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A B S T R A C T   

Climate change intensifies soil salinization and jeopardizes the development of crops worldwide. The accumu
lation of salts in plant tissue activates the defense system and triggers ethylene production thus restricting cell 
division. We hypothesize that the inoculation of plant growth-promoting bacteria (PGPB) producing ACC (1- 
aminocyclopropane-1-carboxylate) deaminase favors the development of arbuscular mycorrhizal fungi (AMF), 
promoting the growth of maize plants under saline stress. We investigated the efficacy of individual inoculation 
of PGPB, which produce ACC deaminase, as well as the co-inoculation of PGPB with Rhizophagus clarus on maize 
plant growth subjected to saline stress. The isolates were acquired from the bulk and rhizospheric soil of Mimosa 
bimucronata (DC.) Kuntze in a temporary pond located in Pernambuco State, Brazil. In the first greenhouse 
experiment, 10 halophilic PGPB were inoculated into maize at 0, 40 and 80 mM of NaCl, and in the second 
experiment, the PGPB that showed the best performance were co-inoculated with R. clarus in maize under the 
same conditions as in the first experiment. Individual PGPB inoculation benefited the number of leaves, stem 
diameter, root and shoot dry mass, and the photosynthetic pigments. Inoculation with PGPB 28–10 Pseudar
throbacter enclensis, 24–1 P. enclensis and 52 P. chlorophenolicus increased the chlorophyll a content by 138%, 
171%, and 324% at 0, 40 and 80 mM NaCl, respectively, comparing to the non-inoculated control. We also 
highlight that the inoculation of PGPB 28–10, 28–7 Arthrobacter sp. and 52 increased the content of chlorophyll b 
by 72%, 98%, and 280% and carotenoids by 82%, 98%, and 290% at 0, 40 and 80 mM of NaCl, respectively. Co- 
inoculation with PGPB 28–7, 46–1 Leclercia tamurae, 70 Artrobacter sp., and 79–1 Micrococcus endophyticus 
significantly increased the rate of mycorrhizal colonization by roughly 50%. Furthermore, co-inoculation pro
moted a decrease in the accumulation of Na and K extracted from plant tissue, with an increase in salt con
centration, from 40 mM to 80 mM, also favoring the establishment and development of R. clarus. In addition, co- 
inoculation of these PGPB with R. clarus promoted maize growth and increased plant biomass through osmo
regulation and protection of the photosynthetic apparatus. The tripartite symbiosis (plant-fungus-bacterium) is 
likely to reprogram metabolic pathways that improve maize growth and crop yield, suggesting that the AMF- 
PGPB consortium can minimize damages caused by saline stress.   

1. Introduction 

Environmental studies have predicted that soil salinization world
wide is expected to increase in intensity and frequency due to the 
worsening conditions caused by climate change (Corwin, 2021; Eswar 
et al., 2021; Giordano et al., 2021). Global Map of Salt-affected Soils 

reported that over 400 million hectares of topsoil (0–30 cm) and 800 
million hectares of subsurface soil (30–100 cm) have already been 
impacted by salt (FAO, 2021). In Brazil, over 16 million hectares of soil 
are affected by salt, with 70% located in the semiarid region. (Gheyi 
et al., 2022). Furthermore, drought and salinity could compromise the 
use of more than half of agricultural land by the middle of this century 
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(Ma et al., 2020; Mishra et al., 2023). 
Salt stress affects plant water potential and turgor, jeopardizing plant 

growth and health and thus limiting large-scale agricultural yield 
(Balasubramaniam et al., 2023; Trușcă et al., 2023). Stress signaling is 
recognized at a cellular level which activates signal transduction path
ways, driving transcriptional remodeling, and changes in metabolic and 
hormonal activity (Mangal et al., 2023; Raza et al., 2023; Xiao and Zhou, 
2023). Therefore, ethylene accumulates in tissues, affecting cell elon
gation and division, slowing down or interrupting plant growth, and 
mainly activating the plant defense system (Fracetto et al., 2013; Yadav 
et al., 2023), impairing the interaction with arbuscular mycorrhizal 
fungus (Fracetto et al., 2017). 

Using bacteria that promote plant growth (PGPB) has been an 
effective way to increase plant health and growth when exposed to salt 
stress through the production of phosphate solubilization, indole acetic 
acid (IAA), and atmospheric nitrogen (N) fixation (Lin et al., 2020; 
Mishra et al., 2021; Sagar et al., 2022; Valencia-Marin et al., 2023). In 
response to abiotic stress, PGPB trigger the induced systemic tolerance, 
which involves various changes in the plant’s biochemistry and physi
ology, such as the activity of the enzyme ACC deaminase (Sagar et al., 
2020), the production of exopolysaccharides, biofilm formation (Çam 
and Bicek, 2023; Liu et al., 2022), and osmotic regulation process 
(Kumar et al., 2020). 

Arbuscular mycorrhizal fungi (AMF) are known to improve soil- 
water-plant relationships and enhance plant tolerance to biotic and 
abiotic stresses (Branco et al., 2022). The arbuscular mycorrhizal (AM) 
symbiosis is a widespread mutualistic association between plants and 
microorganisms that assists plants in absorbing nutrients and water from 
the soil. As a result, it benefits plant growth, flowering, and root ar
chitecture, which are all regulated by several hormones (Dowarah et al., 
2022; Evelin et al., 2019; Marro et al., 2022; Zou et al., 2021). 

The formation of AM is regulated by ethylene (Shekhawat et al., 
2022), a hormone produced through three enzymatic reactions: methi
onine is converted into AdoMet (S-adenosylmethionine) by AdoMet 
synthetase; ACC synthase turns AdoMet in ACC (1-amino
cyclopropane-1-carboxylic acid); and ACC oxidase degrades ACC to 
release ethylene (Pattyn et al., 2021). Specific stages of AM development 
are modified in ethylene-overproducing plants (epinastic mutant), 
showing significantly reduced intraradicular colonization and suppres
sion of expression of the LePT4 gene (symbiosis specific) (Fracetto et al., 
2017), possibly due to changes in signaling ethylene, modulating the 
defense system in the plants (Fracetto et al., 2013). The inoculation of 
ACC deaminase-producing PGPB in plants under saline stress conditions 
can prevent excessive ethylene production, through the production of 
ammonia and α-ketoburyrate (Orozco-Mosqueda et al., 2020), thus fa
voring mycorrhizal colonization. 

Maize (Zea mays L.) is an indispensable food worldwide with a 
consumption of roughly 1.2 billion tons (USDA - 2021/22 harvest) with 
70–80% of the total cultivation used for animal feed production (Sah 
et al., 2020). However, maize plants are very sensitive to water deficit 
and soil salinity, therefore, the use of microorganisms that are tolerant 
to abiotic stresses with plant growth promotion mechanisms can provide 
successful development of maize crops in several ecosystems. 

Studies on the tripartite interaction between PGPB and AMF are 
scarce or neglect the synergistic effects of co-inoculation of these mi
croorganisms in grasses (Begum et al., 2022; Diagne et al., 2020; Mor
eira et al., 2020). We hypothesize that the inoculation of 
PGPB-producing ACC deaminase favors the development of arbuscular 
mycorrhizal fungi, promoting the growth of maize plants under saline 
stress. Particularly, we investigated the efficiency of individual inocu
lation of PGPB, which produces ACC deaminase, and co-inoculation 
with AMF R. clarus to promote plant growth of maize subjected to sa
line stress. 

2. Materials and methods 

2.1. PGPB selection 

The PGPB were acquired from the bacterial collection in the Micro
biology and Soil Biochemistry Laboratory of the Federal Rural Univer
sity of Pernambuco, Recife, Brazil (8◦17′05.2″ 

S; 39◦54′12.6″ W). The isolates came from the rhizospheric and bulk 
soil of Mimosa bimucronata (DC.) Kuntze, located in a temporary pond in 
Pernambuco State, Brazil. Details of the collection site and the proced
ures of PGPB isolation and selection are described in Araújo et al. 
(2020). 

2.2. Experiment 1: Growth promotion of Zea mays L. under saline stress 
inoculated with PGPB 

Ten isolates of PGPB were selected: 24–1, 28–7, 28–10, 43, 46–1, 52, 
59–3, 70, 79–1, and 85 (Table 1). All isolates were grown in halophilic 
agar (Vinothini et al., 2014), supplemented with 0.5 M NaCl. Further
more, the isolates produce exopolysaccharide (EPS), 1-aminocyclopro
pane-1-carboxylic acid (ACC) deaminase synthesis, indole-3-acetic 
acid (IAA), biofilm (BIO), and grow up in medium with reduced water 
activity (Aw). The characterization of PGPB and the methods used to 
evaluate these mechanisms are described in Araújo et al. (2020). 

Maize seeds (cultivar IPA CMS-36) were superficially disinfested and 
immersed in the inoculum, produced in King B liquid medium (108 UFC. 
mL− 1 (OD550 = 0.1)) for 2 h on a shaking table. Subsequently, the seeds 
were germinated in a sterile substrate (washed sand and vermiculite 
(1:1, v:v). Fifteen days after planting (DAP), the plants were re- 
inoculated with 1 mL of the inoculum. 

The experiment was conducted in 2-liter pots using a sterile substrate 
of vermiculite and sand in a 1:1 (v/v) ratio, under greenhouse condi
tions. The experimental design comprised randomized blocks with five 
replications and the treatments were composed of ten bacteria, an ab
solute control without inoculation, and three concentrations of saline 
solution (0 mM, 40 mM, 80 mM), totaling 165 experimental units. 

Salt stress was induced gradually to prevent osmotic shock by adding 
20 mM NaCl to each vessel every other day with the desired salt con
centration reached after 5 days (Krishnamoorthy et al., 2016). Irrigation 
for the 0 mM treatment was performed using sterilized distilled water 
and measured hydraulic conductivity. All of the treatments were given a 
full nutrient solution according to Hoagland and Arnon (1950). 

Stem diameter (SD), shoot dry mass (SDM), plant height (PH), 
number of leaves (NL), and root dry mass (RDM) were evaluated at 60 
DAP. In addition, chlorophyll a fluorescence emission (initial fluores
cence [F0], maximum fluorescence [Fm], variable fluorescence [Fv], 
photosystem II quantum efficiency [Fv /Fm], and electron flow by re
action center [ET0 /CR]) were evaluated using the FluorPen fluorometer 
(Photon Systems Instruments). All measurements were taken on the 
second healthy and fully expanded upper leaf. The selected leaf was left 
in the dark for 30 minutes to allow the photosystem II electron chain to 
oxidize (Strasser and Strasser, 1995). Photosynthetic pigments (chloro
phyll a, b, and carotenoids) were analyzed according to Lichtenthaler 
and Buschmann (2001). 

2.3. Experiment 2: Growth promotion of Zea mays L. under saline stress 
co-inoculated with PGPB and arbuscular mycorrhizal fungus (AMF) 

The PGPB 28–7, 43, 46–1, 70, and 79–1 showed the best perfor
mance in experiment 1 and they were used in this experiment, conse
quently. The inoculum preparation and the inoculation procedure on the 
maize seeds were the same as described for experiment 1. AMF Rhizo
phagus clarus was propagated using maize roots in pots filled with sand 
and vermiculite substrate under greenhouse conditions. 

Co-inoculation of R. clarus and PGPB was carried out 7 days after 
planting. The plants received 1 mL of bacterial inoculum and 10 g of 
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mycorrhizal inoculum (87 g soil− 1 of spores). The R. clarus inoculum 
(roughly 10 g) is comprised of a mixture of substrate, fungal spores, 
hyphal fragments, and colonized roots. 

The experimental design comprised randomized blocks with five 
replications and the treatments were composed of five bacteria, an ab
solute control without inoculation, inoculation with R. clarus alone, and 
saline solution concentrations at 0 mM, 40 mM, and 80 mM, totaling 105 
experimental units. Irrigation was performed as described for experi
ment 1. 

Shoot dry mass (SDM) was obtained 50 days after planting. The 
plants were ground, and the Na, K, Ca, and Mg contents were extracted 
by digestion using 1 mol L− 1 nitric acid solution. Levels of Na+ and K+

were obtained in a flame photometer and Ca2+ and Mg2+ by atomic 
absorption spectrophotometer. All analyses were carried out by the 
protocols described by Embrapa (2009). 

The rate of mycorrhizal colonization was assessed using the meth
odology outlined in Giovannetti and Mosse (1980), which involves 
examining the presence of fungal structures in the cortical tissue with a 
stereoscopic microscope (72x magnification). The roots were subjected 
to treatment with a 10% KOH solution at 90◦C for 30 minutes. They 
were then moved to a dye solution containing Quink ink at a 5% con
centration, along with 5% acetic acid at 90◦C for 3 minutes. Finally, they 
were stored in lactoglycerol (Vierheilig et al., 1998). 

2.4. Statistical analyses 

For both experiments, all parameters underwent analysis of variance 
(ANOVA), and means were compared using the Skott-Knott test at 5% 
probability with the SISVAR version 5.1 program. Besides, we integrated 
the results of the principal component analysis (PCA), using the statis
tical packages FactoMineR and Factoextra in R Core Team (2017). The 
data were transformed into log (C + 1) to meet the premise of multi
variate normality (Ramette, 2007). 

3. Results 

3.1. Experiment 1 

The use of saline solution at 40- and 80-mM reduced PH of non- 
inoculated maize plants by ~28% when compared to the absolute 
control (0 mM); however, without the saline solution, PH ranged from 
21.69 to 34.7 cm, while for plants that received 40 and 80 mM NaCl, PH 
ranged from 19.23 to 30.12 cm and 18.96 and 30.33 cm, respectively 
(Table 2). 

The higher PH associated with PGPB inoculation in relation to the 
control within the same saline concentration was 41% at 40 mM and 
36% at 80 mM. PGPB 43 and 46–1 raised PH even under an increase in 
the salinity gradient, showing a significant interaction with salt 

concentration contents (p < 0.05). PGPB 28–7, 43, 46–1, 70, and 79–1 
displayed the best results for PH of maize plants at 80 mM (Table 2). 

Although stress symptoms affected plant growth, PGPB inoculation 
positively influenced NL, SD, RDM, and SDM compared to the non- 
inoculated control (Fig. 1). The PGPB inoculation increased SDM by 
approximately 65% and 75% for 40 mM and 80 mM, respectively 
(Fig. 1A). Furthermore, RDM rose by 23.77% at 40 mM and 32.74% at 
80 mM with PGPB inoculation (Fig. 1B), which also increased SD from 
88.19% to 99.15% (Fig. 1C) as well as NL from three to four leaves per 
plant (Fig. 1D), or ca. 171.5% and 134% of increase of both parameters 
at 40 and 80 mM. 

The chlorophyll a (CHLA) content rose significantly (p <0.05) with 
the PGPB inoculation 24–1, 28–7, 28–10, 43, 52, and 85 in the treatment 
without saline solution (Table 3), with emphasis on PGPB 28–10, which 
increased by 138% (2.4091 mg g− 1) compared to the non-inoculated 
control (1.0094 mg g− 1). The PGPB inoculation 24–1, 28–7, 28–10, 
43, 46–1, 52, 70, 79–1, and 85 at 40 mM significantly raised (p <0.05) 
the CHLA content compared to the control, with emphasis on PGPB 24–1 
(1.9781 mg g− 1), which rose by ~171% in relation to the non- 
inoculated control (0.7303 mg g− 1). The PGPB inoculation 24–1, 
46–1, 52, and 59–3 significantly increased (p<0.05) the CHLA content 
at 80 mM, highlighting PGPB 52, which grew by 324% (1.8503 mg g− 1) 
in relation to the control (0.4363 mg g− 1). 

In the treatment without saline solution, the PGPB inoculation 28–10 
significantly increased the chlorophyll b (CHLB) content 
(1.7638 mg g− 1) by 71.62% in relation to the non-inoculated control (p 

Table 1 
In vitro characterization of plant growth promotion mechanisms of selected bacteria isolated from rhizosphere and bulk soil of Mimosa bimucronata (DC.) Kuntze from a 
temporary pond of Brazilian semiarid region.  

Isolates  GR IAA P-CA BIO EPS ARA ACC Aw    

µg.mL− 1  DO560 m mm nmol C2H4.h− 1.mg− 1   

BS24–1 Pseudarthrobacter enclensis + 115.91 ± 16.12 a x 0.27 ± 0.06 b 12.7 ± 4.73c 32.98 ± 21.15 b + 0.957 
BS28–7 Arthrobacter sp. + 114.67 ± 6.45 a x 0.08 ± 0.00c 8.0 ± 0.50 d x + 0.957 
BS28–10 Pseudarthrobacter enclensis + 115.66 ± 2.09 a x 0.12 ± 0.04c 9.0 ± 1.00 d 60.29 ± 15.23 a + 0.844 
BS43 Streptomyces alboflavus + 10.79 ± 0.25 h 1.77 ± 0.22c 0.06 ± 0.01c 8.3 ± 0.58 d x + 0.957 
BS46–1 Leclercia tamurae - 52.74 ± 3.81 e 1.83 ± 0.18c 0.18 ± 0.08c 12.0 ± 0.29c 60.69 ± 8.92 a + 0.844 
RS52 Pseudarthrobacter chlorophenolicus + 35.79 ± 5.66 g 1.14 ± 0.00 f 0.20 ± 0.23c 8.7 ± 0.58 d x + 0.957 
RS59–3 Arthrobacter sp. + 116.18 ± 2.69 a 1.30 ± 0.13 e 0.34 ± 0.21 b 8.0 ± 1.00 d 80.54 ± 17.72 a + 0.844 
RS70 Arthrobacter sp. + 32.91 ± 6.47 g 1.17 ± 0.14 f 0.09 ± 0.03c 10.0 ± 4.36 d x + 0.844 
RS79–1 Micrococcus endophyticus + 108.17 ± 7.39 b x 0.09 ± 0.05c 11.3 ± 1.53 d x + 0.957 
RS85 Bacillus sp. + 97.27 ± 0.87 c 1.07± 0.05 f 0.96 ± 0.04 a 9.3 ± 0.58 d x + 0.957 

GR: Gram assay: positive (+); Negative (-); Absent (x); IAA: Indole-3 acetic acid productions; IS P-CA: Calcium phosphate solubilization index; BIO: biofilm production; 
EPS: exopolysaccharides production; ARA: acetylene reduction assay; ACC: 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase; Aw: water activity. Means 
followed by the same letter do not differ significantly at the 5% level by the Scott-Knott test. 

Table 2 
Plant height (cm) of Zea mays L. inoculated with plant growth-promoting bac
teria isolated from rhizosphere and bulk soil of Mimosa bimucronata (DC.) Kuntze 
from a temporary pond in the Semiarid of Brazil under saline stress.  

PGPB 0 mM 40 mM 80 mM 

24–1 33.25 ± 7.69 aA 26.00 ± 4.21 aB 23.95 ± 2.59aB 
28–7 34.77 ± 5.85 aA 29.53 ± 5.34 aA 23.25 ± 2.79 aA 
28–10 29.64 ± 4.19 aA 28.71 ± 6.98 aB 25.00 ± 5.55aB 
43 21.69 ± 5.49 bA 30.12 ± 4.89 aA 25.58 ± 2.20 aA 
46–1 24.66 ± 3.12 bA 29.17 ± 5.75 aA 25.10 ± 3.86 aA 
52 29.27 ± 3.73 aA 25.42 ± 1.90 aA 26.02 ± 5.65 aA 
59–3 28.58 ± 2.68 aA 26.43 ± 5.98 aA 26.81 ± 1.78 aA 
70 27.83 ± 6.72 aA 23.67 4.55 aA 27.90 ± 2.98 aA 
79–1 25.13 ± 3.68 aA 24.12 ± 3.54 aA 30.33 ± 5.09 aA 
85 27.50 ± 3.73 aA 27.98 ± 6.34 aA 23.89 ± 6.55 aA 
Control 26.62 ± 2.71 aA 19.23 ± 2.34 bA 18.96 ± 3.00 bB 
CV% 17.33 

Means followed by the standard deviation; n = 5. Lowercase letters compare 
treatments with bacterial inoculation. Capital letters compare between saline 
doses (0 mM, 40 mM, 80 mM). Means followed by the same letter do not differ 
statistically from each other for the Scott – Knott test (p < 0.05). The coefficient 
of variation (CV%) is reported. 
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<0.05) (1.0277 mg g− 1) as observed in Table 3. PGPB 28–7 raised the 
CHLB content (1.4308 mg g− 1) by 98.47% at 40 mM, while PGPB 52 
content (1.3695 mg g− 1) increased it by 280% at 80 mM in relation to 
the non-inoculated control. PGPB 46–1, 52, and 70 significantly 
increased (p <0.05) the CHLB content with an increasing NaCl con
centration by 215.67, 279.99, and 124.30%, respectively (Table 3). 

In the treatment without saline solution, the PGPB inoculation 28–10 
significantly (p <0.05) increased the carotenoid (CAR) content 
(0.0650 mg g− 1) by 82% in relation to the non-inoculated control 
(0.0357 mg g− 1) (Table 3). PGPB 28–7 raised this pigment by 98% at 
40 mM (0.0499 mg g− 1), while PGPB 52 increased it by 289.9% 
(0.0503 mg g− 1) at 80 mM compared to the non-inoculated control. 
PGPB 46–1, 52, and 70 significantly (p <0.05) rose by 12.23, 34.13, and 
11.95%, respectively, at 80 mM (Table 3). 

The PGPB inoculation significantly increased (p <0.05) the FSII 
maximum quantum efficiency data (Fv/Fm) in relation to the non- 
inoculated control at 40 and 80 mM (Table 3). The PGPB 70 increased 
this parameter by 104.59% at 40 mM (0.7433) and 100.91% with the 
PGPB 85 at 80 mM NaCl (0.7500). 

According to the PCA, the first two components explained 64.8% 
(0 mM NaCl), 61.5% (40 mM NaCl), and 65.3% (80 mM NaCl) of data 
variability (Fig. 2, Tables S1, and S2). For all salt concentrations eval
uated, the CHLA, CHLB, and CAR contents showed positive correlations 
with each other. At 0 mM NaCl, PGPB 52 correlated positively with PH, 
SD, and NL, while PGPB 85, 43, 28–7, and 28–10 correlated positively 
with the contents of CHLA, CHLB, and CAR (Fig. 2A). We highlight that 
PGPB 28–10 presented a greater multivariate contribution of residues in 
the first two components (Table S2). At 40 mM, PGPB 85 and 52 posi
tively correlated with PH, SDM, NL, SD, and RDM, while PGPB 79–1, 43, 
24–1 and 28–7 positively correlated with photosynthetic pigments 
(Fig. 2B). At 80 mM, PGPB 59–3, 28–10 and 85 were positively corre
lated with RDM, and treatments 24–1, 46–1 and 52 were positively 
correlated with CHLA, CGLB and CAR (Fig. 2C), highlighting PGPB 52 
that presented the highest residues among the PGPB. We emphasize that 
PGPB 46–1 and 52 showed high positive correlations with CHLA, CHLB, 
and CAR at 80 mM NaCl, while for 0 and 40 mM NaCl, these correlations 
were negative. In contrast, PGPB 28–7correlated positively with CAR, 

CHLB, and CHLA at 0 and 40 mM NaCl, however, these correlations 
were negative at 80 mM. 

3.2. Experiment 2 

A significant increase in SDM was observed (p<0.05) with AMF 
inoculation alone and co-inoculation of PGPB and AMF (Fig. 3). SDM 
was 53% and 133% higher in relation to the non-inoculated control, 
respectively, at 40 mM and 80 mM. Co-inoculation of R. clarus with 
PGPB 46–1, 70, and 79–1 significantly rose SDM by ~25% at 40 and 
80 mM compared to the treatment without saline solution (p <0.05). 

The rate of mycorrhizal colonization without co-inoculation with 
PGPB was lower at 80 mM compared to 40 mM in the treatment without 
saline solution (p<0.05) as shown in Fig. 3. However, when co- 
inoculated with PGPB 28–7 (44,99%), 70 (49,97%), and 79–1 
(54,27%), this same rate increased when compared to the treatment 
with AMF alone at 80 mM (37,31%) (Fig. 3). 

Regarding the Na, K, Ca, and Mg contents extracted from plant tissue, 
the co-inoculation of PGPB and AMF displayed efficiency, as all co- 
inoculated plants showed significantly lower Na+ and K+ absorption 
(p <0.05) compared to the non-inoculated treatment at 80 mM 
(Table 4). The 43+RC treatment decreased the Na+ content by 52% at 
80 mM (19.60 g kg− 1) compared to 40 mM (40.90 g kg− 1) (Table 4), 
while the Ca contents presented no significant differences between the 
different co-inoculation treatments. The 79–1+RC treatment showed a 
significantly lower Ca content (p <0.05) at 80 mM (9.28 g kg− 1), or ca. 
29.2% lower than at 40 mM (13.11 g kg− 1) and 23.1% than the treat
ment that without saline solution (12.03 g kg− 1) (Table 4). 

According to the PCA, the first two components explained 59.4% 
(0 mM NaCl), 59.7% (40 mM NaCl), and 61.8% (80 mM NaCl) of data 
variability (Fig. 4, Tables S3 and S4). In 0 mM NaCl, treatments 
79–1+RC and 28–7+RC correlated positively with Ca and Mg (Fig. 4A); 
however, RC correlated negatively with Ca, Mg, and K and had the 
highest multivariate residue contribution. (Table S4). At 40 mM, the 
46–1+RC treatment correlated positively with Ca and Mg and nega
tively with K and Na, while the 28–7+RC, 79–1+RC and 70+RC treat
ments correlated positively with SDM and also showed negative 

Fig. 1. Biometric parameters of plants of Zea mays L. inoculated with plant growth-promoting bacteria isolated from rhizosphere and bulk soil of Mimosa bimucronata 
(DC.) Kuntze from a temporary pond in the Semiarid of Brazil under saline stress. Means followed by the same letter do not differ statistically from each other for the 
Scott–Knott test (p<0.05). 
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correlations with K and Na (Fig. 4B). At 80 mM, the 79–1+RC treatment 
correlated positively with Na and K and negatively with Ca, Mg and SDM 
(Fig. 4C) and presented the highest residues among PGPB consorted with 
RC (Table S4). We highlight that the 43+RC treatment positively 
correlated with Na at 0 and 40 mM NaCl, however at 80 mM NaCl this 
correlation was negative. In contrast, PGPB 79–1+RC showed a positive 
correlation with Na at 80 mM NaCl. 

4. Discussion 

We investigated the potential of ACC deaminase-producing PGPB, 
isolated from the bulk and rhizosphere soil of Mimosa bimucronata (DC.) 
Kuntze from a temporary tropical pond, to promote maize growth under 
saline stress conditions and favor the development of arbuscular 
mycorrhiza. 

The first experiment selected the best PGPB to drive maize growth 
under saline stress and we observed that the PGPB inoculation improves 
all biometric parameters evaluated. Salinity inhibited plant growth due 
to osmotic and ionic damage also excess of NaCl-induced nutritional 
changes (Zhou et al., 2018). It is known that plants need cell expansion 
and division to keep their growth rate; however, cell division decreases 
under high salt concentrations (Zelm et al., 2020). The PGPB selected 
are producers of IAA and ACC deaminase, which can protect maize 
plants by reducing ethylene contents, while allowing IAA to promote 
cell expansion and division (Glick, 2014), thus justifying the increase in 
biometric parameters evaluated. Production of IAA and ACC deaminase 
is an imperative mechanism to promote plant growth under saline stress 
conditions, as reported by Dixit et al. (2020) and Azeem et al. (2022) by 
associating the PGPB inoculation with an increase in the surface area 
and length of the roots and shoots in maize plants, under saline stress. 

In addition to improving biometric parameters, the PGPB inoculation 
protected the maize photosynthetic apparatus in salinity conditions. The 
plant’s antioxidant defense system is composed of two groups: i-anti
oxidant enzymes, such as superoxide dismutase, catalase, and ascorbate 
peroxidase; and ii-non-enzymatic antioxidants, such as ascorbic acid, 
reduced glutathione, α-tocopherol, carotenoids, ubiquinone, and flavo
noids (Giordano et al., 2021). Carotenoids are accessory pigments syn
thesized in plastids, chloroplasts, and chromoplasts, and are singular in 
protecting the photosynthetic apparatus against photo-oxidative dam
age (Liang et al., 2018). The main function of carotenoids is the elimi
nation of 1O2 to inhibit oxidative damage. To prevent the formation of 
1O2 and preserve the photosynthetic apparatus, carotenoids are neces
sary to quench triplet chlorophyll (3Chl•) and excited chlorophyll (Chl•) 
molecules (García-Caparrós et al., 2021). 

When all photosystem II (FSII) reaction centers are open, the 
maximum quantum efficiency of photochemical activity (Fv/Fm) can be 
estimated, and this ratio has been used to observe disturbances in the 
photosynthetic system induced by biotic and abiotic stresses, as a 
decrease in this relationship indicates inhibition of the photochemical 
activity. In general, Na+ influences photosynthesis, interrupting the 
proton-motive force responsible for energy production in chloroplasts 
and interfering with CO2-fixing enzymes (Zelm et al., 2020). However, 
studies have correlated the production and accumulation of osmolytes 
and phytohormones in the chloroplast in response to stress signals, 
protecting the enzymes and lipids that are necessary to keep the flow of 
electrons through the thylakoid as well as the continuous absorption of 
CO2 (Kurepin et al., 2017). Some studies have demonstrated that plants 
under saline stress inoculated with PGPB do not present harmful effects 
on their photosynthetic apparatus, with greater efficiency of PSII being 
detected, as observed in tomato and rice (Taj and Challabathula, 2021), 
in canola (Rossi et al., 2021), in wheat (Khanghahi et al., 2021), and in 
licorice (Mousavi et al., 2022), corroborating our results. 

The PGPB evaluated here, in addition to producing IAA and ACC 
deaminase, are producers of biofilm and exopolysaccharides, which can 
induce accumulation of osmolytes in plants and induce several chemical 
changes in cells-plants, while increasing stress tolerance (Sarkar et al., 
2018). Ali et al. (2022) associated Enterobacter cloacae PM23, producers 
of ACC deaminase, IAA, and other growth-promoting substances, with 
high contents of antioxidant and osmoprotective enzymes (glycine, 
betaine, proline, and free amino acids), improving the biomass, plant 
growth, and production of photosynthetic pigments under saline stress. 
Shahid et al. (2019) demonstrated that inoculation with PGPB Staphy
lococcus, a producer of ACC deaminase and IAA and capable of solubi
lizing phosphate, reduced cell oxidative metabolism caused by salinity 

Table 3 
Content of chlorophyll a, chlorophyll b, carotenoids, and photochemical effi
ciency index of plants of Zea mays L. inoculated with plant growth-promoting 
bacteria isolated from rhizosphere and bulk soil of Mimosa bimucronata (DC.) 
Kuntze from a temporary pond in the Semiarid of Brazil under saline stress.  

Chlorophyll a (mg g− 1) 

PGPB 0 mM 40 mM 80 mM 

24–1 1.4489 ± 0.006 bB 1.9781 ± 0.004 aA 1.0731 ± 0.002 cC 
28–7 1.4333 ± 0.003 bA 1.4344 ± 0.005 bA 0.5367 ± 0.004 eB 
28–10 2.4091 ± 0.004 aA 0.9495 ± 0.002 cB 0.9613 ± 0.004 cB 
43 1.5400 ± 0.001 bA 1.5817 ± 0.003 bA 0.5231 ± 0.002 eB 
46–1 1.0347 ± 0.001 cB 1.0917 ± 0.000 cB 1.6109 ± 0.006 bA 
52 1.4235 ± 0.000 bB 1.4439 ± 0.000 bB 1.8503 ± 0.614 aA 
59–3 0.9848 ± 0.000 cB 0.6612 ± 0.003 dB 1.0308 ± 0.007 cA 
70 0.7902 ± 0.004 dB 0.9472 ± 0.000 cA 0.7955 ± 0.003 dB 
79–1 1.0594 ± 0.012cA 1.4676 ± 0.000 bA 0.5593 ± 0.002 eB 
85 1.5442 ± 0.002 bA 0.9095 ± 0.050 cA 0.7813 ± 0.002 dB 
Control 1.0094 ± 0.073 cA 0.7303 ± 0.025 dB 0.4363 ± 0.179 eC 
CV% 9.76 
Chlorophyll b (mg g¡1) 
24–1 0.9121 ± 0.010 fB 1.1020 ± 0.004 cA 0.7228 ± 0.004 dC 
28–7 1.4279 ± 0.003 bA 1.4308 ± 0.006 aA 0.3960 ± 0.003 gB 
28–10 1.7638 ± 0.039 aA 0.6956 ± 0.006 fB 0.6967 ± 0.001 dB 
43 1.3365 ± 0.002 cA 1.2116 ± 0.000 bB 0.5751 ± 0.001 fC 
46–1 1.0863 ± 0.003 dC 0.6593 ± 0.000 fB 1.1377 ± 0.016 bA 
52 1.0132 ± 0.000 eB 0.7040 ± 0.000 fC 1.3695 ± 0.187 aA 
59–3 0.7102 ± 0.000 gA 0.5482 ± 0.006 gA 0.6458 ± 0.005 eB 
70 0.6822 ± 0.001 gB 0.7757 ± 0.006 eA 0.8084 ± 0.003 cA 
79–1 1.0979 ± 0.005 dA 1.1225 ± 0.002 cA 0.5840 ± 0.005 fC 
85 1.0340 ± 0.004 eB 0.9422 ± 0.009 dB 0.6619 ± 0.010 eC 
Control 1.0277 ± 0.082 eA 0.7209 ± 0.003 fB 0.3604 ± 0.029 gC 
CV% 4.10 
Carotenoids (mg g¡1) 
24–1 0.0498 ± 0.000 eB 0.0432 ± 0.000 bA 0.0271 ± 0.000 cC 
28–7 0.0498 ± 0.000 bA 0.0499 ± 0.000 aA 0.0145 ± 0.000 gB 
28–10 0.0650 ± 0.001 aA 0.0256 ± 0.000 fB 0.0257 ± 0.000 dB 
43 0.0477 ± 0.000 cA 0.0442 ± 0.000 bB 0.0197 ± 0.000 fC 
46–1 0.0376 ± 0.000 dB 0.0253 ± 0.000 fC 0.0422 ± 0.000 bA 
52 0.0375 ± 0.000 dB 0.0285 ± 0.000 eC 0.0503 ± 0.002 aA 
59–3 0.0254 ± 0.000 fA 0.0197 ± 0.000 gB 0.0246 ± 0.000 eA 
70 0.0251 ± 0.000 fB 0.0279 ± 0.000 eA 0.0281 ± 0.000 cA 
79–1 0.0381 ± 0.000 dA 0.0410 ± 0.000 dB 0.0202 ± 0.000 fC 
85 0.0388 ± 0.000 dB 0.03270 ± 0.000 cA 0.0237 ± 0.000 eC 
Control 0.0357 ± 0.002 eA 0.0252 ± 0.000 fB 0.0129 ± 0.000 hC 
CV% 2.29 
Photosystem II quantum efficiency (Fv/Fm) 
24–1 0.7500 ± 0.009 aA 0.7266 ± 0.035 aA 0.7100 ± 0.018 aA 
28–7 0.7233 ± 0.021 aA 0.7366 ± 0.027 aA 0.7466 ± 0.004 aA 
28–10 0.7300 ± 0.003 aA 0.7366 ± 0.019 aA 0.7400 ± 0.015 aA 
43 0.7066 ± 0.032 aA 0.6666 ± 0.023 aA 0.7133 ± 0.037 aA 
46–1 0.7666 ± 0.016 aA 0.7366 ± 0.012 aA 0.7333 ± 0.023 aA 
52 0.7366 ± 0.038 aA 0.7400 ± 0.002 aA 0.7433 ± 0.008 aA 
59–3 0.6866 ± 0.067 aA 0.7366 ± 0.008 aA 0.7233 ± 0.046 aA 
70 0.7466 ± 0.016 aA 0.7433 ± 0.022 aA 0.7166 ± 0.017 aA 
79–1 0.7300 ± 0.009 aA 0.6466 ± 0.197 aA 0.7300 ± 0.035 aA 
85 0.7600 ± 0.012 aA 0.7266 ± 0.023 aA 0.7500 ± 0.008 aA 
Control 0.7500 ± 0.009 aA 0.3633± 0.015 bB 0.3733 ± 0.029 bB 
CV% 21.95 

Means followed by the standard deviation; n = 3. Lowercase letters compare 
treatments with bacterial inoculation. Capital letters compare between saline 
doses (0 mM, 40 mM, 80 mM). Means followed by the same letter do not differ 
statistically from each other for the Scott – Knott test (p < 0.05). The coefficient 
of variation (CV%) is reported. 
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in maize plants. 
In our study, PGPB 28–7, 43, 46–1, 70, and 79–1 showed the greatest 

potential to promote maize growth in experiment 1, in addition to 
protecting the photosynthetic apparatus under saline stress, therefore, 
these PGPB were co-inoculated with AMF R. clarus in maize under saline 
stress in experiment 2. The co-inoculation of PGPB and R. clarus 
increased plant biomass, mainly 46–1, 70, and 79–1, and favored the 
establishment of mycorrhiza. High salt levels can jeopardize the estab
lishment and development of arbuscular mycorrhiza (Othman et al., 
2022). The establishment of signaling between plants and fungi requires 
an exchange of signals with a release of strigolactones by plants and the 
release of the Myc factor by fungus (Genre et al., 2020). Strigolactone is 
a plant hormone derived from carotenoids responsible for branching 
shoots and arranging root architecture in interaction with auxin, abscisic 
acid, and cytokinin (Kim et al., 2022; Waters et al., 2017). As salt stress 
directly affects photosynthetic pigments, a reduction in the colonization 
rate with increasing salt concentration and without PGPB co-inoculation 
can be explained by the low carotenoid content, as demonstrated in the 
results of experiment 1. 

Na+/K+ content is a physiological indicator of salt tolerance capacity 
that can be used (Garg and Pandey, 2015). Our results suggest that the 

co-inoculation of PGPB and R. clarus increased the tolerance of maize 
plants to salinity through the induction of osmoregulation and modu
lation of the impact of saline stress, resulting mainly in plant biomass 
increase. A higher Na+/K+ ratio reduces the turgor pressure, ionic 
toxicity, and flaws in proteins responsible for growth (Garg and Pandey, 
2015). AMF can selectively absorb K+, Ca2+, and Mg2+, preventing 
excessive absorption of Na+. Symbiosis with AMF can prevent the 
transfer of Na+ to shoot tissues under saline conditions, while system
atically increasing K+ uptake (Chang et al., 2018; Estrada et al., 2013). 

Recent studies have revealed the role played by the tripartite sym
biosis (plant-fungus-bacteria) in the increasing production of proteins 
and metabolites relating to oxidative stress, resulting in the reprog
ramming of several pathways to improve plant growth and maize yield 
(Yadav et al., 2022), suggesting that the use of these microorganisms 
together can minimize the damage caused by salt stress. Moreira et al. 
(2020) describe that the inoculation of Pseudomonas reactans EDP28 and 
Pantoea alli ZS 3–6 together with the mycorrhizal fungus Rhizoglomus 
irregulare mitigated ionic imbalances in maize plants subjected to a NaCl 
gradient, promoting plant growth, and improving nutritional status. 

Some bacteria can promote the establishment of AMF symbiosis with 
host plants and are called mycorrhizal helper bacteria (MHB). This 

Fig. 2. Principal component analysis (PCA) for the variables evaluated and treatments at three contrasting soil salinity in Zea mays L. A) 0 mM NaCl; B) 40 mM NaCl; 
and C) 80 mM NaCl. SDM: shoot dry mass; RDM: root dry mass; PH: plant height; NL: number of leaves; SD: stem diameter; CHLA: chlorophyll a; CHLB: chlorophyll b; 
CAR: carotenoids. 

Fig. 3. Percentage of intraradical colonization of plants of Zea mays L. co-inoculated with Rhizophagus clarus and plant growth-promoting bacteria isolated from 
rhizosphere and bulk soil of Mimosa bimucronata (DC.) Kuntze from a temporary pond in the Semiarid of Brazil under saline stress. Lowercase letters compare 
between co-inoculation treatments. Capital letters compare between saline doses (0 mM, 40 mM, 80 mM). Means followed by the same letter do not differ statistically 
from each other for the Scott – Knott test (p<0.05). RC: Rhizophagus clarus. 
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process occurs due to the production of growth factors such as detoxi
fication of harmful metabolites, and inhibition of competitors and/or 
antagonists, increasing the mycelial extension, and the contact between 

plant and fungus, and consequently the capacity of AMF survival in 
adverse conditions (Sangwan and Prasanna, 2022). The mechanisms 
that bacteria use to stimulate AMF growth are still poorly understood; 
however, there is evidence that the synthesis of the ACC deaminase 
enzyme can reduce ethylene contents in plant tissues, strengthening the 
establishment of mycorrhiza (Gamalero et al., 2008). The phytohor
mone IAA also exerts a positive factor on mycorrhization, stimulating 
root colonization (Guillotin et al., 2017) and the formation of arbuscules 
(Etemadi et al., 2014). 

The use of PGPB that inhabit a temporary pond in the tropical 
semiarid region can promote the growth of maize plants under both 
water (Araújo et al., 2020; 2023) and saline stress conditions. These 
PGPB have been found to protect the photosynthetic apparatus of maize 
plants, while also exhibiting a synergistic effect with AMF R. clarus to 
increase maize tolerance to saline stress through osmoregulation. We 
highlight that the use of PGPB consorted of AMF may prove to be an 
effective strategy for improving crop productivity in areas facing water 
and saline stress. 

5. Conclusions 

PGPB 28–7, 59–3 and 70 (Arthrobacter sp), 43 (Streptomyces albo
flavus), 46–1 (Leclercia tamurae), 52 (Pseudarthrobacter chlorophenolicus), 
and 79–1 (Micrococcus endophyticus) from a temporary tropical pond 
promoted maize growth and protected the photosynthetic apparatus 
under saline stress conditions. 

PGPB 28–7, 46–1, 70, and 79–1 helped the establishment and 
development of AMF R. clarus and the co-inoculation of these PGPB with 
R. clarus promoted maize growth through osmoregulation. 

We consider the results obtained here as a database to support 
further investigations on hormonal signaling pathways and changes in 
the oxidative stress related to co-inoculation of PGPB and AMF using 
grasses of high economic interest worldwide. 
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Table 4 
Content of sodium, potassium, calcium, and magnesium of plants of Zea mays L. 
co-inoculated with Rhizophagus clarus and plant growth-promoting bacteria 
isolated from rhizosphere and bulk soil of Mimosa bimucronata (DC.) Kuntze 
from a temporary pond in the Semiarid of Brazil under saline stress.  

Na+ (g kg− 1) 

Treatments 0 mM 40 mM 80 mM 

28–7+RC 3.90 ± 1.95 aB 30.30 ± 13.68 aA 23.80 ± 16.06 bA 
43+RC 5.90 ±2.24 aC 40.90 ± 4.49 aA 19.60 ± 12.56 bB 
46–1+RC 4.40 ± 1.98 aB 34.50 ± 15.3 aA 26.30 ± 11.05 bA 
70+RC 4.20 ± 1.71 aB 32.80 ± 14.61 aA 27.50 ± 10.25 bA 
79–1+RC 3.60 ± 1.38 aB 24.00 ± 9.88 aA 38.10 ± 13.57 aA 
RC 1.80 ± 1.03 aB 31.30 ± 11.83 aA 23.70 ± 6.46 bA 
Control 2.30 ± 1.20 aB 37.50 ± 11.41 aA 43.90 ± 10.13 aA 
CV% 22.40 
Kþ (g kg¡1) 
28–7+RC 39.50 ± 4.56 aA 29.50 ±13.68 aB 23.30 ± 9.26 bB 
43+RC 32.00 ± 3.87 aA 28.40 ± 2.45 aA 19.60 ± 12.67 bB 
46–1+RC 36.90 ± 7.77 aA 17.40 ± 3.45 aB 23.20 ± 6.10 bB 
70+RC 35.70 ± 7.70 aA 24.30 ± 8.76 aB 21.80 ± 9.10 bB 
79–1+RC 37.00 6.53 aA 25.20 ± 4.53 aA 30.50 ± 17.20 aA 
RC 39.80 ± 6.29 aA 31.20 ± 13.33 aA 30.40 ± 9.05 aA 
Control 34.80 ± 7.21 aA 40.90 ± 7.73 aA 38.30 ± 9.94 aA 
CV% 16.16 
Ca2þ (g kg¡1) 
28–7+RC 14.69 ± 2.20 aA 12.40 ± 1.58 aA 14.15 ± 2.17 aA 
43+RC 12.31 ± 3.61 aA 11.21± 2.47 aA 10.73 ± 1.32 aA 
46–1+RC 13.09 ± 2.09 aA 11.90 ± 2.93 aA 10.55 ± 1.35 aA 
70+RC 12.74 ± 3.29 aA 13.40 ± 3.48 aA 10.87 ± 1.99 aA 
79–1+RC 12.03 ± 3.76 aA 13.11 ± 2.79 aA 9.28 ± 2.06 aB 
RC 9.70 ± 0.84 aA 11.40 ± 2.85 aA 11.26 ± 2.08 aA 
Control 14.12 ± 3.15 aA 10.72 ± 2.05 ± aA 10.66 ± 3.55 aA 
CV% 10.27 
Mg2þ (g kg¡1) 
28–7+RC 1.07 aA ±0.17 0.89 ± 0.14 aA 0.90 ± 0.24 aA 
43+RC 0.86 ± 0.24 aA 1.06 ± 0.17 aA 0.96 ± 0.25 aA 
46–1+RC 0.96 ± 0.30 aA 1.04 ± 0.24 aA 0.95 ± 0.22 aA 
70+RC 0.98 ± 0.26 aA 0.81 ± 0.24 aA 0.81 ± 0.21 aA 
79–1+RC 1.06 ± 0.32 aA 0.95 ± 0.06 aA 0.61 ± 0.04 aA 
RC 0.83 ± 0.27 aA 0.86 ± 0.16 aA 1.72 ± 0.60 aA 
Control 1.00 ± 0.19 aA 0.92 ± 0.35 aA 0.70 ± 0.27 aA 
CV% 11.48 

Means followed by the standard deviation; n = 5. Lowercase letters compare 
treatments with bacterial inoculation. Capital letters compare between saline 
doses (0 mM, 40 mM, 80 mM). Means followed by the same letter do not differ 
statistically from each other for the Scott – Knott test (p < 0.05). The coefficient 
of variation (CV%) is reported. RC: Rhizophagus clarus. 

Fig. 4. Principal component analysis (PCA) for the treatments and nutrients evaluated at three contrasting soil salinity in Zea mays L. A) 0 mM NaCl; B) 40 mM NaCl; 
and C) 80 mM NaCl. SDM: shoot dry mass; RC: Rhizophagus clarus. 
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Shekhawat, K., Fröhlich, K., García-Ramírez, G.X., Trapp, M.A., Hirt, H., 2022. Ethylene: 
a master regulator of plant–microbe interactions under abiotic stresses. Cells 12, 31. 
https://doi.org/10.3390/cells12010031. 

Strasser, B.J., Strasser, R.J., 1995. Measuring fast fluorescence transients to address 
environmental questions: the JIP-Test. In: Mathis, P. (Ed.), Photosynthesis: From 
Light to Biosphere. KAP Press, Dordrecht, pp. 977–980. https://doi.org/10.1007/ 
978-94-009-0173-5_1142. 

Taj, Z., Challabathula, D., 2021. Protection of photosynthesis by halotolerant 
Staphylococcus sciuri ET101 in tomato (Lycoperiscon esculentum) and rice (Oryza 
sativa) plants during salinity stress: Possible interplay between carboxylation and 
oxygenation in stress mitigation. Front. Microbiol. 11, 547750 https://doi.org/ 
10.3389/fmicb.2020.547750. 

Trușcă, M., Gâdea, Ș., Vidican, R., Stoian, V., Vâtcă, A., Balint, C., Stoian, V.A., 
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