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Climate change has caused irregularities in water distribution, which affect the soil drying-wetting cycle and the
development of economically important agricultural crops. Therefore, the use of plant growth-promoting bac-
teria (PGPB) emerges as an efficient strategy to mitigate negative impacts on crop yield. We hypothesized that
the use of PGPB (in consortium or not) had potential to promote maize (Zea mays L.) growth under a soil moisture
gradient in both non-sterile and sterile soils. Thirty PGPB strains were characterized for direct plant growth-
promotion and drought tolerance induction mechanisms and were used in two independent experiments. Four
soil water contents were used to simulate a severe drought (30% of field capacity [FC]), moderate drought (50%
of FC), no drought (80% of FC) and, finally, a water gradient comprising the three mentioned soil water contents
(80%, 50%, and 30% of FC). Two bacteria strains (BS28-7 Arthrobacter sp. and BS43 Streptomyces alboflavus), in
addition to three consortia (BC2, BC4 and BCV) stood out in maize growth performance in experiment 1 and were
used in experiment 2. Overall, under moderate drought, inoculation with BS43 surpassed the control treatment in
root dry mass and nutrient uptake. Considering the water gradient treatment (80-50-30% of FC), the greatest
total biomass was found in the uninoculated treatment when compared to BS28-7, BC2, and BCV. The greatest
development of Z. mays L. was only observed under constant water stress conditions in the presence of PGPB.
This is the first report that demonstrated the negative effect of individual inoculation of Arthrobacter sp. and the
consortium of this strain with Streptomyces alboflavus on the growth of Z. mays L. based on a soil moisture
gradient; however, future studies are needed for further validation.
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Maize cultivation
Biotechnological

1. Introduction agriculture sector, a loss of USD 37 billion was observed from 2008 to

2018 due to the negative effects of drought on crop yield (FAO, 2021).

Drought is an abiotic factor that can harm plant development
(Abou-Elwafa and Shehzad, 2021). Soil moisture deficit has a negative
impact on physiological and biochemical processes in plants (ie.,
accumulation of reactive oxygen species (ROS), lipid peroxidation,
photosynthetic activity, etc.), reducing crop yield (Ojuederie et al.,
2019). Climate change, due to anthropogenic degradation, is expected
to intensify drought events in the 21st century (Chiang et al., 2021),
mainly in tropical semi-arid regions (Cook et al., 2018). In the

Therefore, isolation, characterization, and identification of microor-
ganisms that promote plant tolerance to drought is an environmentally
friendly alternative to sustain crop productivity (Ma et al., 2020). This
approach is a bio-strategy to develop cutting-edge projects to address
global issues (climate change, food security, and environmental degra-
dation) (FAO, 2021).

Variation in the hydrological cycle caused by increases in evapo-
transpiration and greater frequency and intensity of rainfall, affecting
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the drying-wetting (DW) cycle of soils is a known effect on climate
change (Llopart et al., 2020; Morillas et al., 2015). DW cycles are
important because they promote variations in soil physical, chemical,
and biological properties. Frequent DW cycles can increase extracellular
microbial enzyme activity, reduce microbial biomass, and change soil
microbial community diversity and richness (Huang et al., 2021),
affecting competitiveness of plant growth promoting microorganisms
inoculated into the soil. However, soils with a history of droughts may
contain bacteria adapted to moisture fluctuations, which take advantage
of empty microhabitats and of the increase of substrate availability
resulting from necromass after a DW event (Meisner et al., 2021). In the
Brazilian Caatinga biome, where variable spatio-temporal rainfall pat-
terns occur, soil microorganisms are adapted to environmentally
stressful conditions, mainly induced by high temperatures and severe
droughts (Leal et al., 2005; Santos et al., 2012). This adaptability has
great biotechnological potential for agricultural crops, due to the char-
acteristics of the microorganisms to thrive in severe climatic conditions
(Fernandes-Junior et al., 2015; Reis Antunes et al., 2019).

Plant growth promoting bacteria (PGPB) have mechanisms that
benefit agricultural crops, such as the capacity of fixing nitrogen (N),
producing indole-3-acetic acid (IAA), and solubilizing phosphate
(Bonatelli et al., 2021; Cohen et al., 2015; Nascimento et al., 2021;
Pathak et al, 2017). In addition, some mechanisms promote
plant-systemic induced tolerance including the activity of the enzyme
ACC deaminase (Glick, 2014), biofilm formation (Timmusk et al., 2014),
production of exopolysaccharides (Rolli et al., 2015), and osmotic
adjustment (Sarma and Saikia, 2014). Moreover, studies have reported
the potential of these bacteria to alleviate effects of water deficit in
different crops (Dubey et al., 2019; Jochum et al., 2019a; Lin et al.,
2019).

Maize crop is affected by climatic changes, and water deficit is one of
the major causes of instability in its production (Cao et al., 2019; Grote
et al., 2021), promoting high financial losses (Zhao et al., 2017; Webber
et al., 2018; Bucheli et al., 2021). Maize accounts for 41% of worldwide
cereal production and is processed into products for animal feed, human
consumption, and other industrial purposes (Erenstein et al., 2022). In
Brazil, maize is the second most important crop, covering 22 M ha of
cultivated area, responsible for 125 million tons produced (Conab,
2022). Currently, sustainable strategies have been used to minimize the
negative impacts of water deficit, such as plant breeding, reduction of
fertilizer input, and use of microbial inoculation (Rattis et al., 2021;
Prasanna et al., 2021; Santos et al., 2021).

Recently, PGPB from semiarid temporary ponds were isolated,
characterized, and identified, concluding that these bacteria could
promote maize growth when inoculated individually or in consortia,
under water stress conditions (Aratjo et al., 2020). Currently, efforts are
made to assess the potential of PGPB grown in an autochthonous mi-
crobial community on high-demanding crops, such as maize. Thus, high
plant yield based on sustainable land use systems supports the intensive
use of PGPB to replace synthetic inputs and prevent the worsening of
climate change. Studies have investigated an improvement in the com-
bination of soil-plant-PGPB (Efthimiadou et al., 2020; Trivedi et al.,
2020), as an efficient inoculation of PGPB is associated with the complex
interaction network of this system (Armada et al., 2018; Hu et al., 2018;
Kong et al., 2019). Therefore, it is imperative to connect scientific
knowledge of the rhizosphere microbial ecology of crops with studies
aimed at bioprospecting of native microorganism (Santos et al., 2020).

The use of a consortium of PGPB shows greater efficiency to promote
plant growth when compared to single strains under water stress
(Asghari et al., 2020; Baas et al., 2016; Timm et al., 2016). These con-
sortia may be formed because PGPB amplifies the functions of different
growth promotion mechanisms through greater exploration of soil and
plant niches (Saikia et al., 2018; Timm et al., 2016; Weidner et al.,
2015). We hypothesized that efficient PGPB (single and co-inoculated)
could promote the growth of Z. mays L. in a soil moisture gradient and
in different constant water conditions in sterile and non-sterile soil.
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Thus, the aim was to evaluate the efficiency of individual and con-
sortium inoculation of PGPB to promote maize growth submitted to
different water and soil conditions.

2. Material and methods
2.1. Study site and sampling strategy

The isolates were obtained from the PGPB collection of the Soil
Microbiology and Biochemistry Laboratory of the Federal Rural Uni-
versity of Pernambuco, Brazil (UFRPE). The isolates were previously
obtained from a tropical temporary pond in Parnamirim municipality,
Pernambuco State, Brazil (8°17/05.2" S; 39°54’'12.6" W) (Fig. S1). The
climate is semi-arid (Koppen-Geiger climate classification: BSh) with
431.8 mm of annual precipitation and hyperxerophilous is the pre-
dominant vegetation in the Caatinga biome (Cruz, 2005). Sampling was
performed in rhizosphere soil (RS) and bulk soil (BS) of Mimosa bimu-
cronata (Fig. S1) in triplicate at 0-0.2 m depth. More details of the
isolation procedure and selection of bacteria to integrate the PGPB bank
were described in Aratjo et al. (2020).

2.2. Selection and physiological characterization of isolates

Thirty PGPB isolates were selected: i-17 from RS; ii-8 from BS; iii-4
endospore-forming from rhizosphere soil (ERS) and one from bulk soil
(EBS). The isolates were characterized in terms of direct and indirect
mechanisms of growth promotion (Aratjo et al., 2020) (Table S1).

Overall, isolates characterization was composed by the production of
indole-3-acetic acid (IAA) and exopolysaccharide (EPS), biological ni-
trogen fixation (BNF) performance, phosphate solubilization capacity,
biofilm formation (BIO), 1-aminocyclopropane-1-carboxylic acid (ACC)
deaminase synthesis, and water activity (Ay,) (Aratjo et al., 2020).

2.3. Experiment 1: Growth promotion of Zea mays L. under 80% field
capacity

The experiment comprised 37 treatments with thirty isolates
(Table S1), five bacterial consortia (BC) (Table 1), two controls without
any inoculation, one of them conducted with complete fertilization (CH)
and the other with 80% nitrogen restriction (NRC) under greenhouse
conditions and in a completely randomized design. Fertilization was
based on the application of nutrient solution (Hoagland and Arnon,
1950) and bacterial consortia had strains that showed the best

Table 1
In vitro features of the consortia of plant growth-promoting bacteria.
Consortia  Isolates Strains Mechanisms
BC1 ERS16-2; ERS18; Bacillus sp.; Micrococcus sp.; ARA; ACG; TAA;
BS43-1; RS59-6; Streptomyces sp.; Bacillus sp.; P-CA; EPS; BIO
RS85 Bacillus sp.
BC2 ERS16-2; ERS18; Bacillus sp.; Micrococcus sp.; ARA; ACG; TAA;
BS43-1; RS59-6 Streptomyces sp.; Bacillus sp. P-CA; EPS
BC3 ERS16-2; ERS18; Bacillus sp.; Micrococcus sp.; ARA; ACC; TAA;
BS43-1 Streptomyces sp. P-CA
BC4 ERS16-2; ERS18 Bacillus sp.; Micrococcus sp.; ARA; ACC; IAA
BC5 ERS16-2; ERS18; Bacillus sp.; Bacillus sp.; ARA; ACC; EPS;
RS85 Bacillus sp. BIO
BC2) EBS4; ERS16-2; Staphylococcus sp.; Bacillus ARA; ACG; IAA;
ERS18; BS43-1 sp.; Micrococcus sp.; P-Ca; Ay
Streptomyces sp.
BCV BS28-7; BS43 Arthrobacter sp.; IAA; P-Ca; ACC

Streptomyces alboflavus

GenBank access number: EBS4 (NR156818.1); ERS16-2 (NR.152692.1); ERS18
(NR.116578.1); BS28-7 (MW.487809); BS43 (NR.044151.1); BS43-1
(NR.116578.1); RS59-6 (NR.152692.1); RS85 (NR.074540.1); (*)BC2, Aratijo
et al. (2020); ARA: acetylene reduction assay; IAA: Indole-3 acetic acid pro-
ductions; IS P-CA: Calcium phosphate solubilization index; BIO: biofilm forma-
tion; EPS: exopolysaccharides production.
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performance in vitro conditions. The consortiums were based on the in
vitro characterization of the isolates to obtaining a greater functional
redundancy in the plant growth promotion mechanisms. Compatibility
between the bacteria selected for the consortium development was
confirmed using five replicates according to (Prasad and Babu, 2017)
(Fig. S2).

Seeds of Z. mays L. (cultivar AG 1051) were inoculated with 1 mL of
inoculum and reinoculated 14 days after planting. Inoculations were
performed in a liquid medium King B for 24 h (108 UFC.mL™! (DO550 =
0.1)). After that, seeds were germinated in a sterile substrate of sand and
vermiculite in liter pots at 80% of the field capacity (FC) throughout the
experiment (Dourado et al., 2019). The evaluation was performed 50
days after planting. The total leaf area (TLA), shoot dry mass (SDM), and
root dry mass (RDM) were determined after drying in a forced air oven
at 60 °C for 72 h. Total biomass (TB) was obtained from the sum of SDM
and RDM. TLA was obtained according to Sangoi et al. (2007).

2.4. Identification of isolates by 16 S rRNA gene sequencing

The isolates with the best performance in the attributes evaluated in
experiment 1 and that showed the highest residual contribution in the
multivariate analysis (Table S2 and S3) were identified by 16 S rRNA
gene sequencing. Bacterial genomic DNA was extracted by the bead-
beating method and universal bacterial primers were used 27 F (5-
AGAGTTTGACCTGGCTCAG-3) and 1492 R (5-GGTTACCTTGTTAC-
GACTT-3) (Lane, 1991). The amplification reaction and conditions were
described in Araujo et al. (2020). PCR products were sent to Macrogen
Laboratory (South Korea) facility for purification and sequencing.
Similar sequences were obtained from GenBank (NCBI database).
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2.5. Experiment 2: Growth promotion of Zea mays L. in non-sterile soil
under different soil field capacities

The experiment was performed under a day/night cycle of 13/11 h,
at 28 °C and relative humidity of 50%, using pots with 7 kg of soil in
completely randomized blocks with five replicates per treatment in a
double factorial (6 x 4) scheme, totaling 24 treatments and thus 120
experimental units (Fig. 1A). The first factor was bacterial inoculation or
not, corresponding to two single bacteria isolates (BS28-7, BS43), three
bacterial consortia (BC) (BC2, BC4, and BCV) and an uninoculated
control (C). While the second factor was soil water content: 30% of soil
field capacity (FC) (simulating a severe drought), 50% of FC (simulating
a moderate drought), 80% of FC (simulating no drought), and water
range 80-50-30%.

For the treatment of the water range, a wetting/drying cycle of soil
was simulated, in which the pots with 80% of FC were allowed to dry to
30% of FC then rehydrated to 80% of FC and allowed to dry to 30% FC.
We used the multivariate approach based on the contribution of re-
siduals combining results from Aratijo et al. (2020) to find the most
preeminent bacterial inoculum to use in experiment 2. Briefly, these
authors tested the same treatments under water stress, highlighting the
BS43 treatment at 30% field capacity and the BS28-7 treatment under
80% field capacity (Fig. S4, Tables S4, and S5).

The soil was classified as Oxisol with a kandic horizon according to
WRB (Food and Agriculture Organization-FAO) (FAO, 2014). The soil
was collected in the experimental site of the Luiz de Queiroz College of
Agriculture (ESALQ-USP), in the municipality of Piracicaba, Sao Paulo
State, Brazil (22°42°14.836"S; 47°38°11.695"W) and characterized ac-
cording to Raij et al. (2001) (Table 2). The experimental site has been
cultivated with soybeans and maize for the last 10 years. For the pot
experiment, limestone and fertilizers were applied according to the

A) Treatments

Bacteria inoculation or control

Water Conditions

| BS28-7 || BS43 | Bcv
| Bc4 | B2 | C

Composition of bacterial consortia
BC2 - EBS4, ERS16-2, ERS18, BS43-1

Water range

ees
@@@@@

80-50-30%

Severe drought Moderate drought  No drought

A @@@@@ .....

30% 50% 80%

BC4 - ERS16-2, ERS18 >
BCV - BS28-7, BS43

Field Cavpacny (FO)

= Maize seed
B) (5 seeds per pot)
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@O
oce

@O @O
oce oce

@ Experimental units (7 Kg of soil) @O  plant Development under these FCs

oce
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VE- Seedling emergence state
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Fig. 1. Schemes of (A) experimental design displaying the composition of bacterial consortia and soil water content factors and (B) timeline of the procedures
performed throughout the experiment according to the vegetative (V) phenological stages.
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Table 2
Physical-chemical characteristics of the soil used for the plant growth promotion experiment in soil under different field capacity.
Textural class pH Ca%* Mg** K" AR* H +AI%* SB CEC \% m oM P
- mmol. dm~3 % % g.dm3 mg.dm 3
Clay 5.01 38.3 13.3 5.64 <0.1 30.4 57.2 87.6 65 0 20.7 22

SB: sum of bases; CEC: cation exchange capacity; V: base saturation; m: aluminium saturation; OM: organic matter.

maize nutritional requirements (Raij et al., 1997).

Maize seeds (AG 1051) were superficially sterilized and inoculated
by immersion for 2 h in an inoculum containing 10% CFU.mL ™! (ODss50 =
0.1) in a sterile saline solution (0.85% NaCl) of each strain and/or
consortium. The control treatment contained mixing seeds in sterilized
saline solution. Subsequently, five inoculated seeds were sown per pot.
Thinning was performed after 14 days of germination, leaving two
plants per pot and starting the induction of different water management.
The pots were irrigated as described in experiment 1. Overall, moderate
drought (50% of FC) was reached on the 19th day after planting (DAP),
while severe drought (30% of FC) occurred on the 24th DAP when
treatments with water range (80-50-30%) had rehydration to 80% of
FC, leaving them to dry at 30% of FC at the end of the experiment.
Harvest was performed at 35 DAP for all treatments (Fig. 1B).

TLA was determined using LI-COR (LI-3100 C), while SDM, RDM,
and TB were determined as described in experiment 1. Nutrient contents
(N, P, K, Ca, Mg, and S) were determined according to Embrapa (2009).

2.6. Statistical analyses

The data were initially submitted to normality using the Shapiro-
Wilk test and to homoscedasticity of variance using the Bartlett test.
Subsequently, differences in the analysis of variance (ANOVA) were
evaluated using Dunnett’s (experiment 1) and Duncan’s tests (p < 0.05)
(experiment 2). Next, we integrated the results of the principal
component analysis (PCA) and Spearman correlations, using the Fac-
toMineR, Factoextra and corrplot statistical packages, respectively. For
that, the data were log transformed (C + 1) to meet the r multivariate
normality and the total biomass was removed from the dataset to avoid
multicollinearity (Ramette, 2007). Statistical analyses were performed
using the software R Core Team (2017) version 3.6 and all results were
expressed as the means followed by standard deviation.

3. Results

3.1. Experiment 1: Growth promotion of Zea mays L. in sterile substrate
under 80% field capacity

Total leaf area (TLA), shoot dry mass (SDM), root dry mass (RDM),
and total biomass (TB) did not show significant differences (p > 0.05) in
treatments inoculated with EBS4, ERS13-3, BS24, BS28-7, BS28-10,
BS38, BS43-1, BS46-1, RS48, RS52, RS66-3, RS67-1, RS70, and BC5
comparing to control treatment. Furthermore, the BC1, BC3, BC4, and
BC5 consortium treatments did not differ in terms of RDM and TB when
compared to the CH control (p > 0.05). In addition, the CH control
treatment outperformed (p < 0.05) the control that received 80% ni-
trogen restriction (NRC) in TLA, SDM, and TB (Table 3).

According to principal components analysis (PCA), the first two
components explained 94% of the data variation and RDM and SDM
showed positive correlations with each other (Fig. 2, Table S2 and S3).
Overall, 11 treatments (i.e., ERS16-2, BS24, BS43-1, BS46-1, RS4,
RS52, RS54, RS70, BC1, BC3, and BC5) correlated positively with TLA.
However, the other 11 treatments (i.e., EBS4, ERS13-3, BS28-7,
BS28-10, BS38, BS43, RS66-2, RS66-3, RS67-1, BC4, and CH) corre-
lated positively with RDM and SDM, mainly the BS28-7 treatment
(Fig. 2, Table S2).

Based on the spearman correlation, TLA, SDM, and RDM negatively
correlated with BIO mechanism (r=- 0.35, p<0.05, r=- 0.39,

Table 3

Inoculation effect of plant growth-promoting bacteria isolated from rhizosphere
and bulk soil of Mimosa bimucronata from a temporary pond in the Semiarid of
Brazil on the agronomic parameters evaluated in Zea mays L. in sterile substrate
under 80% field capacity.

Isolates TLA (cm?) SDM (g) RDM (g) TB (g)
CH 3032.88 + 1110.37 2.98 + 1.49 1.64 +£0.77 4.63 + 2.10
NRC 1316.13 * + 122.87 1.51 * 0.79 £ 0.02 2.30 *
+0.14 +0.13
EBS4 1803.11 + 211.30 2.02 + 0.46 1.31 +0.16 3.34 + 0.62
ERS13-3 1701.91 + 504.57 1.66 + 0.53 1.50 + 0.41 3.16 + 0.89
ERS13-9 658.98 * + 479.32 1.31 * 0.55 * 1.86 *
+0.01 + 0.05 + 0.05
ERS16-2 1460.35 * + 807.16 1.60 + 0.48 0.92 £ 0.58 2.52 + 0.58
ERS18 1466.89 * 1.32* 1.02 + 0.69 2.34 £ 0.69
+ 1056.70 +0.01
BS24 1985.60 + 417.57 1.87 + 0.89 1.23+0.73 3.09 + 1.62
BS24-1 1386.40 * + 421.70 1.55 + 0.26 1.05 + 0.22 2.60 +0.17
BS28-7 1921.90 + 502.69 2.35 +£0.37 1.72 £ 0.49 4.07 £ 0.78
BS28-10 1957.38 + 409.17 2.30 £ 0.66 1.56 + 0.42 3.86 £ 0.76
BS38 2112.55 + 796.51 2.02 + 0.24 1.50 + 0.48 3.52+0.70
BS43 1521.64 * + 747.71 1.60 + 0.84 1.09 + 0.58 2.68 + 1.42
BS43-1 1710.40 + 585.55 1.55 +0.65 0.87 £ 0.42 2.42 +£1.07
BS46-1 1804.65 + 36.01 1.61 + 0.22 0.82 £0.28 2.42 + 0.46
RS48 1782.18 + 145.87 1.92 + 0.40 1.16 £ 0.16 3.08 + 0.46
RS52 2077.20 + 374.39 2.06 £ 0.83 1.14 + 0.39 3.20 +1.21
RS54 1597.15 * + 33.99 1.52* 1.10 £ 0.12 2.62 + 0.28
+ 0.24
RS59 878.38 * £ 594.32 0.98 * 0.64 £ 0.30 1.61 *
+ 0.50 +0.79
RS59-3 1396.10 * + 209.69 1.47 * 1.19 £ 0.64 2.65 +1.27
+ 0.62
RS59-6 1054.65 * + 549.13 1.14 * 0.61 £ 0.42 1.75*
+ 0.54 + 0.96
RS64 982.61 * + 489.56 0.79 * 0.54 * 1.33*
+ 0.53 +0.22 +0.75
RS66-1 1510.05 * + 875.05 1.49 * 0.80 £+ 0.49 2.29 *
+ 0.99 + 1.46
RS66-2 1593.10 * + 266.86 2.06 + 0.09 1.48 £ 0.21 3.54+0.13
RS66-3 1753.09 + 258.08 1.78 + 0.05 1.40 + 0.15 3.18 +£0.11
RS67-1 1764.08 + 490.30 1.68 + 0.31 1.21 +£0.17 2.89 + 0.47
RS70 2267.45 + 187.79 1.87 +0.07 1.21 £ 0.24 3.08 +£0.17
RS76-1 1736.21 + 898.49 1.44 * 0.84 £ 0.39 227 *
+ 0.49 + 0.85
RS79-1 990.24 * + 245.77 1.01 * 0.52 * 1.53*
+0.37 +0.18 +0.53
RS82 1442.10 * + 620.47 1.41 * 0.90 £ 0.54 2.32 %
+1.07 +1.61
RS84 1388.49 * + 202.12 1.42 * 1.11 £ 0.51 2.53+1.18
+ 0.68
RS85 826.74 * +162.32 0.76 * 0.65 £+ 0.35 1.41 *
+0.41 +0.76
BC1 1665.23 * + 137.54 1.75 £ 0.25 1.05 + 0.30 2.80 + 0.42
BC2 1291.70 * + 815.52 1.10 * 1.10 £ 0.59 2.20 *
+ 0.57 +1.16
BC3 1568.18 * + 59.38 1.49 * 1.21 +£0.17 2.69 + 0.36
+0.29
BC4 1551.12 * £+ 45.57 1.56 + 0.05 1.34 £ 0.16 2.90 +£0.11
BC5 1788.60 + 533.52 1.63 +0.48 0.92 £0.12 2.55 + 0.58

CH: uninoculated control that received complete synthetic chemical fertiliza-
tion; NRC: uninoculated control that received 80% nitrogen restriction; TLA:
total leaf area; SDM: shoot dry mass; RDM: root dry mass. TB: total biomass; BC:
bacterial consortia (see Table 1 for more information on consortia composition).
Significant values when compared to CH are found with * and when compared
to NRC are found in bold according to Dunnett’s test (p < 0.05). Standard de-
viation are shown (n = 3).
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Fig. 2. Principal Component Analysis considering all treatments and parameters in vivo evaluated in Zea mays L. without water stress in sterile substrate. TLA: total

leaf area; SDM: shoot dry mass; RDM: root dry mass.

p < 0.05, r =- 0.29, p < 0.05, respectively). The IAA negatively corre-
lated with the P-Ca (r =- 0.5, p < 0.05). In addition, TLA, SMD and
RDM correlated positively with each other (Fig. S3).

According to the molecular analysis, BS28-7 strain was identified as
Arthrobacter sp. (84% similarity and 94% query coverage: access number
149802.1). Sequence data were submitted to GenBank under accession
number MW487809. Strain BS43 was identified as Streptomyces albo-
flavus, access: NR044151.1 by Aratjo et al. (2020).

3.2. Experiment 2: Growth promotion of Zea mays L. in soil under
different field capacities

Fig.ementary Figure-S5 presents an overview of the experiment at 34
days after planting. Differences in TLA were found only in treatments
inoculated under severe and no drought when compared to the control
treatment (Fig. 3B and D), with BCV treatment showed significance
(Fig. 4B and D). In the water range treatment, BS28-7, BS43, and BC4
surpassed the BCV consortium in TLA (Fig. 4A).

Differences in SDM, RDM, and TB were found only in the water range
treatment and moderate stress treatment (p < 0.05) (Figs. 5A and 5C). In
the water range treatment, C treatment showed higher (p < 0.05) TB
values when compared to BS28-7, BC2, and BCV inoculated treatments.
Under moderate drought, BS43 treatment increased (p < 0.05) RDM
when compared to BS28-7, BC2, BCV, and C treatments. Under water
range and severe drought, no differences were found between BS28-7
and BCV treatments for SDM, RDM, and TB (Fig. 5A and B).

According to the PCA, the first two components explained 85%
(water range), 78% (severe drought), 74% (moderate drought), and 77%
(no drought) of data variability (Fig. 6, Tables S6 and S7). In water
range, C treatment correlated positively with SDM, RDM, N, P, and K
(Fig. 6A) and presented the highest residuals multivariate contribution
in the first two components (Table S6A). Under severe drought, BCV
treatment correlated positively with SDM, TLA, N, and Ca (Fig. 6B).
Likewise, under moderate drought, BS43 correlated positively with TLA,
RDM, N, and P (Fig. 6C) and presented the highest residuals multivariate
contribution (Table S6C). In addition, BS43 showed the highest N and P
contents under moderate drought (Table S8C). Under no drought, BC2,
BCV, and BS28-7 correlated positively with TLA, SDM, RDM, N, and Ca
(Fig. 6D), with BC2 showing the highest N and S contents (Table S8D).

Overall, treatments with higher TB values correlated positively with the
N content. The main differences in P and S contents were observed under
severe drought in BS28-7, BS43, BC2, BCV, and C treatments (Table.
S8).

Based on the Spearman correlation in the water range (Fig. S6A),
SDM and RDM correlated positively with the N content (r = 0.71,
p<0.01, r=1, p<0.001, respectively). However, the P content
correlated positively with RDM (r = 0.6, p < 0.05) and negatively
correlated with TLA (r=- 0.43, p < 0.01). Under severe drought
(Fig. S6B), TLA and SDM correlated positively with N and Ca, while
RDM correlated positively with the P, Mg, and S contents. Under mod-
erate drought (Fig. S6C), TLA and SDM correlated positively with the N
content (r = 0.89, p < 0.001, r = 0.03, p < 0.05, respectively), while
RDM correlated positively with the S content (r = 0.94, p < 0.001).
Under no drought (Fig. S6D), SDM and RDM correlated positively with
the N and Ca contents and negatively with the Mg content.

4. Discussion

In this investigation, native PGPB screened from harsh environments
showed potential to promote maize growth under soil water stress.
Overall, in the presence of PGPB, maize grew better under constant soil
water moisture than under varying soil moisture, thus partially con-
firming our initial hypothesis. In other words, the soil drying-wetting
cycle affected negatively the PGPB potential, individually or in con-
sortium. The interest in evaluating the applicability of PGPB in different
soil water conditions is imperative because maize is one of the most
economically and nutritionally important cereal crops worldwide
(Efthimiadou et al., 2020; Erenstein et al., 2022).

Climate change projections indicate increases in irregularities of
rainfall patterns and drought traits (e.g., intensity, frequency, and
duration) worldwide, compromising crop growth and yield (Llopart
et al., 2020; Grote et al., 2021). Nowadays, mitigating the effect of
drought to ensure food security is considered one of the main issues for
global agriculture (FAO, 2021; Krishnamurthy et al., 2022). Thus, the
use of PGPB emerges as an eco-friendly strategy (Trivedi et al., 2020;
Kumawat et al., 2022; Khatoon et al., 2022) due to the positive effects on
plant growth (Ali and Khan, 2021; Ali and Xie, 2020; Kavamura et al.,
2013). According to Mendes et al. (2013), the manipulation of beneficial
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Fig. 3. Effect of bacterial inoculation in Zea mays L. growth promotion in soil at A) water range (FCWR), B) 30% (FC30) and C) 50% (FC50) and D) 80% (FC80) field
capacity. Control — control without inoculation; BCV — plants inoculated with the consortia BCV.

plant-microbe interactions can contribute to diverse applications
ranging from sustainable increases in agricultural production to miti-
gating climate change effects.

Previously, we investigated a bacteria screening from temporary
pond soils in tropical semiarid Northeast Brazil to determine morpho-
physiological and molecular characterization and evaluate the potential
of screened bacteria in growth of maize under water stress, using sterile
soil (Aratjo et al., 2020). Particularly, we explored the potential of PGPB
considering a range of soil moisture and non-sterile soil. In this inves-
tigation, 14 inoculated treatments under N fertilizer restriction did not
differ in growth parameters (i.e., TLA, SDM, RDM, and TB) when
compared to the uninoculated control treatment that received full syn-
thetic chemical fertilization. The results were more pronounced when
strain BS28-7 was inoculated, which increased TB of maize by 56%
compared to the uninoculated control with or without N fertilizer
restriction.

Strain BS28-7 was identified as Arthrobacter sp. and belongs to the
phylum Actinobacteria. Bacteria of the phylum Actinobacteria are
widely observed in harsh environments (Chauhan et al., 2018; Rego

et al,, 2019; Zhang et al., 2016), which can be attributed to their
ecological breadth and metabolic versatility (Romaniuk et al., 2018; Yao
et al., 2015). These traits confer resistance to various abiotic stresses,
such as drought (Chukwuneme et al., 2020), salinity (Khan et al., 2021),
cold (Mukhia et al., 2021), chromium (Arshad and Ahmed, 2017), and
iron (Sharma et al., 2016). Gianese et al. (2002) attributed the high
resistance of Arthrobacter sp. to adverse conditions due to the presence of
flexible proteins, which cause a reduction of amounts of acidic residues
(fewer salt-bridges) as well as the R/K ratio observed (R- arginine and K-
lysine). Mukhia et al. (2021) reinforce these findings by describing
specific heat-adapted proteins in the genome of Arthrobacter sp. These
investigations shed light on the relevance of studying the biotechno-
logical potential of Arthrobacter sp. under different soil water contents
and soil temperatures, mainly in the context of the increasing effects of
climate change.

Several studies have demonstrated the capacity of Arthrobacter sp. to
increase plant growth and nutrient availability through IAA production,
siderophores, and inorganic phosphate solubilization (Fernandez--
Gonzalez et al., 2017; Safdarian et al., 2019; Sharma et al., 2016;
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Sreevidya et al., 2016; Upadhyay et al., 2012; Vanissa et al., 2020). In
our investigation, Arthrobacter sp. (BS28-7) showed multiple plant
growth promotion mechanisms (IAA, EPS, ACC, and Aw), highlighting
one of the greatest production of IAA (114.67 pg.mL™Y), synthesizing
10-fold more IAA than Streptomyces alboflavus (BS43) (Table S1), the
most important phytohormone that regulates plant growth (Ali and

Khan, 2021; Glick et al., 2007). These mechanisms may have contrib-
uted to the positive correlation observed between Arthrobacter sp.
(BS28-7) with RDM and SDM (Fig. 3). As we observed a negative cor-
relation of agronomic parameters with the formation of biofilm, we
argue that other mechanisms may be acting under adequate soil water
conditions to promote the maize growth.
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Soil microbiome is directly affected by climate change (Jansson and
Hofmockel, 2020; Schimel and Schaeffer, 2012). Xie et al. (2021) found
that drought and drastic changes in soil moisture significantly influ-
enced the rhizospheric microbial community, increasing the relative
abundance of dominant phyla, such as Actinobacteria and Firmicutes.
Strains of these phyla are related drought resistance (Aratjo et al., 2020;
Kavamura et al., 2013); therefore, efforts should be made to answer how
the promising PGPB belonging to these phyla can contribute to miti-
gating the negative effects of drought or drying-wetting cycles on crops.
Here, we addressed this subject, when we evaluated the individual and
consortium response of PGPB belonging to these phyla against the native
soil community (non-sterile soil), expecting that the diversity of a mi-
crobial inoculum would result in synergistic processes, expanding
available plan-associated niches (Weidner et al., 2015; Barbosa et al.,
2021). This synergism would induce greater tolerance to soil water
stress and maintain plant development during adequate water condi-
tions (Ali and Khan, 2021; Saikia et al., 2018).

Previous studies have shown that the combination of Arthrobacter
spp. with other PGPB promoted the growth of maize, wheat, alfalfa
(Bazhanov et al., 2017; Kumar et al., 2014, 2015; Hone et al., 2021), and
mitigated the effects of salinity stress on soybean and increased plant
growth (Khan et al., 2021). Here, we demonstrated that inoculation of
Arthrobacter sp. and Streptomyces alboflavus (BCV) under constant water
moisture (severe, moderate, and no drought) did not differ from the
individual inoculation of these strains. However, under severe and no
drought, BCV inoculation showed significance in TLA of maize (Fig. 6)
when compared to the uninoculated control, positively correlating with
TLA, SDM, N, and Ca. We highlight these correlations as it is widely
accepted that PGPB-mediated benefits may be the result of direct effects,
such as the release of essential nutrients to plants (Trivedi et al., 2020).

Plants overcome drought events by allocating energy to the roots to
recruit key microbes, such as PGPB (Barnawal et al., 2019). Under
moderate water stress conditions, our study demonstrated that inocu-
lation of BS43 increased RDM and the N and P contents of Z. mays L.
when compared to the other treatments and corroborating the positive
correlations found. This increase may be a result of IAA production and
ACC deaminase enzyme activity, which contributed to development of
the root system, ensuring the absorption of water and nutrients (Ali and
Khan, 2021; Cherif et al., 2015; Khan et al., 2020; Ullah et al., 2019).
Partially corroborating to our results, Chukwuneme et al. (2020) found
that inoculation of Streptomyces pseudovenezuelae in maize under mod-
erate drought resulted in greater development of the root system than
the uninoculated treatment, whereas inoculation of this strain in

consortium with Arthrobacter arilaitensis resulted in greater gains.

In the water range (drying-wetting cycle of soil), there was a negative
interaction between Arthrobacter sp. (BS28-7) and Streptomyce albo-
flavus (BS43) based on maize growth. We argue that this negative effect
may be associated to changes in soil moisture, which directly affect the
plant-associated microbiome (Baetz and Martinoia, 2014; Santos-Me-
dellin et al., 2017; Xu et al., 2018), resulting in undesirable effects, such
as elimination of key taxa. Studies assert that the effects of drought
significantly affect the composition and diversity of rhizosphere
microbiome (Xu et al., 2018; Jochum et al., 2019b), increasing specific
phyla represented by potentially drought-tolerant strains (Naylor et al.,
2017; Hone et al., 2021). Xie et al. (2021) demonstrated under severe
drought that the growth of Actinobacteria and Firmicutes decreased
rapidly after soil rehydration. However, more studies are needed to
assess the effects of these PGPB (individual or in consortium) consid-
ering the variation of soil moisture on the soil-plant-microbiome.

Our finding suggests that plant-PGPB interactions under variations in
soil moisture may act as modulator, generating a reorganization of the
indigenous microbial community, and affecting the potential of PGPB
(individual or in consortium) to promote maize growth. As key micro-
organisms have a regulatory effect on the network of soil-plant micro-
bial interactions, their removal results in significant losses of host-
microbiome interactions (Trivedi et al., 2020). Therefore, further in-
vestigations should expand the knowledge of keystone species that
comprise the central soil-plant microbiome, which may have deleterious
effects on plant growth.

In general, inoculation of PGPB under constant soil water conditions
resulted in beneficial effects on the development of Z. mays L., mainly
under soil water stress. Particularly, we reject our initial hypothesis, as
inoculation of PGPB in a soil moisture gradient would mitigate the effect
of drought on Z. mays. Thus, we provide crucial insights into the impacts
of drying-wetting cycles of soil on the potential of PGPB to attenuate soil
water stress and promote growth of Z. mays L.

5. Conclusions

We demonstrated that Streptomyces alboflavus promoted growth of
Z. mays especially under moderate drought (50% of soil field capacity),
as it promoted root system growth and increased the nutritional contents
of N and P in the plant. The consortium between Arthrobacter sp. and
Streptomyces alboflavus under severe and no drought resulted in an in-
crease of TLA of Z. mays and correlated positively with TLA, SDM, N, and
Ca.
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This is the first report on the negative effect of individual inoculation
of Arthrobacter sp. or in consortium with Streptomyces alboflavus on
growth of Z. mays in soil under drying-wetting cycles. Further in-
vestigations are needed to understand if the inoculation of these PGPB
during variations in soil moisture influences the native microbial com-
munity, in addition to verifying the specificity of these PGPBs in other
maize cultivars.
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