidsozy
Y loee Y686 pP6v00 109€ OSdND Suaiajavidojpy winjjuidsozy
b szo¢ BGT6CI P800 + + 807 OSdND a5uajIsniq unjjuidsozy
JES8Y Y990l PESoO0 + + €807 OSdND asuajIspiq winjjlidsozy
69167 143 pPL6C0 6E1 OSAND SUDPOUIND WNIGOZIYIoZY
yesl 1000 Yyse§l 18e'6C 2G6LS0 + | #GC OSAND suabipui snaipozy
PlL6'C6 BlZ0)74 pPsSeo S0 OSIND ds winua1o0qoiby
yestl 1000 0¥’ €9 olgL/ 29650 + L1701 OSdND "ds winuadpqgoiby
9CCE9 Yyrest YL/0 + 899 OS4ND ‘ds wnua120qoIby
pPEg98 PO¥'99 298%°0 + GETL OSIND “ds wnua1o0qoiby
9/8'¢/ p&g9s pLzco 8YEE OSAND asuasnd winla1o0qolby
6,07 begtL P/6'98 El0a4 P8y 0 + GLEE OSIND asauasnd winlia1opqolby
pLO€8 208’/ 26870 G/9 0S4ND Wnipasvqby winiiaiopqoiby
ISY'L 21000 aRe] Berse PLEED + £0/7 OSdND ‘suabijap winiiaiopqoiby
.0 /667 21000 e PCCL0 + 0997 0SdND ds Ja100gowoydy
HZL 74 L68°0 6L60
(Auojod/oleH)  (,_qw brl) (,_Jw br) (@o)
aioydouspis vvI sd3 wjyolg  uonezijignjos ajeydsoyd aseuiwesp DY AuAnde IR\ dsen|@)  dsealoid aj urens

eloS edeiquig JO UOIID|0D) 24N ND) [RIGOIDIN SY3 JO SUIRIIS [e112eq 00 | JO SISSYIUAS
2J1oydoiapis pue (pide d11ade-¢-3j0pul) Y| ‘uoindnpoid S43 pue Wiyolq ‘uoneziign|os aleydsoyd ‘aseuiweap-(ODy)aseuluesp
01e|1X0qeD- | -ouedoidodpoulue- | ‘ALIAIIDE J91eM PIdNPaJ JIapuUn YImolb 9sejn||ad ‘asealold JO Uollen|eAs O1lIA Ul | d|qeL



Page 7 of 23

(2026) 26:11

98/'65 e qco60 L0€ 1 OSdND DSOpOU DLap|OYINqDIDd

Yily /0 268170 LOE L OSAND DSOPOU bLapjoyxinqbibd

Be6r0¢ 1000 egsyL 661 OSAND DSOpou pliapjoyxINqpiDd

Y /89 Yyorol Pese0 ¥6C L OSIND DSOPOU bLapjoyxInqbibd

Yyore IZ1e 26950 €171 OSdND DSOPOU DLI3P|OYNINGDIDY

Y €99 69/61 eyt | 07 | OSdND DSOPOU bLI3PJOYYINGDIDY

Byvlc yorl Y st 1000 28150 + + 800§ OSdND SISUaD[214pNb DL3PIOYNINGDIDY

yrle 1000 20790 S667 OSAND SIsUap|a14pnb bLRPIOYINGDIDY

ylsz Yroel peylo £51€ OSdND SIUO2UDY DLISP|OYXINqDIDd

SRV 4yalotl pcoco + GG 1€ OSAND D21IUD[ID DLIPIOYYINGDIDd

YO/LL pPLL'8S pogco + + + €677 OSdND "ds baojupd

Yyl ygslLel pPet00 7€ OSdND “ds baojuny

Pl 06 Bzs6l P80C0 + + Z8CE OSAND SHbubUD ba0IUDY

ALY 2SCLL 28950 + + 86/C OSdND SHDUDUD D20JUD]

p8r'L8 Yvss pP/SE0 + + /6/T OSdND SHDUDUD DaojuDd

yso6l 9€TTLS P6C10 + + 209 OSdND Subiawiojbbp baojupy

6 egge 4088 PS9co + + ¥G8€ OSdND 'ds snjpqiuaLyg

1L 1000 P86/ 10V 0900 + + 60£E OSIND "ds snjjppqIuaby

186y Y809l pP8Ly0 + LZZE OSAND “ds snjjogIuabg

jocey yogsl J€ES0 + + £TTT OSAND DxAwAjod snjjippgiuany

96/'99 1000 peseo + $8/7 0SdND 202410 WnidbqgoIy20

JS1es YS90l 26/50 95/ € OSJND asuxpil wWnjjuidsianiN

Jv'0S Yyl pegceco + + 190Z OSdND apbajpb wniqoziyioan

POz 2L J0EVE P990°0 90 0SdND asuajanpny (Wniqoziyy =) wniqoziyioaN

yesel J09°0€ Poee0 GS8¢ OSdND “ds WnLI2DQOIIY

JoCor 1169 pP1so0 + /87 OSAND "ds wnua120qo.oip

yooe IcL'L Pi720°0 + + 686 OSdND "ds Wnua120qoj YN

Y886 605z P900°0 + + £€8/7 0SdND SUDIdD2010ZD 1212Dq012IDUOIN|D)

yeos 156'G€ pseLo £98€ 0SdND ds 12100qos23u7

189 Y/501L PoLL0 + /907 OSdND SnubdIXaw (Wniqoziyiou|s =) Jajisu3

6e L Yysal ye0¢ 4yeol P800 + 887€ 0SdND 'ds viyjag

yeele 408'8C pz6e00 €961 OSdND WNadLJOIA WNLI)IDGOWOIY D)

yerll 66957 pPESO0 + 8561 OSdND WNadDjOIA WNLBIDDQOWOIY D)

°68'¢C 1000 £85°90¢ 488°L¢E pclo0 G561 OSAND WNadDJOIA WN1I212DGOUI0IY D)

Y /6'Ce arece PE900 + 7561 OSdND WNa2DjoIA WNL2I2DQOWOIYD)

psce  pPLoL Yy L6'ce 18L6C p6eL0 + 0561 OSIND WNadpjOIA WNLIB12DGOWOIYD)

j6gC  9S/l yscsl wlog pPes00 + L¥61 OSIND WNadD[OIA WNi212DQOWOoIY D

HZL HyT £68°0 6160

(Auojod/ojey)  (,_qw brl) (,_qw br) (@o)

aioydouspis wvi sd3 wjyolg  uonezijignjos ajeydsoyd Sseuiweap HDY AuAnpde IR\ 3sen|@)  dseajoid d| utens

Vasques et al. BMC Microbiology

(Ponunuod) | 3jqelL



Page 8 of 23

(500> d) 1591 130UY-1100G B3 01 HUIPIOIDE JUIDYPIP A|[eDIISIIRLS 10U Die J3113| dWies 31 Ag PamO||0) uaym pue sajedijdal [ed160|01q 931y} JO ueaWw ay) Juasaidal sanjep,

(2026) 26:11

9/8'¢9 eV Y8 peslo €01 OSdND /21dosy wniqoziyy

pPySo0L pP9s'LS 2610 8101 OSdND /21dosy wnigoziyy

uesL beel $55°6¢ Bolle P8600 019€ OSdND ds wniqoziyy

Y60yl qr696 27180 /791 O0S4ND ‘ds wnigoziyy

Y88l yve'sl P66C°0 677 OSdND apuabona Wniqoziyy

9€8'¢9 YesLyl PZS00 ¥CC OSAND obuaDINa| WNIqoziyy

erey  ee9C Yvs9 SR7ZA PLLLO LZ 1 OSAND nulpipib wniqoziyy

9¢1L berl 9G68'SS JECLE RIRSN0) 0¥ L7 OSdND “ds sbuowiopnasd

el bl 9l L 9EC0S P6cy 0 CELY 0SdND ds spuowopnasd

lev' [y goocol /887 OS4ND "ds sbuowiopnasd

266 qov'e 9C1'99 26,8 2/C80 8/8¢ 0SdND 'ds souowopnasq

el Yyecll psyy8 qs0v6 PreELo 987 OS4ND "ds sbuowopnasy

JVANCI4 q09/8 p/910 9687 OS4ND 'ds spuowopnasd

2180/ qz6:88 26050 1 G687 OSdND “ds spbuowopnasq

Jceor 2978/ pgze0 8¢ OS4ND "ds sbuowopnasy

96 ¢ JSSL 1881y 051§ pcsco GE8T OSIND “ds souowopnasd

2/G5¢ B9 bzIgr 291°CS 26690 G29C 0SdND 'ds spuowopnasd

8y pP88C9 P88C 0 097 0S4ND “ds sbuowiopnasd

29¢evel 9¢' LY 28950 72CT OSdND “ds souowopnasd

Bogl bBegt q/Tovl 208 /Y 96160 07T 0SdND “ds spuowopnasd

Iyl Yscil 9/LE0L 2l9GY P6esLo /861 OSdND //0S SbuouIopnasd

psce  96l'L besie Y /Y 2//90 61/7 OS4ND SUadsaiony sbuoUWopNasd

blel beel 206'SL 21505 e991’L 81¢C OSdND bpln| souowopnasd

ylisr begt SYAWAS pssco p88L0 66/C OSdND sUa252J0N|) SOUOWOPNIS

el Yylicil 9G6'85 qll'lée RVAZL0) ¥CCC OSdND SU235210N}) SDUOWOPNISd

pP8L/6 9ECSy P00 /02§ OS4ND “ds sn2odpipg

Wyl 1000 pPr8/8  Y/9lLl pOzT0 9€ 1§ OS4ND 2DIGDS DLBPIOYYINGDIDG

HZL HpC

(Auojod/oleH)  (,_qw brl) (,_Jw br) (@o)

aioydouspis A" sd3 wjyolg  uonezijignjos ajeydsoyd Iseuiwesp DY aj uiens

Vasques et al. BMC Microbiology

(ponunuod) | 3jqelL



Vasques et al. BMC Microbiology (2026) 26:11

in the morning (9-11 a.m.). Plants were collected at 35
DAE, when roots and shoots were separated. The follow-
ing traits were assessed: shoot fresh weight, root mean
volume, shoot dry weight, root dry weight. Plant height
was evaluated before harvesting as in Experiment I, and
root length was obtained according to Tennant [51].

Statistical analysis

For all experiments, the data analysis was structured
to assess the significance of treatments and to explore
relationships between the assessed variables. Initially, a
one-way analysis of variance (ANOVA) was performed,
followed by the Scott-Knott test at a 5% of significance
to group similar treatments. For all ANOVA tests, the
normality of residuals and the homogeneity of variances
were assessed prior to analysis.

To evaluate the relationship between in vitro and in
vivo results from the first greenhouse experimental trial,
Pearson’s correlation coefficient (PCC) was applied using
R-Statistics to determine the strength and direction of
the linear relationship between the data. Statistical sig-
nificance was determined at p <0.05.

Additionally, principal component analysis (PCA)
explored the variability and relationships among the in
vivo data assessed in the first greenhouse experiment.
The PCA analysis was conducted using SPSS software
(version 22.0) to identify the main components that
explain the variability in the dataset. This multivariate
analysis allowed the summarization of the data struc-
ture and identification of key patterns associated with the
treatments.

Results and discussion

In vitro plant growth-promoting traits

The selected 100 PGPB strains were evaluated in vitro for
ten putative plant growth-promoting traits. Protease pro-
duction was confirmed in 33 strains by the formation of a
typical degradation halo around the colonies on a culture
medium containing skim milk (Table 1). Additionally,
cellulase production was observed in 18 strains, eight of
them exhibiting the production of both enzymes, belong-
ing to the genera Bacillus (6), Paenibacillus (1), and Pan-
toea (1) (Table 1). The genus Bacillus has been reported
as highly efficient in producing hydrolytic enzymes [52—
54]. The protease activity has great potential to help in
the biocontrol of pests and diseases in agriculture. For
example, Khedher et al. [55] reported the effect of this
enzyme produced by some species of Bacillus on the
rupture and deformation of fungal hyphae. Proteases
can impair the structure and some cellular functions of
pathogenic fungi due to vacuolization, protoplast leak-
age, and cracking of mycelia [55]. An important advan-
tage of biocontrol using microbial hydrolytic enzymes to
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replace chemical fungicides is the lack of damage to plant
tissues [56].

Thirty-eight strains demonstrated ACC-deaminase
activity, indicated by robust growth in medium contain-
ing ACC as the sole N source. This trait was distributed
across 15 genera: Achromobacter (1), Agrobacterium (4),
Azospirillum (2), Bacillus (4), Bradyrhizobium (4), Chro-
mobacterium (3), Delftia (1), Ensifer (=Sinorhizobium)
(1), Methylobacterium (1), Neorhizobium (1), Paenibacil-
lus (2), Pantoea (3), Paraburkholderia (2), Pseudomonas
(6), and Rhizobium (3) (Table 1).

The production of ACC-deaminase is related to the
regulation in the levels of ethylene due to mineralization
of precursor molecules, releasing ammonia, which may
contribute to plant nutrition to a small extent [57, 58].
Therefore, the ACC-deaminase-producing strains help
to reduce the negative response to ethylene produced
under stressing conditions, such as water deficit, and
also to reduce the senescence, a widespread physiologi-
cal strategy under stress [59]. The induction of stress tol-
erance promoted by ACC-deaminase-producing PGPB
has been broadly reported in various crops, including
improvements in plant growth, nutrient content, and
antioxidant properties in wheat (Triticum aestivum L.)
associated with strains of the genera Variovorax, Pseu-
domonas, Achromobacter, and Ochrobactrum [60]. In
maize associated with Achromobacter xylosoxidans, the
ACC-deaminase activity increased photosynthetic rate,
stomatal conductance, total chlorophyll and carotenoid
contents, and grain yield [61]. In soybean (Glycine max
(L.) Merr.), inoculation with Curtobacterium sp. relieved
the salt stress and stimulated plant growth [62]. Inter-
estingly, in cherry tomatoes (Solanum lycopersicum var.
cerasiforme), the inoculation of an ACC-deaminase-pro-
ducing strain Leclercia adecarboxylata promoted both
growth and tolerance to salt stress [63], highlighting the
biotechnological potential of ACC-deaminase-producing
strains such as those identified in our study.

Siderophore production was observed in 30 strains,
spanning 11 genera: Agrobacterium (3), Azoarcus (1),
Azospirillum (1), Bacillus (2), Bradyrhizobium (2), Chro-
mobacterium (3), Delftia (1), Paenibacillus (1), Para-
burkholderia (2), Pseudomonas (12), and Rhizobium (2)
(Table 1). To better assess the efficiency of siderophore
production among strains with different growth rates,
the assay was conducted at two distinct time points (after
24 And 72 h of incubation). This approach was neces-
sary because halo development was not synchronized
across all strains. By including an additional reading, it
was possible to capture the full expression of siderophore
production in slower-growing strains and to account for
differences in halo/colony ratios, which varied signifi-
cantly among the isolates. This metric allowed a more
accurate comparison of siderophore production capacity,
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beyond just the presence or absence of a halo. After 72 h
of incubation, Rhizobium giardini CNPSo 171 and Pseu-
domonas sp. CNPSo 2625 showed the highest halo-to-
colony ratios, indicating high efficiency in siderophore
production relative to colony growth.

The 30 siderophore-producing strains identified in
our study may be of biotechnological interest due to
their ability to increase nutrient availability and inhibit
pathogen growth through iron (Fe) complexation [64,
65]. Among them, Pseudomonas was the most prevalent
genus (12 strains), as also reported by Tian et al. [66]. The
genus is widely recognized for enhancing Fe uptake in
plants grown in Fe-deficient soils [67]. In maize, sidero-
phore production has been associated with improved Fe
transport to stalks, leaves, and seeds, which is relevant for
the nutritional quality of food and feed [68]. Moreover, by
restricting Fe availability in the rhizosphere, siderophores
contribute to the suppression of phytopathogens, offering
an eco-friendly alternative to synthetic fungicides [69].

Regarding the synthesis of phytohormones, Chromo-
bacterium violaceum strain CNPSo 1954 stood out in a
tryptophan-supplemented culture medium, producing
the highest amount of IAA, 206.58 ug mL™! (Table 1).
Despite being quite variable, all strains were able to
synthesize IAA when supplemented with tryptophan,
ranging from 1.54 to 206.58 pug mL™'; tryptophan is the
precursor of IAA. C. violaceum is known for the syn-
thesis of a secondary metabolite named violacein, which
gives the purple color to the colonies [70]. Although vio-
lacein is not essential for bacterial growth and survival,
it is involved in the synthesis of tryptophan [71]. Other
genera also synthesized high concentrations of IAA,
such as Pseudomonas, which has been widely recognized
in previous studies as an important producer of indolic
compounds [72, 73], and also Pantoea. IAA stimulates
longer roots with an increased number of root hairs and
roots branching, which are crucial for nutrient uptake
[74]. Additionally, depending on the concentration, IAA
may increase the length of the primary root and enhance
tolerance to salt and drought stress by driving the roots
away from regions of elevated salinity or towards regions
with more available water [75, 76].

Regarding the high biotechnological potential of C. vio-
laceum CNPSo 1954 in the synthesis of IAA, it is worth
mentioning that when searching for strains to be used
as bio-inputs, they must also be investigated for patho-
genicity to humans, animals, and plants. C. violaceum
rarely causes diseases in humans; it is abundantly found
in the rivers of the Amazon, where strain CNPSo 1954
was obtained from [77], but as pathogenicity has been
reported [78], the strains should always be investigated.
If pathogenicity is confirmed, alternatives can be found,
such as the use of secondary metabolites as phytostimu-
lants [79].
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Regarding EPS production, the strains Azospiril-
lum rugosum CNPSo 3757 and Azospirillum brasilense
CNPSo 2084 (= Ab-V6) stood out, with average values
of 131.38 pg mL™ And 129.25 pg mL"}, respectively
(Table 1). The production of EPS is fundamental for
microbial life, as it provides an ideal environment for
their survival, favoring chemical reactions and the pro-
vision of nutrients, and can also benefit plant growth by
increasing soil physical conditions and facilitating the
aggregation of particles, in addition to reports on miti-
gation of environmental stresses, such as salinity and
drought [80, 81]. In this study, although two strains of
Azospirillum stood out for EPS production, Pseudomonas
accounted for five out of nine strains with the greatest
potential. Pseudomonas has been reported for its plenty
production of EPS under water restriction, creating a
microenvironment that promotes water maintenance,
thereby protecting the microorganism and the associated
plant roots against dehydration [82, 83].

EPS is part of the structural matrix of biofilms; how-
ever, in this study, there was no direct relationship
between the production of EPS and biofilm formation,
as the maximum production of biofilm in vitro was
obtained by strains of Paraburkholderia. Among the 100
strains assessed for biofilm production (SD =17%), Para-
burkholderia nodosa CNPSo 1299 (O.D. 1.458), P. nodosa
CNPSo 1204 (O.D. 1.404), Bacillus velezensis CNPSo
2384 (O.D. 1.249), and Pseudomonas lurida CNPSo
2218 (O.D. 1.166) stood out, showing the highest opti-
cal density values, highlighting superior biofilm capacity
(Table 1). This can be explained not only by the capacity
of EPS synthesis but also on factors such as the structure
and physiology of the microbial cell and quorum-sensing
mechanisms. Biofilm production can also be changed
during the process of association between the microor-
ganism and the host plant, when other interfering factors
may occur, such as interactions with other microorgan-
isms, root exudates, microbial competition, physico-
chemical characteristics, and soil organic matter content,
among others [84].

A very low number of strains was able to solubilize
calcium phosphate, five of each belonging to the genus
Pseudomonas (CNPSo 2222, CNPSo 2604, CNPSo 2719,
CNPSo 2878 And CNPSo 4140), in addition to Pantoea
agglomerans CNPSo 2602 and Gluconacetobacter azoto-
captans CNPSo 2783 (Table 1 and Fig. 1), corroborating
the data from Sénchez Lépez et al. [85]. These strains
can contribute with the increasing P-limiting conditions
reported in agriculture [86], commonly found in Brazil-
ian soils [87]. The benefits and importance of making P
available by PGPB are reinforced by the finite availability
of phosphate rocks for P-fertilizer production, increasing
production costs, and the global low levels of soil avail-
able P to support agricultural production [88, 89].
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Fig. 1 Solubilization index of the strains for calcium phosphate solubilizing activity. Capital letters compare the halo/colony ratio assessed at 3 days;
lower case letters compare the ratio at 7 days; italic lowercase letters compare the ratio at 12 days after inoculation. Values represent the means of three
biological replicates and when followed by the same letter are not statistically different according to the Scott-Knott test (p < 0.05)

Only 11 strains grew at reduced water activity in the
culture medium with an Aw of 0.919 and temperature of
40 °C, and only five had satisfactory growth under even
more restrictive conditions, with Aw of 0.897 (Table 1).
The five strains are species of Bacillus, highlighting the
adaptability of this genus to environments with restricted
water availability and elevated temperatures. This resil-
ience is evidenced by the ability of these Gram-positive
bacteria to form endospores, which makes the genus
more tolerant to life-threatening abiotic conditions such
as extremes of temperature, pH, and radiation [90, 91].
This combination of physiological and genetic traits
allows Bacillus strains not only to survive but also to
play important roles in challenging environments, such
as those affected by water restriction and higher tem-
peratures, a scenario ever more frequent as a result of the
global warming.

Studies have shown that plants colonized by Bacillus
spp. exhibit enhanced water uptake, which plays a crucial
role in protecting them from drought-induced damage
[92]. Furthermore, under water restriction, the absorp-
tion of nutrients typically decreases. However, when
treated with Bacillus spp., plants demonstrate improved
efficiency in nutrient uptake, even under drought condi-
tions [93]. Importantly, our results provide new evidence
that bacterial strains can play a major role in the agricul-
ture of the future, where water constraints will be more
frequent, with species of the genus Bacillus has been out-
standing compared to the other strains evaluated.

Phenotypic clustering

The dendrogram analysis, considering potential plant
growth-promoting traits among the 100 strains assessed
in vitro, identified five clusters at a similarity level of 70%
(Fig. 2). Cluster 3 had the highest number of isolates, 39,
with the genera broadly distributed, followed by clusters
5 (predominantly Pseudomonas) And 4, with 22 And 15
isolates, respectively. Cluster 1, comprising only Bacillus,
had nine isolates.

The heatmap analysis confirmed distinct patterns
among bacterial genera regarding the quantitative
expression of in vitro traits associated with plant growth-
promotion (Fig. 3). Strains of the genus Paraburkholderia
exhibited high capacity for biofilm formation, while Azo-
spirillum stood out for exopolysaccharide production.
IAA synthesis was particularly high in a Chromobacte-
rium strain. In contrast, Pseudomonas strains showed
consistent performance across multiple tests, indicating
a multifunctional profile, while Bacillus displayed high
variability, with results depending on the strain.

Assessment of plant tolerance to drought under
greenhouse conditions

First screening for tolerance to drought

In the first experiment, in which 100 bacterial strains
were assessed in sterile substrate on the growth of maize,
inoculated plants showed superior performance in some
parameters compared to control, indicating promising
effects of certain strains on the physiological variables
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Fig. 2 Phenotypic dendrogram based on putative plant growth-promoting traits of 100 bacterial strains of the Microbial Culture Collection of Embrapa
Soja. Dendrogram built on Bionumerics software (v.7.6.3) using the UPGMA algorithm. The clusters were obtained considering the similarity level of 70%.
Positive traits are represented in yellow, while negative traits are shown in blue
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Fig.3 Heatmap of plant growth-promoting traits of 100 bacterial strains from the Microbial Culture Collection of Embrapa Soja. Data were normalized on
ascale from 0to 1, with a value of 1 assigned to strains with the highest performance for each evaluated trait. These are represented by orange coloration,
while lower values follow a gradient from lighter orange to blue, with blue indicating values closer to 0

assessed in this study. It is worth commenting that seeds
were inoculated with 1 mL of bacterial suspensions
obtained from liquid cultures with different composi-
tions. However, we saw no differences in seed germina-
tion rates and vigor that could be attributed to differences
in nutrient composition and therefore, we consider that
plant growth was not affected by nutrients carried with
the inoculant; furthermore, plants were always supplied
with nutrient solution. For plants under water restric-
tion, 11 strains stood out: Achromobacter sp. CNPSo
2660, Azoarcus indigens CNPSo 2541, Bacillus aryabha-
tai CNPSo 2603, B. velezensis CNPSo 2384, Bacillus sp.
CNPSo 2725 And CNPSo 2383, Bradyrhizobium pachy-
rizi CNPSo 2259, C. violaceum CNPSo 1954, Pantoea
agglomerans CNPSo 2602, Pantoea sp. CNPSo 2344
And CNPSo 2493. These strains significantly increased
shoot fresh and dry weight, root volume, plant size, and
chlorophyll content compared with the non-inoculated
plants (Control I) (Table 2). Inoculation with 20 strains
significantly increased chlorophyll content, with Bacillus
velezensis CNPSo 2657 standing out by promoting a 27%
increase compared with plants grown under well-watered
conditions (Control II) (Table 2). The performance of two
promising strains promoting drought tolerance in maize
is shown in Figure S4.

Very important, the inoculation of 42 strains resulted
in shoot dry weight of plants kept under water restric-
tion statistically similar to plants kept under well-watered
conditions, belonging to the genera: Bacillus (9), Para-
burkholderia (6), Pseudomonas (7), Chromobacterium
(5), Pantoea (4), Paenibacillus (1), Agrobacterium (2),
Bradyrhizobium (2), Rhizobium (2), Achromobacter (1),
Azoarcus (1), Azospirillum (1), and Gluconacetobacter (1)
(Table 2).

The average root volume ranged from 4.12 to 13.86 mL
per plant, with the greatest value observed in plants inoc-
ulated with B. velezensis CNPSo 2384, which was statisti-
cally different from all the other treatments, including the
non-inoculated plants grown under well-watered condi-
tions (Control II) (Table 2).

For 21 strains, plant size under water restriction was
comparable to well-watered plants (Control II). These
strains included Chromobacterium violaceurmn CNPSo
1954, CNPSo 1963 And CNPSo 1958; Psudomonas lur-
ida CNPSo 2218, Pseudomonas soli CNPSo 1987 And
CNPSo 2220; Bacillus subtilis CNPSo 2620, B. velezen-
sis CNPSo 2657, B. aryabhatai CNPSo 2603, Bacillus
sp. CNPSo 2725 And CNPSo 2383; Azoarcus indigens
CNPSo 2541; Gluconacetobacter azotocaptans CNPSo
2783; Pantoea agglomerans CNPSo 2602, Pantoea
sp. CNPSo 2344 And CNPSo 2493; Bradyrhizobium
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Table 2 Growth parameters® of maize hybrid Pioneer 30F53 PRO 3 inoculated with 100 bacterial strains of the Microbial Culture
Collection of Embrapa Soja and grown in sterile substrate under water restriction

Treatment SFW Sbw RV PS cC
(gpl™ (gpl™ (mLpl™) (empl™) (Mgecm™)

Control | (non-inoculated with water restriction) 417d° 0.720b° 531eP 33.5¢P 4.80d°

Control Il (non-inoculated without water restriction) 8.20a 1.223a 11.92b 40.8a 8.14b
Achromobacter sp. CNPSo 2660 6.08b 0.763a 553e 41.0a 8.10b
Agrobacterium sp. CNPSo 1235 4.89¢ 0.773a 5.82e 36.2c 7.67b
Agrobacterium sp. CNPSo 1668 4.93c 0.703b 6.33e 38.0b 8.68a
Agrobacterium sp. CNPSo 2707 5.64c 0.773a 6.66d 37.8b 8.95a
Agrobacterium pusenese CNPSo 3315 2.3% 0473b 5.95e 32.7¢ 4.05d
Agrobacterium sp. CNPSo 3348 3.18e 0.607b 6.64d 35.0c 5.69d
Agrobacterium sp. CNPSo 4041 4.53d 0.690b 6.25e 373c 7.55b
Agrobacterium sp. CNPSo 4045 332e 0.497b 6.32e 333c 5.20d
Agrobacterium sp. CNPSo 675 4.04d 0.640b 5.84e 343c 8.52a
Azoarcus indigens CNPSo 2541 7.02b 1.037a 747d 44.0a 7.16b
Azorhizobium caulinodans CNPSo 139 2.76e 0457b 545e 337c 8.58a
Azospirillum brasilense CNPSo 2083 = Ab-V5 291e 0.403b 10.04c 32.0c 6.04c
Azospirillum brasilense CNPSo 2084 = Ab-V6 3.74d 0.497b 9.85¢ 37.7b 5.60d
Azospirillum halopraeferens CNPSo 3601 3.17e 0.597b 743d 36.0c 6.43c
Azospirillum rugosum CNPS03757 3.76d 0.633b 6.04e 333c 8.11b
Azospirillum thiophilum CNPSo 2786 5.17c¢ 0.767a 9.40c 39.2b 4.43d
Bacillus velezensis CNPSo 2384 6.40b 0.913a 13.86a 387b 7.13b
Bacillus aryabhatai CNPSo 2603 6.11b 0.907a 11.74b 42.8a 9.71a
Bacillus sp. CNPSo 2383 647b 0.853a 10.70b 423a 7.75b
Bacillus sp. CNPSo 2658 5.76¢ 0.770a 5.95e 39.8b 9.19a
Bacillus sp. CNPSo 2723 532c 0.673b 6.97d 38.5b 7.20b
Bacillus sp. CNPSo 2725 6.24b 0.870a 7.64d 42.0a 7.32b
Bacillus sp. CNPSo 3218 5.07c 0.790a 9.11c 40.0b 6.76C
Bacillus subtilis CNPSo 2605 5.14c 0.873a 5.88e 40.5b 8.3%
Bacillus subtilis CNPSo 2606 5.55¢ 0.897a 5.54e 39.7b 744b
Bacillus subtilis CNPSo 2620 5.64c 0.903a 7.54d 44.3a 9.26a
Bacillus velezensis CNPSo 2657 5.36¢ 0.707b 6.87d 41.7a 10.38a
Bradyrhizobium diazoefficiens CNPSo 6 3.04e 0.600b 8.76C 35.5¢ 5.76d
Bradyrhizobium elkanii CNPSo 14 3.15e 0.533b 4.68e 36.8¢c 5.72d
Bradyrhizobium elkanii CNPSo 9 2.56e 0.467b 6.99d 32.8c 6.43c
Bradyrhizobium frederickii CNPSo 3426 3.17e 0.603b 6.44e 34.2c 5.57d
Bradyrhizobium frederickii CNPSo 3443 3.3% 0.653b 7.05d 37.2¢c 7.93b
Bradyrhizobium japonicum CNPSo 7 3.30e 0.563b 841c 34.0c 7.29b
Bradyrhizobium pachyrhizi CNPSo 2259 6.57b 0.883a 941c 41.8a 8.79a
Bradyrhizobium sp. CNPSo 2907 3.80d 0.567b 8.77¢ 34.7c 4.94d
Bradyrhizobium yuanmingense CNPSo 3084 4.95¢ 0.753a 8.66C 373c 6.20c
Chromobacterium violaceum CNPSo 1947 5.19c 0.753a 591e 39.7b 7.65b
Chromobacterium violaceum CNPSo 1950 5.42c 0.797a 6.24e 39.7b 7.74b
Chromobacterium violaceum CNPSo 1952 4.97¢ 0.727a 6.00e 39.3b 6.14c
Chromobacterium violaceum CNPSo 1954 5.96b 0.953a 597e 45.0a 9.29a
Chromobacterium violaceum CNPSo 1958 4.28d 0.653b 6.50e 41.7a 6.67C
Chromobacterium violaceum CNPSo 1963 4.67¢ 0.787a 6.53e 42.5a 6.50c
Delftia sp. CNPSo 3288 2.64e 0.510b 6.11e 32.2¢ 6.62¢C
Ensifer (= Sinorhizobium) mexicanus CNPSo 2067 3.99d 0.543b 6.48¢e 34.7¢ 6.39¢
Enterobacter sp. CNPSo 3867 3.86d 0.613b 5.68e 35.0c 8.77a
Gluconacetobacter azotocaptans CNPSo 2783 5.49c 0.767a 6.98d 422a 6.95¢
Methylobacterium sp. CNPSo 989 3.81d 0.570b 6.45e 36.2c 7.51b
Microbacterium sp. CNPSo 3287 2.50e 0.513b 6.20e 32.0c 6.58c
Microbacterium sp. CNPSo 3855 4.10d 0.690b 6.84d 36.7¢ 7.65b

Neorhizobium (= Rhizobium) huautlense CNPSo 206 2.86e 0.513b 5.30e 33.7¢ 7.72b
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Table 2 (continued)

Treatment SFW SDW RV PS cC
(gpl™ (gpl™ (mLpl™) (empl™) (Mgecm™)
Neorhizobium galegae CNPSo 2061 4.11d 0.683b 6.71d 37.0c 5.69d
Niveispirillum irakense CNPSo 3756 3.46e 0.590b 6.06e 35.5¢ 751b
Ochrobactrum oryzae CNPSo 2784 3.94d 0.550b 6.14e 38.8b 4.71d
Paenibacillus polymyxa CNPSo 2227 5.54c 0.657b 10.64b 41.8a 6.62C
Paenibacillus sp. CNPSo 3221 5.09¢c 0.847a 8.89c 40.0b 7.93b
Paenibacillus sp. CNPSo 3309 2.73e 0.520b 741d 32.0c 461d
Paenibacillus sp. CNPSo 3854 3.78d 0.657b 591e 35.7¢ 5.24d
Pantoea agglomerans CNPSo 2602 6.10b 0.993a 9.21¢c 42.0a 881a
Pantoea ananatis CNPSo 2797 5.17¢c 0.717b 10.02¢ 39.5b 5.04d
Pantoea ananatis CNPSo 2798 3.26e 0.530b 1081b 34.3c 4.80d
Pantoea sp. CNPSo 2344 6.63b 0.903a 10.19¢ 41.2a 8.00b
Pantoea sp. CNPSo 2493 641b 0.970a 9.39¢c 41.0a 7.39b
Pantoea sp. CNPSo 3282 5.03c 0.817a 10.50b 383b 6.64c
Paraburkholderia atlantica CNPSo 3155 5.49c 0.867a 10.19¢ 38.8b 848a
Paraburkholderia franconis CNPSo 3157 5.67¢c 0.920a 8.53c 40.8a 7.23b
Paraburkholderia guartelaensis CNPSo 2995 3.83d 0.670b 7.77d 32.7c 6.66C
Paraburkholderia guartelaensis CNPSo 3008 3.66d 0.610b 9.56¢ 31.8c 5.78d
Paraburkholderia nodosa CNPSO 1307 4.96¢ 0.730a 7.03d 39.2b 6.74c
Paraburkholderia nodosa CNPSo 1204 551c 0.847a 6.68d 40.8a 8.58a
Paraburkholderia nodosa CNPSo 1213 4.10d 0.570a 6.44e 36.3c 6.76C
Paraburkholderia nodosa CNPSo 1294 3.67d 0.553b 6.52e 35.2¢c 7.37b
Paraburkholderia nodosa CNPso 1299 4.43d 0.640b 6.30e 39.0b 6.29¢
Paraburkholderia nodosa CNPSo 1301 441d 0.670b 6.79d 39.2b 949a
Paraburkholderia sabiae CNPSo 3136 5.45c 0.830a 10.35b 37.8b 7.90b
Paracocus sp. CNPSo 3707 3.69d 0.600b 6.38e 37.3c 8.86a
Pseudomonas fluorescens CNPSo 2224 4.92c 0.710b 11.29b 383b 6.18¢c
Pseudomonas fluorescens CNPSo 2799 3.17e 0.507b 1043b 34.7¢c 6.36C
Pseudomonas lurida CNPSo 2218 4.68¢ 0.763a 7.36d 44.7a 8.58a
Pseudomonas soli CNPSo 1987 531c 0.903a 6.30e 44.0a 7.65b
Pseudomonas sp. CNPSo 2220 4.65C 0.827a 10.50b 41.7a 7.67b
Pseudomonas sp. CNPSo 2222 4.02d 0.610b 10.05¢ 38.0b 6.89¢
Pseudomonas sp. CNPSo 2604 491c 0.773a 6.25e 37.0c 8.04b
Pseudomonas sp. CNPSo 2625 4.92¢ 0.757a 6.79d 40.3b 961a
Pseudomonas fluorescens CNPSo 2719 5.29¢c 0.683b 6.56d 37.8b 7.03c
Pseudomonas sp. CNPSo 2835 4.06d 0.677b 8.15d 39.3b 6.80c
Pseudomonas sp. CNPSo 2844 3.55d 0.623b 8.59¢ 37.7b 5.90c
Pseudomonas sp. CNPSo 2851 4.32d 0.697b 9.58¢ 38.2b 5.50d
Pseudomonas sp. CNPSo 2856 3.90d 0.573b 9.98¢c 35.7¢ 5.48d
Pseudomonas sp. CNPSo 2864 4.12d 0617b 7.59d 36.7¢ 6.98c
Pseudomonas sp. CNPSo 2878 4.18d 0.733a 8.09d 35.2¢ 6.92c
Pseudomonas sp. CNPSo 2887 4.23d 0.680b 9.43c 33.7¢ 6.64C
Pseudomonas sp. CNPSo 4132 3.69d 0.557b 5.75e 36.5¢ 8.84a
Pseudomonas sp. CNPSo 4140 4.88c 0.803a 5.64e 40.3b 8.28b
Rhizobium giardinii CNPSo 171 2.73e 0.530b 4.12e 34.3c 7.34b
Rhizobium leucaenae CNPSo 224 3.87d 0.710b 6.59d 34.8¢ 7.95b
Rhizobium leucaenae CNPSo 229 3.88d 0.630b 6.75d 353c 6.51c
Rhizobium sp. CNPSo 1627 4.59c 0.830a 6.01e 38.0b 7.16b
Rhizobium sp. CNPSo 3610 3.16e 0.543b 591e 33.2c 6.32c
Rhizobium tropici CNPSo 1018 501c 0.837a 7.37d 37.7b 7.34b
Rhizobium tropici CNPSo 103 3.92d 0.690b 531e 383b 744b

2Shoot Fresh Weight (SFW); Shoot Dry Weight (SDW); Root Volume (RV); Plant Size (PS); and Chlorophyll Content (CC) of maize plants inoculated with PGPB strains
under water restriction

BValues represent the mean of three replicates and when followed by the same letter are not statistically different according to the Scott-Knott test (p<0.05)
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pachyrhizi CNPSo 2259; Paenibacillus polymyxa CNPSo
2227;; Achromobacter sp. CNPSo 2660; Paraburkhold-
eria franconis CNPSo 3157, and P. nodosa CNPSo 1204
(Table 2).

The Pearson’s correlation coefficient analysis between
the traits assessed in vitro and the results from the first
experiment in greenhouse revealed positive correla-
tions among the traits of the strains grown in vitro under
reduced water activity (Aw 0.919 and 0.897), at 40 °C,
and the ability to promote shoot fresh weight, shoot dry
weight, and chlorophyll content of maize (Fig. 4). These
results can highly speed up strain selection programs
towards the development of bio-inputs aiming at the new
challenges of climate changes faced by agriculture. There-
fore, our initial hypothesis was confirmed for drought
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tolerance, while the validation of other key traits, such as
phosphate solubilization, remains to be addressed.

A slightly weaker relationship was found between traits
of the strains grown under reduced water activity (Aw
0.919 And 0.897), at 40 °C, and biofilm production in the
in vitro analyses (Fig. 4). Although other plant growth-
promoting properties, such as EPS and biofilm produc-
tion, have been reported in mitigating water stress [94],
we did not observe a correlation with the in vivo plant
performance in our study. For both root volume and
chlorophyll content, plants inoculated with Bacillus spp.
reached the highest averages, values even higher than
those of plants that were not subjected to water defi-
cit (Table 2). The potential of Bacillus spp. in increasing
chlorophyll content was also verified in cotton plants
(Gossypium hirsutum L.) by Diaz [95]. Plants with higher
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chlorophyll content, when subjected to stress or physi-
ological disorders, are more effective to convert light
energy and accumulate biomass, relieving the negative
effects [59].

For selection of the most promising strains in Experi-
ment I, a principal component analysis was applied to
check correlations among the variables (Fig. 5A) in a
factorial plan (Fig. 5B). Shoot fresh and dry weights, and
plant size, were related to each other, as represented by
PC1, which explains 56.65% of the total variance. Con-
sidering the information gathered by PC1, the previously
highlighted variables show a positive correlation; on the
other hand, root volume and chlorophyll content were
weakly related to the other variables, and were best rep-
resented by the PC2.

According to the factorial plan representing the treat-
ments, there was a great variation in the response among
different strains. As an example, plants inoculated with
B. pachyrhizi CNPSo 2259, A. indigens CNPSo 2541, and
P. agglomerans CNPSo 2602 (ID 39, 44, and 45, respec-
tively) responded differently from those inoculated with
Delftia sp. CNPSo 3288, Agrobacterium pusenese CNPSo
3315, and Agrobacterium sp. CNPSo 4045 (ID 83, 85 and
98, respectively).

Fifteen bacterial strains that resulted in more vigorous
plants grown under water limitation and that were posi-
tive in most in vitroassessments were selected for a sec-
ond greenhouse trial (Table 3).

Assessment of the most promising strains in non-sterile
soil

In the second experiment conducted with 15 selected
strains, plant photosynthetic rates varied over time and
among the different strains. A general reduction in CO,
assimilation rate was observed on the fifth day of stress,
followed by partial or complete recovery by the ninth
day. Control I, with plenty water supply, showed the
highest values at all assessing times, while Control II,
under drought stress, exhibited a marked reduction in
CO, assimilation, especially on the fifth and ninth days.
Among the strains, B. velezensis CNPSo 2384 stood
out for maintaining a high maize photosynthetic rate
throughout the experimental period (Table 3).

Among the plants under water restriction, some strains
showed potential to mitigate the stressful condition,
maintaining a high photosynthetic rate, such as C. viola-
ceum CNPSo 1954 and B. velezensis CNPSo 2384, which
presented, respectively, photosynthetic rates 26 And 51%
higher than the non-inoculated plants (Control I). Plants
under water restriction and inoculated with B. velezensis
CNPSo 2384 showed a reduction of only 5% in photo-
synthetic rate in the last evaluation compared with those
irrigated throughout the whole period (Control II). Simi-
lar trends were observed for stomatal conductance and
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transpiration rates (Table 3), which are closely linked to
photosynthetic activity, indicating a consistent physiolog-
ical response among these parameters.

Shoot fresh weight ranged from 122.5 to 203.3 g per
plant. The lowest value was observed in non-inoculated
plants under water restriction, while the highest was
recorded in plants that received plenty of water supply
throughout the experiment. Inoculated plants showed
superior performance compared with non-inoculated
ones. For shoot dry weight, the highest average was
found for well-watered plants (26.14 g), while plants
under water restriction but inoculated with the Bacillus
sp. CNPSo 2658 had the highest average (19.97 g). For
plant size, the average of well-watered plants also stood
out from the other treatments, reaching 1.35 m. Among
the treatments under water restriction, plants inoculated
with C. violaceurn CNPSo 1954 and G. azotocaptans
CNPSo 2783 reached 1.27 m (Table 4).

The root volume of plants inoculated with the strains
of C. violaceurn CNPSo 1954, Pseudomonas soli CNPSo
1987, Pantoea agglomerans CNPSo 2602, Bacillus subti-
lis CNPSo 2605, and B. subtilis CNPSo 2606 were simi-
lar to those of well-watered plants, while no differences
were found for root dry weight (Table 4). The average
root length ranged from 261.4 to 491.8 m per plant, with
the highest value in plants inoculated with C. violaceum
CNPSo 1954. In addition, the length of roots of plants
inoculated with Pseudomonas soli CNPSo 1987 and Pan-
toea agglomerans CNPSo 2602 were also significantly
increased (Table 4). It is worth mentioning the impor-
tance of the contact between the root system and the soil,
enhancing the uptake of water and nutrients [49, 96]. We
found that plants inoculated with three strains, C. vio-
laceurn CNPSo 1954, Pseudomonas soli CNPSo 1987,
and Pantoea agglomerans CNPSo 2602 stood out in vol-
ume, mass, and length of roots. Under field conditions,
this ability could have a significant impact on drought
tolerance.

Water constraints in a warmer climate concern human-
ity and agriculture [97]. Furthermore, global patterns of
increasing crop yield [98] also enhance the demand for
water. In addition, higher temperatures with more fre-
quent hotter days, stronger radiation, and land cover/
land use changes [98] may intensify the impacts of water
stress [99]. The survival capacity of plants will depend
on their adaptation ability but also on the severity and
duration of the restrictive period [100]. In this scenario,
inoculation with PGPB should be investigated, as it can
help mitigate plant damages. Indeed, it has been recently
shown that strains used in our study were able to miti-
gate the negative impacts of a 2 °C warming on the pho-
tosynthesis, growth, and nutritional value of a tropical C4
grassland under field conditions [101].



Vasques et al. BMC Microbiology

(A)

(B)

CP2:21,03%

PC 2: 21.63%

(2026) 26:11

10} o
/'/ \
//l.
v cC
05 /
/ \
/ \
[ PS|
; \
e i \ﬁf
‘\\ SFW
\ }
\ i
05¢ 7
/S
RV
10t . o e
1.0 -05 0.0 05 10
CP 1:56,65%
5
4l
3t 2
3 L
2t Conjrot i 2 "
4 8 7 ® 38 32
1r % ¥ 7'155 e
4 ® 7.7 . 6
. L w ¥%,% %
T Yoy ¥
OF = memmmmemeees ‘----1---:9-?5;7 - o g B e o o o o o e o
3 93%“1‘0'155” %
d 7
4l 3 # §@§“ i)
310 % 3
52¢ * §‘
21
3}
_4 " i i k) i
-8 -6 -4 -2 0 2 4

PC 1:61.66%

Page 18 of 23

Fig. 5 PCA graphics of variables and treatments. A Correlation circle among the variables: shoot fresh weight (SFW), shoot dry weight (SDW), root vol-
ume (RV), plant size (PS) and chlorophyll content (CC) of maize plants inoculated with 100 bacterial strains of the Microbial Culture Collection of Embrapa
Soja and grown in sterile substrate under water restriction. The proximity and direction of the variables indicate their correlation and contribution to the
components. B Factorial plan under water restriction conditions. The numbers corresponding to each strain are shown in Table S1. The percentage of
variance explained by each principal component is shown in the axis's labels
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Table 3 Photosynthetic rate, stomatal conductance and transpiration of maize plants inoculated with the 15 selected bacterial strains

grown in non-sterile soil for 3, 5, and 9 days under water restriction

Treatment
(umol CO, m2s™)

Photosynthetic rate

Stomatal conductance
(mol H,0 m2s™)

Transpiration rate
(mol H,0 m?25s™)

3days 5days 9days 3days 5days 9days 3days 5days 9days
Control | (non-inoculated under water restriction) 3538a* 9.37d 22.79b 0.17a 0.05¢ 0.08c 3.52a 0.99c 1.79d
Control Il (non-inoculated without water restriction) ~ 33.38a 4135a  3237a  021a 0.25a 0.23a 401a 4.92a 4.64a
Bacillus aryabhatai CNPSo 2603 2961a 16.27¢ 23.74b 0.14b 0.10b 0.10c 3.06b 1.59¢ 2.26d
Bacillus subtilis CNPSo 2605 29.93a 19.83c  25.08b  0.14a 0.06b 0.10c 2.94b 1.81c 2.21d
Bacillus subtilis CNPSo 2606 24.15b 19.80c 24.96b 0.11b 0.05¢ 0.09c 2.56b 147¢ 2.32d
Bacillus subtilis CNPSo 2620 31.60a 22.76¢ 34.24a 0.16a 0.13b 0.14c 3.83a 3.25b 1.92d
Bacillus velezensis CNPSo 2384 32.15a 3196b  3460a 0.17a 0.05c 0.16b 349a 0.72¢ 3.71b
Bacillus velezensis CNPSo 2657 30.80a 25.69¢ 2737b  0.12b 0.05¢ 0.11¢c 3.11b 1.38¢ 261c
Bacillus sp. CNPSo 2658 32.32a 22.49¢ 30.05a 0.10b 0.07¢c 0.12¢ 2.24b 1.89¢ 2.73¢
Bacillus sp. CNPSo 2723 22.86b 1946c  3238a  0.11b 0.06c 0.14c 247b 1.34c 261c
Bacillus sp. CNPSo 2725 29.22a 21.77¢ 33.53a 0.15a 0.07¢ 0.18b 2.86b 2.07¢ 2.94c
Chromobacterium violaceum CNPSo 1954 31.68a 3043b  2883b  0.16a 0.10b 0.12c 3.56a 2.86b 2.93c
Gluconacetobacter azotocaptans CNPSo 2783 20.28b 1936c 2569  0.10b 0.06¢ 0.10c 2.34b 1.56¢ 251c
Pantoea agglomerans CNPSo 2602 3437a 13.73d  2697b  0.18a 0.06¢c 0.13c 381a 1.1¢ 2.29d
Pantoea sp. CNPSo 3282 31.99a 9.05d 29.17b  0.15a 0.05¢ 0.12c 3.26a 091c 2.66C
Paraburkholderia franconis CNPSo 3157 3259 19.20c 32.23a 0.17a 0.06c 0.16b 3.73a 1.61c 2.58¢
Pseudomonas soli CNPSo 1987 27.84a 19.01c  3004a 0.12b 0.06c 0.12c 2.55b 1.39¢ 251c

2Values represent the mean of five replicates and when followed by the same letter are not statistically different according to the Scott-Knott test (p < 0.05)

Table 4 Growth parameters?® of maize hybrid ATL100 inoculated with 15 selected bacterial strains and grown in non-sterile soil under

water restriction

Treatment SFW Ssbw PS RV RDW RL
(9) (9) (m) (mL) (9) (m)

Control | (non-inoculated under water restriction) 122.5¢P 18.10c 1.22b 65.66a 6.32a 353.2b

Control Il (non-inoculated without water restriction) 2033a 26.14a 1.35a 72.05a 7.30a 356.2b
Bacillus aryabhatai CNPSo 2603 145.2b 18.06¢ 1.23b 55.86b 5.98a 3209b
Bacillus subtilis CNPSo 2605 132.6¢ 17.12¢ 1.22b 66.58a 6.10a 347.7b
Bacillus subtilis CNPSo 2606 146.8b 19.54b 1.26b 63.43a 6.96a 376.6b
Bacillus subtilis CNPSo 2620 145.1b 18.32¢ 1.24b 52.58b 6.22a 322.7b
Bacillus velezensis CNPSo 2384 142.2b 19.28b 1.25b 59.17b 5.93a 3504b
Bacillus velezensis CNPSo 2657 137.3c 17.13c 1.20b 56.79b 6.47a 3259b
Bacillus sp. CNPSo 2658 144.9b 19.97b 1.24b 61.13b 6.50a 344.3b
Bacillus sp. CNPSo 2723 145.3b 18.60b 1.25b 61.36b 6.38a 291.7b
Bacillus sp. CNPSo 2725 138.1¢ 17.83¢ 121b 55.28b 6.50a 261.4b
Chromobacterium violaceum CNPSo 1954 132.4c 19.01b 1.27b 67.05a 6.78a 491.8a
Gluconacetobacter azotocaptans CNPSo 2783 148.4b 18.87b 1.27b 60.50b 7.23a 384.7b
Pantoea agglomerans CNPSo 2602 142.6b 18.26C 1.26b 69.87a 6.55a 485.1a
Pantoea sp. CNPSo 3282 139.3b 1942b 1.25b 56.75b 6.39a 310.5b
Paraburkholderia franconis CNPSo 3157 133.3c 16.52¢ 1.22b 62.08b 6.82a 349.8b
Pseudomonas soli CNPSo 1987 143.4b 19.22b 1.26b 69.41a 6.52a 427.3a

2Shoot Fresh Weight (SFW); Shoot Dry Weight (SDW); Plant Size (PS); Root Volume (RV); Root Dry Weight (RDW); and Root Length (RL) of maize plants inoculated with

PGPB strains under water restriction

bValues represent the mean of five replicates and when followed by the same letter are not statistically different according to the Scott-Knott test (p<0.05)

Considering all the data analyzed, we highlight the
outstanding performance of three strains, B. velezensis
CNPSo 2384, B. subtilis CNPSo 2606, and Bacillus sp.
CNPSo 2723, with high potential to be used as new bio-
inputs (Supplementary Figure S5). In addition, the mul-
tifunctional traits of these three selected strains confirm

that Bacillus may have multiple uses [30, 102-104],
which highly benefits agricultural sustainability.
According to Radhakrishnan et al. [92], during water
restriction and the consequent increase in the con-
centration of toxic salts and metals in the soil solution,
Bacillus spp. can stimulate the production of EPS and
siderophores. This ability can also control other microbial
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species in the soil, including pathogens. Regarding the
imbalance resulting from water deficiency, the synthesis
of IAA and ACC-deaminase regulates intracellular phy-
tohormone metabolism, leading to increased stress tol-
erance in plants. Sivasakthi et al. [105] pointed out that
Pseudomonas and Bacillus have predominant abilities
among other PGPB to survive in a wide range of stressful
environments — whether through phosphate solubiliza-
tion, the production of siderophores, or the biocontrol of
plant pathogens. In this study, the production of sidero-
phores and EPS in vitro was mostly found in Pseudomo-
nas spp. strains. Besides the production of metabolites,
the ability of Bacillus to form endospores may increase
the cell viability under adverse conditions, even in for-
mulations of commercial products [106, 107]. Despite
the promising results obtained under controlled condi-
tions, further studies are needed to evaluate the behav-
ior of selected strains under field conditions, where
multiple biotic and abiotic factors influence microbial
dynamics. Adaptation to the local ecosystem is essential
for introduced microorganisms to establish themselves,
interact with native microbiota, and promote tangible
benefits to plants. According to Li et al. [108], land use
plays a decisive role in shaping soil microbial commu-
nities, influencing their genomic and functional traits.
These environmental factors can directly influence the
success of inoculation and the performance of selected
strains. Consequently, field trials are crucial for evaluat-
ing microbial inoculants under real agricultural condi-
tions. The next step will involve verifying the agronomic
potential of these strains and their consistency across
diverse environments.

Conclusions

> Invitro evaluations may accelerate the
bioprospection of elite strains for bio-inputs; for
example, we found a high correlation between
growth in vitro in culture medium with reduced
water activity and the capacity to increase maize
tolerance to drought;

> Searching for elite strains of agronomic interest in
microbial culture collections may be facilitated by
starting from specific genera, such as Bacillus for
drought tolerance and Pseudomonas for phosphate
solubilization.

> Microbial culture collections represent a valuable
reservoir of biotechnological solutions for
agricultural sustainability. Among them, plant
growth-promoting bacteria stand out, offering a
sustainable alternative to mitigate the impacts of
abiotic and biotic stresses on plants. Many strains
exhibit multiple traits of agronomic interest, and
their use in agriculture should be encouraged.
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