
ABSTRACT: The demand for the increased productivity of sugarcane crops has required changes in its production chain, such as the use of 

pre-sprouted seedlings (PSS) of sugarcane into the chain. In this system, the inoculation of beneficial microorganisms, such as plant growth-

promoting bacteria (PGPB) and arbuscular mycorrhizal fungi (AMF), can improve seedling development. The objective was to evaluate the 

beneficial effect of PGPB and AMF inoculation on sugarcane PSS production system. Experiments were carried out in greenhouse using a 

commercial substrate with different levels of fertilization to evaluate the plant biomass and nutritional status. The bacteria strains are able 

to produce indole acetic acid and to amplify the nifH gene. The coinoculation of strains IAC-BeCa-095 with AMF (Glomus macrocarpum 

and Glomus etunicatum) improved the plant shoot biomass (25%) on the fertilized substrate. The strains IAC-BeCa-088 (Burkholderia 

caribensis), IAC-RBca5 (Pseudomonas sp.) and IAC-RBca10 (Bacillus sp.) without AMF and fertilization improved the shoot biomass by up 

to 35%. Coinoculation with strain IAC-BeCa-095 (Kosakonia radicincitans) and AMF improved the shoot and root biomass by up to 27 and 

75%, respectively, in the conventionally fertilized substrate, demonstrating a synergistic effect of these microorganism consortia. The use of 

beneficial microorganisms may be a viable practice in the production of PSS sugarcane. Moreover, this study is the first to demonstrate the 

synergistic effect of endophytic bacteria (K. radicincitans) or rhizobacteria (Bacillus sp.) with AMF and Pseudomonas sp. or B. caribensis, 

without AMF inoculum on the production of sugarcane PSS to improve plant growth and plant nutrition.
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INTRODUCTION

Beneficial microorganisms, such as plant growth-promoting bacteria (PGPB) and mycorrhizal fungi, have been explored 
worldwide to enhance plant performance (Bhardwaj et al. 2014; Venturi and Keel 2016). The plant microbiome harbors 
these beneficial microorganisms, which include different endophytic bacteria, such as Burkholderia, Herbaspirillum and 
Kosakonia, as well as those bacteria that inhabit the soil rhizosphere, recognized as plant growth-promoting rhizobacteria 
(PGPR), such as Azospirillum, Bacillus and Pseudomonas (Cipriano et al. 2016; Meena et al. 2017; Lata et al. 2018). The 
use of these bacteria is a growing and welcome eco-friendly technology in sustainable agriculture. The beneficial effect 
triggered by these bacteria is related to phosphate solubilization, biological nitrogen fixation (BNF), siderophore and 
hormone production (such as indole acetic acid – IAA) and biological control properties, such as hydrocyanic acid (HCN) 
production, which inhibit phytopathogen growth (Olanrewaju et al. 2017; Silveira et al. 2018). In addition to beneficial 
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bacteria, among the fungal community, arbuscular mycorrhizal fungi (AMF) stablish a symbiotic association with  
the roots and favor plant development due to their capacity for the absorption and translocation of nutrients  
(Mohan et al. 2014; Tarraf et al. 2017). The large contribution of AMF to plant development is related to the absorption 
of ions, such as H2PO4, NH4, copper (Cu) and zinc (Zn), which have slow diffusion and mobility in the soil  
(Guo et al. 2010). The benefit of mycorrhizal symbiosis represents an underexploited application to increase plant health 
and global food security (Rodriguez and Sanders 2015).

Plant growth-promoting bacteria and AMF have been used and marketed in the agricultural sector as inoculants for 
phytopathogen control and plant growth - promotion and are alternatives to pesticides and fertilizers in sustainable agriculture 
(Todeschini et al. 2018). In the case of endophytic and rhizosphere bacteria, several studies demonstrated a positive effect 
of these bacteria on plants of economic interest, including sugarcane (Cipriano et al. 2021; Schultz et al. 2017; Silveira et al. 
2018). In the case of AMF, mycorrhizal symbiosis also improves plant growth and nutrient absorption in plants (Andrade 
et al. 2010; Tarraf et al. 2017) and enables phosphate fertilization to be reduced (Abdel-Fattah et al. 2014; Nunes et al. 2014).

Mycorrhizal fungi and PGPR play an important role in promoting plant growth through various mechanisms, and, 
when combined, these microorganisms can better benefit the host plant. For instance, the bacteria can enhance AMF germ 
tube elongation and hyphal branching, promoting symbiotic development of AMF and potato plants (Loján et al. 2017;  
Finkel et al. 2017). The combination of bacteria and AMF has other effects, such as reducing chemical fertilization and, 
in some cases, even improving tomato plant growth and fruit yield (Bona et al. 2018). The coinoculation of Pseudomonas 
monteilii and Glomus fasciculatum reduces the incidence of medicinal plant diseases, and also improve nitrogen (N), 
phosphorus (P), and potassium (K) uptake (Singh et al. 2013). The synergistic effect of AMF and bacteria can be effective 
for sustainable agriculture, improving crop productivity (Nadeem et al. 2014).

Recently, studies on sugarcane have described the effect of new endophytic bacteria and rhizobacteria on plant growth 
due to improvements in photosynthesis and nitrogen metabolism (Rampazzo et al. 2018; Silveira et al. 2018). The search 
for bacterial inoculants and new techniques that can improve sugarcane production is ongoing because it is known that 
the endophytic community is diverse (Souza et al. 2016); however, this diversity can make it more difficult to establish 
exogenous microorganisms that benefit production. This information justifies the constant search for biotechnologies that 
mainly involve the use of bacteria and fungi that benefit plant development. In recent years, the sugarcane sector has adopted 
a new technology for seedling production, sugarcane pre-sprouted seedlings (PSS) (Landell et al. 2012).

Among the advantages of PSS system are quality and vigor control, greater homogeneity of seedlings and optimization 
of water and nutritional resources. Several studies have already described the beneficial effect of bacterial inoculants on 
sugarcane development (Kleingesinds et al. 2018; Marcos et al. 2016; Santos et al. 2018; Silveira et al. 2018), but the present 
study is the first to evaluate the benefit of plant–microorganism interactions with PGPB and AMF on sugarcane PSS focused 
in growth promoting and nutritional improvement. The evaluation of these beneficial microorganisms on sugarcane 
development can direct future studies on the inoculant recommendations for sugarcane PSS.

The hypothesis of this study is that the coinoculation of PGPB and AMF triggers a synergistic effect on seedlings, resulting 
in plants with a better nutritional status and greater biomass. In vitro tests were conducted to evaluate the effect of bacterial 
strains on plant growth-promoting traits and three experiments in greenhouse condition to investigate the hypothesis, using 
the endophytic and rhizobacterial strains combined or not with a mixture of two AMF species in substrates with different 
fertilization levels. Therefore, the aim was to a) characterize the bacterial strains regarding their plant-growth promoting 
traits and b) evaluate the effect of PGPB and AMF interaction on sugarcane PSS regarding plant growth and nutritional state.

MATERIAL AND METHODS

Microorganisms

The bacterial and arbuscular mycorrhizal fungal strains tested, which belong to the Beneficial Microorganisms Collection 
of Agronomic Institute, IAC, were: IAC-BeCa-088 (Burkholderia caribensis), IAC-BeCa-095 (Kosakonia radicincitans), 
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IAC-RBca5 (Pseudomonas sp.), IAC-RBca10 (Bacillus sp.) and AMF strains, IAC-44 (Glomus etunicatum) and IAC-50 
(Glomus macrocarpum).

Plant growth-promoting bacteria traits – in vitro tests

Hydrogen cyanide (HCN) production by the bacterial strains was evaluated according to Bakker and Schippers (1987); 
bacterial strains capacity to produce indole acetic acid (IAA) was also measured (Bric et al. 1991), and their ability to 
solubilize calcium phosphate was verified by the development of a halo surrounding the bacterial colonies grown on culture 
medium with inorganic phosphate (Katznelson and Bose 1959). The nifH gene analyses (related to BNF) were performed 
according to Ueda et al. (1995).

Plant–microbe interaction on PSS of sugarcane in greenhouse experiments

Inoculum preparation: the endophytic bacterial strains were grown on Dyg’s liquid media (Döbereiner et al. 
1995), and the rhizosphere bacterial strains were grown on PDA liquid media for 24 h at 28 °C in a shaker at  
100 rpm. The cells were suspended in sterile 0.01 mol·L–1 MgSO4·7H2O solution after centrifugation (4000 rpm,  
10 min) and adjusted to a density of 108 colony forming units (CFU)·mL–1. The mycorrhizal inoculum was  
prepared based on a mixture of colonized root fragments, hyphae and spores of G. macrocarpum and G. etunicatum, 
referred to as AMF.

Experimental design

Three different experiments were conducted in a greenhouse at the Agronomic Institute (Campinas, Brazil 22°54’20”S, 
47°05’34”W). As there was no information about the effect of the bacterial strains on PSS, these seedlings were tested 
in three different scenarios, according to the fertilization management: experiment 1 – four strains tested on seedlings 
cultivated with partial recommended fertilization; experiment 2 – four strains tested on seedlings cultivated without 
the fertilization recommended; and experiment 3 – two strains tested on seedlings cultivated with recommended 
fertilization. All three experiments were carried out with a completely randomized design, which in experiments  
1 and 2 were in a 5 × 2 factorial scheme (control and four bacterial strains – IAC-RBca5, IAC-RBca10, IAC-BeCa-088 and  
IAC-BeCa-095 × with or without AMF) and experiment 3 was in a 3 × 2 factorial scheme (control and two bacterial 
strains – IAC-RBca10 and IAC-BeCa-095 × with or without AMF). The control treatments for all three experiments 
were plants without bacteria and AMF inoculation.

Experiments with plants and evaluation

The sugarcane in all experiments was the cultivar IACSP 95-5000, which was supplied by the Sugarcane Center  
(IAC – Ribeirão Preto, Brazil). All the experiments were conducted with the same protocol used to prepare the sugarcane 
PSS (Landell et al. 2012). Basically, the one-bud stolks were treated with fungicides and germinated in trays filled with 
a commercial substrate (Tropstrato HA). The first mycorrhizal inoculation was performed at this phase: after preparing 
the trays with the substrate, 60 mL of soil was inoculated with the mycorrhizal inoculum (4400 spores/tray), and then the 
seedlings were sowed. Then, each seedling was inoculated with the bacterial suspension (2 mL). The control treatment 
was drenched with 0.01 mol·L–1 MgSO4·7H2O instead of the bacterial suspension. This procedure was used in all three 
experiments that were conducted in the greenhouse. The difference between the experiments was the substrate fertilization 
level, which is described below.

In experiment 1, partial fertilization was performed based on the fertilization procedure used in the Sugarcane 
Center to prepare PSS, which was in accordance with Landell et al. (2012) with some adaptations: after the budding 
sprouting period (15 days), the seedlings were transferred to tubes (180 mL) for seedling production, and the tubes 
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were filled with the same substrate as already described, with AMF inoculum (15 mL, 1100 spores). The plants were 
then treated again with the bacterial suspension (2 mL). In this phase, fertilization was performed at four different 
times. For the first fertilization, boron (B – 2%), molybdenum (Mo – 1%) and zinc (Zn – 18%) were applied seven days 
after the seedlings were transplanted to the tubes. The second fertilization was performed 21 days after transplantation 
(DAT) with CuSO4·5H2O (1.5 g) and MgCl2·6H2O (30 g) diluted in 5 L of water. The third fertilization was performed 
30 DAT with Ca (NO3)2 (75 g) diluted in 5 L of water, and, at the fourth fertilization, the same nutrient was applied 
40 DAT. Experiment 2 was performed the same way as experiment 1, but without fertilization after seedlings 
transplantation. Experiment 3 was conducted in the same way as described above, but with the complete fertilization 
that was recommended by Landell et al. (2012).

The experiments were performed using six replicates. All experiments were conducted over 60 days, and, thereafter, the 
plants were harvested for the evaluation of root and shoot growth (dry mass), AMF colonization (Giovannetti and Mosse 
1980; Phillips and Hayman 1970), nutrient concentrations (Bataglia et al. 1983), nutrient content and nutrient use efficiency 
index (UEI) according to Siddiqi and Glass (1981). The data were submitted to analysis of variance and the Scott–Knott 
test at 5%, using the statistical software Sisvar (Ferreira 2008).

RESULTS

The bacterial strains IAC-BeCa-088 and IAC-BeCa-095 amplified the nifH gene, and strain IAC-RBca5 was able to 
produce IAA (Table 1). None of the strains were able to produce HCN, nor solubilize phosphate.

Table 1. Plant growth promoting substances production (+) or not (-) by endophytic and rhizospheric bacteria.

Strains Description Classification HCNa IAAb nifHc PSd

IAC-RBca5 Pseudomonas sp. Rhizospheric - + ND -

IAC-RBca10 Bacillus sp. Rhizospheric - - ND -

IAC-BeCa-088 Burkholderia caribensis Endophytic ND - + -

IAC-BeCa-095 Kosakonia radicincitans Endophytic - - + -
aHydrogen cyanide producion, bIndole-acetic acid production, cnifH gene amplification, dPhosphate solubilization, ND = not determinate.

In experiment 1 (substrate with partial fertilization), there was interaction between bacterial strains and arbuscular 
mycorrhizal fungi mixture for shoot and root biomass. The inoculation of strains IAC-RBca5 (Pseudomonas sp.) and  
IAC-BeCa-088 (B. caribensis), without AMF inoculation, promoted increase on shoot growth compared to the other 
treatments (Fig. 1), increasing 26 and 36%, respectively, in relation to the control. Coinoculation did not improve seedlings 
shoot growth, comparing to control plants (without PGPB inoculation). Coinoculation of the bacteria IAC-RBca10 
(Bacillus sp.) or IAC-BeCa-095 and AMF mixture promoted an increase in shoot biomass (29 and 35%, respectively) 
compared to the respective treatments without the AMF inoculation (Fig. 1). Bacterial inoculation, with or without 
AMF inoculation, did not cause a significant difference in root growth, but AMF inoculation caused a decrease of 
34% in root biomass of control plants. Higher mycorrhizal colonization was observed in seedlings treated with strains  
IAC-RBca5, IAC-BeCa-088 and IAC-BeCa-095 (Fig. 2). It was observed that, even in the treatments without AMF 
inoculation, the roots were colonized by AMF.

Without AMF mixture inoculation, there was no significant difference between treatments in relation to plant 
shoot N, P and calcium (Ca) concentrations (Table 2). The plants treated with IAC-RBca5 (Pseudomonas sp.) and IAC-
BeCa-088 (B. caribensis) showed higher shoot sulfur (S) and magnesium (Mg) concentrations, increasing 37 and 23% in  
relation to the control, respectively. All the bacterial strains increased in about 40% seedling shoot K concentration 
in relation to the control. Control plants showed significantly higher shoot P, K, Mg, S and Ca concentrations in the 
treatments with AMF inoculation.
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Figure 1. Shoot and root dry mass (g) of sugarcane PSS treated with PGPB and AMF mixture. *Means with the same letter are not significantly 
different (p < 0.05) by the Scott–Knott’s test. Capital letters compare bacterial treatments and lower case letters compare AMF inoculation.
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Figure 2. Mycorrhizal colonization of sugarcane PSS treated with PGPB. *Means with the same letter are not significantly different (p < 0.05) 
by the Scott–Knott’s test. Capital letters compare bacterial treatments and lower case letters compare AMF inoculation.

Table 2. Shoot concentration (g·kg–1), content (g·plant–1) and nutrient UEI (g2·g–1·nutrient) of macronutrients in sugarcane seedlings inoculated 
with PGPB and mixture of AMF. (Experiment 1 – substrate with partial fertilization).

Macronutrients N P K Mg S Ca

Treatments
AMF AMF AMF AMF AMF AMF

Without With Without With Without With Without With Without With Without With

Co
nc

en
tra

tio
n

Control 12.63Ab* 16.07Aa 2.67Ab 3.63Aa 16.10Bb 23.23Aa 3.50Ba 3.47Aa 2.43Bb 3.40Aa 3.20Ab 4.50Aa

IAC-RBca10 14.50Aa 15.60Aa 3.13Aa 3.53Aa 20.10Aa 19.97Ba 3.57Ba 3.83Aa 3.33Aa 2.90Ab 3.47Aa 3.60Ba

IAC-RBca5 15.40Aa 14.73Aa 3.03Aa 3.23Aa 20.03Aa 23.23Aa 4.03Aa 4.27Aa 3.37Aa 3.50Aa 3.47Aa 3.77Ba

IAC-BeCa-095 14.57Aa 15.57Aa 2.93Aa 3.47Aa 22.73Aa 19.63Ba 3.40Ba 4.10Aa 2.30Bb 3.37Aa 3.53Ab 4.60Aa

IAC-BeCa-088 15.03Aa 14.70Aa 3.50Aa 3.40Aa 21.47Aa 24.07Aa 4.30Aa 3.70Aa 3.33Aa 3.10Aa 3.90Aa 3.67Ba

C
on

te
nt

Control 47.00Bb 76.67Aa 10.00Bb 17.67Aa 59.66Cb 111.00Aa 13.33Bb 16.67Ba 8.67Cb 16.00Aa 12.00Bb 21.66Aa

IAC-RBca10 54.33Bb 80.33Aa 11.66Bb 17.67Aa 75.33Bb 101.00Ba 13.67Bb 19.33Aa 12.33Ba 14.67Aa 13.33Bb 18.33Ba

IAC-RBca5 77.67Aa 68.33Bb 15.33Aa 15.00Aa 101.00Aa 107.66Aa 20.67Aa 19.66Aa 16.66Aa 16.33Aa 17.33Aa 17.66Ba

IAC-BeCa-095 52.00Bb 72.00Ba 10.33Bb 16.33Aa 81.66Ba 91.00Ba 12.33Bb 18.67Aa 8.00Cb 15.67Aa 12.66Bb 21.33Aa

IAC-BeCa-088 70.66Aa 71.00Ba 16.33Aa 16.33Aa 100.66Ab 116.33Aa 20.33Aa 18.00Bb 15.66Aa 15.00Aa 18.33Aa 17.66Ba

U
E 

In
de

x

Control 0.29Ba 0.30Ba 1.40Ba 1.32Aa 0.23Aa 0.21Ba 1.07Bb 1.38Aa 1.56Aa 1.40Ba 1.16Ba 1.06Ba

IAC-RBca10 0.26Cb 0.32Aa 1.19Bb 1.43Aa 0.18Bb 0.25Aa 1.05Bb 1.32Aa 1.12Bb 1.74Aa 1.09Bb 1.41Aa

IAC-RBca5 0.33Aa 0.31Aa 1.67Aa 1.43Ab 0.25Aa 0.20Bb 1.25Aa 1.09Bb 1.50Aa 1.33Ba 1.46Aa 1.23Ab

IAC-BeCa-095 0.24Cb 0.29Ba 1.22Ba 1.34Aa 0.16Bb 0.24Aa 1.05Ba 1.13Ba 1.56Aa 1.37Ba 1.01Ba 1.00Ba

IAC-BeCa-088 0.31Aa 0.33Aa 1.36Ba 1.43Aa 0.22Aa 0.20Ba 1.09Bb 1.31Aa 1.41Aa 1.57Aa 1.20Ba 1.32Aa

*Means with the same letter are not significantly different (p < 0.05) by the Scott–Knott’s test. Capital letters compare bacterial treatments and lower case 
letters compare AMF inoculation. Bold mean refers to the best result for each nutrient. 

Plants treated with the strains IAC-RBca5 or IAC-BeCa-088 showed significantly higher shoot macronutrients contents in the 
absence of AMF mixture inoculation (Table 2). Coinoculation of IAC-RBca5 (Pseudomonas sp.), IAC-RBca10 (Bacillus sp.) and 
IAC-BeCa-095 (K. radicincitans) and AMF mixture increased plant shoot Mg content, differing significantly from the control.

Plants treated with IAC-RBca5 showed the highest N, P, Mg and Ca UEI, differing significantly from the control plants 
(Table 2), without AMF mixture inoculation. Coinoculation with AMF and IAC-RBca10 promoted higher UEI of N, K, S 
and Ca, differing significantly from the control plants. The same treatment improved the UEI of all plant macronutrients 
compared to plants only treated with the bacteria without AMF inoculation.
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Without AMF inoculation, shoot Cu and Zn concentrations did not differ among bacterial treatments, while shoot Fe 
concentration was significantly higher in control plants (without bacterium inoculation). The highest shoot Mn concentrations 
were observed in plants treated with IAC-BeCa-088 (B. caribensis) and IAC-RBca5 (Pseudomonas sp.), increasing in  
105 and 74%, respectively, in relation to the control. The inoculation of IAC-BeCa-088 also increased shoot B concentration 
by 34%. The coinoculation of AMF and the strains IAC-BeCa-088 and IAC-RBca5 significantly increased shoot iron (Fe) 
concentration. However, the inoculation of AMF mixture did not significantly alter shoot B and Mn concentrations. 
Coinoculation with the strains IAC-BeCa-088 and IAC-BeCa-095 (K. radicincitans) significantly decreased shoot Cu and 
Zn concentrations (Table 3).

Table 3. Shoot concentration (g·kg–1), content (g·plant–1) and nutrient UEI (g2·g–1·nutrient) of micronutrients in sugarcane seedlings inoculated 
with PGPB and mixture of AMF. (Experiment 1).

Micronutrients Fe Cu Mn Zn B

Treatments
AMF AMF AMF AMF AMF

Without With Without With Without With Without With Without With

Co
nc

en
tra

tio
n

Control 40.50Aa 35.20Bb 5.43Ab 6.67Aa 60.23Bb 150.00Aa 36.43Ab 60.03Aa 17.43Bb 23.03Aa

IAC-RBca10 37.70Ba 38.73Ba 5.43Ab 6.77Aa 85.00Ba 122.13Aa 45.80Ab 66.57Aa 14.17Ba 19.20Aa

IAC-RBca5 37.33Bb 42.80Aa 5.00Ab 6.47Aa 105.00Aa 114.73Aa 42.37Aa 57.00Ba 16.37Bb 22.33Aa

IAC-BeCa-095 37.30Ba 37.07Ba 5.50Aa 5.27Ba 72.23Ba 113.47Aa 47.77Aa 49.13Ba 11.13Ba 22.10Aa

IAC-BeCa-088 36.77Bb 42.97Aa 5.30Aa 4.57Ba 123.97Aa 119.37Aa 54.60Aa 40.27Bb 23.43Aa 18.47Aa

C
on

te
nt

Control 150.33Cb 168.33Ba 20.33Bb 32.00Aa 223.33Cb 716.00Aa 135.67Db 286.66Ba 64.67Cb 110.33Aa

IAC-RBca10 141.33Cb 195.33Aa 20.00Bb 34.00Aa 318.33Bb 617.00Ba 171.66Cb 336.67Aa 53.00Cb 97.00Ba

IAC-RBca5 188.00Aa 198.33Aa 25.33Ab 29.66Ba 529.33Aa 532.00Ca 213.67Bb 264.33Ba 82.33Bb 103.66Aa

IAC-BeCa-095 133.66Cb 171.00Ba 19.66Bb 24.00Ca 259.00Cb 526.00Ca 171.00Cb 227.33Ca 40.00Db 102.33Aa

IAC-BeCa-088 172.33Bb 208.00Aa 24.66Aa 22.33Ca 581.66Aa 577.67Ba 256.00Aa 194.67Db 110.00Aa 89.67Bb

U
EI

Control 0.09Bb 0.13Aa 0.69Ca 0.72Ca 0.06Aa 0.03Bb 0.10Ba 0.08Cb 0.21Ca 0.21Ba

IAC-RBca10 0.09Bb 0.13Aa 0.69Ca 0.75Ca 0.04Ba 0.04Aa 0.08Ca 0.07Ca 0.26Ba 0.26Aa

IAC-RBca5 0.13Aa 0.11Bb 1.00Aa 0.72Cb 0.05Ba 0.04Ab 0.12Aa 0.08Cb 0.31Aa 0.21Bb

IAC-BeCa-095 0.09Bb 0.12Aa 0.65Cb 0.88Ba 0.05Ba 0.04Ab 0.07Cb 0.09Ba 0.32Aa 0.21Bb

IAC-BeCa-088 0.13Aa 0.11Bb 0.89Bb 1.06Aa 0.03Cb 0.04Aa 0.08Cb 0.12Aa 0.20Cb 0.26Aa

*Means with the same letter are not significantly different (p < 0.05) by the Scott–Knott’s test. Capital letters compare bacterial treatments and lower case 
letters compare AMF inoculation. Bold mean refers to the best result for each nutrient.

The strains IAC-BeCa-088 and IAC-RBca5 promoted higher shoot contents of all micronutrients without AMF inoculation, 
differing significantly from the control (Table 3). Shoot Zn content was also significantly higher with the inoculation of all 
bacterial strains. The coinoculation of AMF and IAC-BeCa-088, IAC-RBca5 and IAC-RBca10 (Bacillus sp.) significantly 
increased shoot Fe content, and, with IAC-RBca10 strain, there was an increase in shoot Zn content. In general, AMF 
inoculation promoted higher shoot micronutrients accumulation.

Without AMF inoculation, plants treated with IAC-RBca5 and IAC-BeCa-088 showed higher Fe and Cu utilization 
efficiency index, differing significantly from control plants (Table 3). The UEI of B was higher in plants treated with  
IAC-RBca10, IAC-RBca5 and IAC-BeCa-095. Coinoculation of AMF and IAC-BeCa-088 and IAC-BeCa-095 promoted 
higher shoot Cu and Zn UEI, whereas for Mn, all the coinoculated strains were more efficient than the control. Coinoculation 
with IAC-RBca10 and IAC-BeCa-088 caused significantly higher shoot B UEI.

In experiment 2 (substrate without fertilization), there was interaction between bacterial strains and arbuscular 
mycorrhizal fungi mixture for shoot biomass, but not for root biomass. In the treatments without AMF inoculation, the strains  
IAC-RBca5, IAC-RBca10 and IAC-BeCa-088 increased shoot biomass in 40, 44 and 60%, respectively (Fig. 1). Coinoculation 
of IAC-RBca10 and AMF mixture improved shoot growth by up to 49%. There were no significant differences between the 
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treatments with and without AMF inoculation. The bacterial strains did not cause a significant increase in root biomass. 
The inoculation with AMF in the control plants improved root biomass up to 59% (Fig. 1). The percentage of mycorrhizal 
colonization was significantly higher in plants inoculated with AMF mixture (Fig. 2).

In experiment 3 (substrate with recommended fertilization), there was interaction between bacterial strains  
and arbuscular mycorrhizal fungi mixture for shoot and root biomass. The coinoculation of IAC-BeCa-095 with AMF 
mixture improved shoot biomass in 30% (Fig. 1). Arbuscular mycorrhizal fungi caused a significant decrease in shoot 
biomass (13%) in the control treatments and an increase of 26% in biomass in the seedlings coinoculated with strain  
IAC-BeCa-095 compared to seedlings subjected to treatments without AMF. The seedlings inoculated with AMF and 
strain IAC-BeCa-095 had a greater root biomass than the control (75%) and control without AMF (55%), indicating 
a synergistic effect. In the treatment without AMF, strain IAC-RBca10 increased the root biomass (50%); however, 
the treatments with AMF showed a significant decrease in root biomass that was up to 42%. The percentage of 
mycorrhizal colonization of the seedlings ranged between 21.5 and 37.5%, and there were no significant differences 
among the treatments.

Without AMF mixture inoculation, there was no significant difference among treatments in relation to plant shoot N, P and 
Mg concentrations (Table 4). The plants treated with IAC-BeCa-095 (K. radicincitans) showed higher shoot K concentration 
and lower Ca concentration. With AMF mixture inoculation, there was no significant difference among treatments in relation 
to plant shoot N, Mg and S concentrations. Coinoculation of IAC-BEca-095 and AMF mixture increased plant shoot K and 
Ca concentrations, and both isolates (IAC-BEca-095 and IAC-RBca10) increased shoot P concentration in relation to control 
plants (without bacterial inoculation). Coinoculation of IAC-BEca-095 and AMF mixture increased plant shoot P and Ca 
concentrations, comparing to the treatment without AMF inoculation. 

Plant shoot N, P, K and S contents did not differ among treatments in the absence of AMF mixture inoculation, but shoot 
Mg and Ca contents decreased in plants treated with IAC-BEca-095. Coinoculation of AMF mixture and IAC-BEca-095 
or IAC-RBca10 (Bacillus sp) promoted higher shoot N, P, K and Mg. Coinoculation with IAC-BEca-095 increased shoot S 
and Ca contents. This treatment also increased significantly all shoot macronutrients contents compared to the treatments 
without AMF mixture inoculation (Table 4). Coinoculation of AMF and IAC-BEca-095 or IAC-RBca10 promoted higher 
UEI of N, S and Ca. Without AMF mixture inoculation, the UEI of all macronutrients did not differ significantly among 
treatments (Table 4). 

Without AMF mixture inoculation, there was no significant difference among treatments in relation to plant shoot Cu 
and B concentrations (Table 5). The plants treated with IAC-BEca-095 showed lower shoot Mn, Fe and Zn concentrations. 
The inoculation of IAC-RBca-10 increased shoot Fe concentration in 54%, comparing to control plants. With AMF mixture 
inoculation, there was no significant difference among treatments in relation to shoot Fe and Zn concentration. Coinoculation 
with IAC-BEca-095 or IAC-RBca10 increased significantly shoot B concentration, in 40 and 20% respectively, and shoot Mn. 
Coinoculation with IAC-BEca-095 increased seedlings shoot Cu, Mn and Zn concentrations, comparing to without AMF 
inoculation (Table 5). 

Plant shoot Cu and B contents did not differ among treatments without AMF mixture inoculation (Table 5). Plants treated 
with IAC-BEca-095 showed significant decrease in shoot Mn, Zn and Fe contents. Shoot Fe content increased in about 80% 
in plants treated with IAC-RBca10 in relation to control plants. Coinoculation of AMF mixture and IAC-BEca-095 or IAC-
RBca10 increased shoot Cu, Mn, Zn and B. Inoculation of AMF increased significantly shoot Mn, Zn, Cu and B contents in 
plants treated with IAC-BEca-095, compared to the respective treatment without the AMF inoculation (Table 5). Coinoculation 
with IAC-BEca-095 and AMF caused significant increase in shoot Zn UEI.

DISCUSSION

The experiments were conducted in a similar way to the current method of sugarcane PSS production and showed 
different responses regarding biomass improvement, colonization and shoot plant nutrient status.
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In experiment 1, the bacterial strains IAC-RBca5 (Pseudomonas sp.) and IAC-BeCa-088 (B. caribensis) improved 
shoot growth in the treatments without AMF (Fig. 1). The beneficial effect of PGPB strains, such as Pseudomonas, 
has already been observed in sugarcane seedlings (González et al. 2015). Surprisingly, the seedlings without AMF 
but inoculated with strains IAC-RBca5 and IAC-BeCa-088 had higher mycorrhizal colonization than the control 
treatment without AMF (Fig. 2). Pseudomonas species are considered as mycorrhizal helper bacterium, which could 
be useful in organic agriculture due to their ability to improve the percentage of AMF colonization and spore number 
retrieved from soil (Singh et al. 2013). Moreover, the AMF can increase root branching due to different mechanisms, 
such as production and action of AMF exudates, and also increase of mineral nutrition and modulation of hormone 
balance (Fusconi 2014).

In the present experiment, it was expected that the type of organic substrate, which was composed of pine bark, 
would not have AMF propagules, since no soil was added. According to Tahat and Sijam (2012), mycorrhizal fungi 
colonization occurs only in the presence of exudates released by host root plant that can favor the establishment of 
the symbiosis. The AMF colonization observed in the present experiment may have occurred due to the presence 
of native AMF propagules in the substrate and recruited by the plant, since a sterilized substrate was not used. The 
coinoculation of strain IAC-BeCa-095 (K. radicincitans) and AMF caused higher seedling mycorrhizal colonization 
than the other treatments, but did not confer other benefits, such as a biomass increase and higher nutrient uptake. 
This may have happened because the level of mycorrhizal colonization was not related to the growth of the plant in 
this case. The low percentage of root colonization by AMF may be due to the fungicide treatments performed during 
sugarcane seedling production (Reis et al. 1994). This is an important observation because the use of fungicides is part 
of the management of sugarcane PSS production. Despite the factors of fungicides treatments and partial fertilization 
that were imposed in Experiment 1, strains IAC-RBca5 and IAC-BeCa-088 had a positive effect on the sugarcane PSS 
by improving the shoot biomass.

Regarding plant nutritional status, all seedlings subjected to treatments with PGPB strains but without AMF had 
higher shoot K concentration than the control seedlings (Table 2). The ability to mobilize nutrients, such as K, that 
are assimilated and used by plants is one of the most effective benefits of PGPB (Badr 2006; Cipriano et. al 2021)

The results of experiment 3 evidenced that seedlings inoculated with strain IAC-BeCa-095 (K. radicincitans) 
and AMF had a greater root biomass than the control treatment (Fig. 1) and also in concentrations of  
macro and micronutrients (Table 4 and 5). The improvement in root growth is an important indicator of the benefits 
of microorganism inoculation because it can trigger other beneficial effects, such as nutrient and water absorption 
(González et al. 2015; Silveira et al. 2016). The increase in root biomass production could be due to the availability of 
nutrients from the action of microorganisms that fix N, organic matter mineralization, phosphate solubilization and 
siderophore production (Jacoby et al. 2017). According to Wu et al. (2005), the growth improvement of maize plants 
inoculated with Bacillus species and AMF was due to the greater ability of plants to assimilate N, P and K. Based on 
this information and the data of this study, it was hypothesized that strains IAC-RBca10 and IAC-BeCa-088, when 
inoculated with AMF, trigger an increase in biomass root production and result in an increase in macronutrients 
(N, P, K and Mg, Table 2) and micronutrients (Mn, Zn and B, Table 3) content. The beneficial effect triggered by 
Bacillus on sugarcane PSS growth and nutrition has already been reported (Santos et al. 2018). The inoculation of 
five diazotrophic bacteria (Gluconacetobacter, Herbaspirillum seopedicae, H. rubisubalbicans, Paraburkholderia and 
Nitrospirillum) also improved sugarcane biomass and N, P and K accumulation, especially under low N conditions 
(Santos et al. 2020). As far as it is known, this is the first data showing that AMF combined with Pseudomonas sp. 
(IAC-RBca5) or K. radicincitans (IAC-BeCa-095) improved biomass production and nutrient use of sugarcane PSS. 
Other combinations of PGPB, such as Azotobacter and Paenibacillus, with AMF are also able to improve Poaceae 
plants growth, such vetiver ecotypes (Bhromsiri and Bhromsiri 2010). Coinoculation with bacteria and fungi is a 
good way to promote plant growth because together these microorganisms can modify the plant root system and 
manipulate the hormonal pathways, such as the production of cytokinins and auxins that promote root elongation 
(Cormier et al. 2016).
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Table 4. Shoot concentration (g·kg–1), content (g·plant–1) and nutrient UEI (g2·g–1·nutrient) of macronutrients in sugarcane seedlings inoculated 
with PGPB and mixture of AMF. (Experiment 3).

Macronutrients N P K Mg S Ca

Treatments
AMF AMF AMF AMF AMF AMF

Without With Without With Without With Without With Without With Without With

Co
nc

en
tra

tio
n Control 15.77Aa 16.33Aa 3.80Aa 3.70Ba 27.23Ba 25.80Ba 3.53Aa 3.40Aa 4.20Aa 3.83Aa 6.57Aa 5.87Bb

IAC-RBca10 16.47Aa 16.10Aa 3.97Aa 4.17Aa 28.90Ba 28.73Ba 3.57Aa 3.70Aa 3.87Ba 3.73Aa 5.37Ba 4.93Ca

IAC-BeCa-095 16.70Aa 16.83Aa 3.67Ab 4.17Aa 31.57Aa 31.83Aa 3.40Aa 3.73Aa 4.30Aa 4.30Aa 5.40Bb 6.57Aa

C
on

te
nt

Control 41.66Aa 38.67Ca 10.33Aa 8.66Ba 72.00Aa 61.00Cb 9.33Aa 8.33Ba 11.00Aa 9.00Ba 17.33Aa 13.66Bb

IAC-RBca10 43.00Aa 44.33Ba 10.33Aa 11.66Aa 74.66Aa 79.33Ba 9.00Ab 10.33Aa 10.00Aa 10.00Ba 14.00Ba 13.66Ba

IAC-BeCa-095 39.66Ab 50.33Aa 9.00Ab 12.33Aa 74.66Ab 94.66Aa 8.00Bb 11.33Aa 10.00Ab 13.00Aa 12.66Bb 19.33Aa

U
EI

Control 0.17Aa 0.14Bb 0.70Aa 0.64Aa 0.09Aa 0.09Aa 0.75Aa 0.69Aa 0.63Aa 0.62Ba 0.40Aa 0.40Ba

IAC-RBca10 0.16Aa 0.17Aa 0.65Aa 0.66Aa 0.09Aa 0.09Aa 0.73Aa 0.75Aa 0.67Aa 0.74Aa 0.49Ab 0.56Aa

IAC-BeCa-095 0.14Ab 0.18Aa 0.64Ab 0.72Aa 0.07Bb 0.09Aa 0.70Aa 0.80Aa 0.55Ab 0.70Aa 0.44Aa 0.45Ba

*Means with the same letter are not significantly different (p < 0.05) by the Scott–Knott’s test. Capital letters compare bacterial treatments and lower case 
letters compare AMF inoculation. Bold mean refers to the best result for each nutrient. 

Table 5. Shoot concentration (g·kg–1), content (g·plant–1) and nutrient UEI (g2·g–1·nutrient) of micronutrients in sugarcane seedlings inoculated 
with PGPB and mixture of AMF. (Experiment 3).

Nutrients Fe Cu Mn Zn B

Treatments
AMF AMF AMF AMF AMF

Without With Without With Without With Without With Without With

Co
nc

en
tra

tio
n Control 65.70Ba 53.63Aa 4.87Aa 5.27Aa 149.37Aa 127.13Bb 49.40Aa 52.40Aa 26.27Aa 20.77Bb

IAC-RBca10 82.47Aa 53.43Ab 4.87Aa 4.93Ba 148.37Aa 141.77Aa 49.47Ab 57.77Aa 26.80Aa 25.00Aa

IAC-BeCa-095 50.03Ca 49.33Aa 5.07Ab 6.00Aa 129.33Bb 144.70Aa 43.27Bb 53.37Aa 25.80Aa 29.23Aa

C
on

te
nt

Control 174.00Ba 126.66Ab 12.66Aa 12.33Ba 394.66Aa 300.00Cb 130.33Aa 123.66Ba 69.33Aa 49.33Cb

IAC-RBca10 213.33Aa 147.33Ab 12.33Aa 13.66Ba 384.33Aa 391.00Ba 128.33Ab 159.66Aa 69.00Aa 69.00Ba

IAC-BeCa-095 118.33Ca 147.00Aa 12.00Ab 18.00Aa 306.00Bb 431.33Aa 102.00Bb 159.00Aa 61.00Ab 87.00Aa

U
EI

Control 0.04Aa 0.04Aa 0.55Aa 0.45Ab 0.02Aa 0.02Aa 0.05Aa 0.04Bb 0.10Aa 0.11Aa

IAC-RBca10 0.03Ab 0.05Aa 0.53Aa 0.56Aa 0.02Aa 0.02Aa 0.05Aa 0.05Ba 0.10Aa 0.11Aa

IAC-BeCa-095 0.05Ab 0.06Aa 0.47Aa 0.50Aa 0.02Aa 0.02Aa 0.05Aa 0.06Aa 0.09Aa 0.10Aa

*Means with the same letter are not significantly different (p < 0.05) by the Scott–Knott’s test. Capital letters compare bacterial treatments and lower case 
letters compare AMF inoculation. Bold mean refers to the best result for each nutrient. 

Regarding the nutrient concentrations, coinoculation with IAC-BeCa-095 (K. radicincitans) and AMF increased 
the Ca concentration (Table 4). The coinoculation of these microorganisms also resulted in higher nutrient contents 
and UEI values (Table 4). According to Jacoby (2017), these results can be associated with the beneficial characteristics 
of the bacterial strain, such as nifH amplification, suggesting that BNF can be associated with plant growth promotion  
and the mineralization and absorption of macronutrients (N, P and S). The nutritional status of plants is often associated 
with an increase in root growth caused by bacteria (Witzel et al. 2017), which occurred in the present experiment. 
These beneficial microorganisms, commonly referred to as biofertilizers, which include bacteria and fungi, increase 
the plant ability to absorb nutrients; therefore, they are used as a complement to mineral fertilization, consequently 
resulting in shoot and root biomass increasing (Calvo et al. 2014). The plant roots showed lower growth rates with 
AMF and IAC-RBca10 inoculation (Fig. 1), most likely due to the high fertility level of the substrate. This high 
fertility level may have inhibited the action of both beneficial microorganisms, fungal and bacterial strains. Besides 
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this, substrates fertilized with thermophosphate and ammonium sulfate, as done in the present study, promote better 
sugarcane seedling development (Gazola et al. 2017).

OVERALL COMMENTS

In general, all bacterial strains tested resulted in an increase in shoot biomass, especially IAC-RBca5 and IAC-BeCa-088 (Fig. 1), 
without AMF mixture inoculation. In the treatments with AMF, the strains IAC-RBca10 and IAC-BeCa-088 also increased shoot 
biomass, and the IAC-BeCa-095 strain caused the greatest increase in root biomass. (Figs. 1 and 3). The improvement in root biomass 
triggered by beneficial microorganisms is highly desirable for PSS sugarcane because the shoots of the seedlings are pruned during the 
acclimation phase of seedling production and before transplantation to the field. Therefore, the more robust root system may favor 
the plant and ensure greater survival and adaptation after transplantation to the field (Xavier at al. 2016). The use of microorganisms 
as agents for both biological control and plant growth promotion is an alternative to conventional agricultural techniques (Müller et 
al. 2016). The sugarcane PSS system is considered to be a new technique for the plant production and many aspects of this production 
process need to be better studied, mainly regarding fertilization, because there are differences in nutrient requirements during this initial 
period of seedling development. Therefore, the microorganisms, both bacteria and AMF, that were tested in the current research showed 
variable results depending on the bacterial strain and fertilization management. In experiments 1 and 2, the use of a substrate with 
partial fertilization and without fertilization, respectively, resulted in an increase in shoot biomass, mainly with the inoculation of strains  
IAC-BeCa-088 (B. caribensis) and IAC-RBca5 (Pseudomonas sp.) without the inoculation of AMF. In experiment 3, with the use 
of substrate with recommended fertilization, coinoculation with strain IAC-BeCa-095 (K. radicincitans) and AMF increased both 
the shoot and root mass, showing a synergistic effect between both microorganisms (Figs. 1 and 3).

Figure 3. Effects triggered by bacteria strains (IAC-RBca5, IAC-RBca10, IAC/Beca-088 and IAC/BEca-095) on sugarcane seedlings development 
(without or with arbuscular mycorrhizal fungi - AMF) regarding plant shoot and root growth and nutrient content, in experiment 1 and 3 (with 
partial and recommended fertilization, respectively).

Another important point is that the bacterial strains were tested in two challenging conditions: in all three experiments, 
the seedlings were treated with fungicides and the substrate received high doses of fertilizers (both standard procedures 
in PSS production system). The beneficial effect triggered by beneficial microorganisms is dependent on the soil/substrate 
fertility, and this benefit is more evident when the environment has at least half of the desirable nutrients available (Abbott  
et al. 2018). The main beneficial effect triggered by the bacterial inoculants on plant development occurred without inoculation 
of AMF mixture, in experiment 1, with partial fertilization of the substrate (Fig. 3). This beneficial effect was observed both in 
the biomass improvement (shoot and root growth) and in plant shoot concentration and content nutrients. The K, S, Ca and 
Mn concentrations, mainly in plants inoculated with strains IAC-RBca5 and IAC-BeCa-088 without AMF, are in accordance 
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with the sugarcane nutritional levels (Raij and Cantarella 1996). Besides that, this experimental design simulated the PGPB 
and AMF effects under different scenarios of fertilization in an attempt to adequately inoculate microorganisms under similar 
conditions to those observed in PSS production. Appropriate management practices are important for production aspects that 
would allow microorganism inoculation to be more feasible for sugarcane seedling producers.

CONCLUSION

Bacteria strains with plant growth-promoting traits are able to improve sugarcane PSS development. This study is the 
first to show the synergistic effect of K. radicincitans (IAC-BeCa-095) or Bacillus sp. (IAC-RBca10) with AMF inoculum on 
sugarcane PSS production. These bacteria and also B. caribensis (IAC-BeCa-088) and Pseudomonas sp. (IAC-RBca5) benefit 
plant development and especially the plant nutrition, without AMF inoculum. This study contains valuable information on 
the use of beneficial microorganisms, such as rhizosphere and endophytic bacteria and AMF, as an excellent alternative to 
conventional agricultural techniques to optimize sugarcane seedling production.
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