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Abstract 

Several important bacterial characteristics, such as biological nitrogen fixation, phosphate 

solubilisation, 1-aminocyclopropane-1-carboxylate deaminase activity, and production of 

siderophores and phytohormones, can be assessed as plant growth promotion traits. Our aim was to 

evaluate the effects of nitrogen-fixing and indole-3-acetic acid (IAA) producing endophytes in two 

Oryza sativa cultivars (Baldo and Vialone Nano). Three bacteria, Herbaspirillum huttiense RCA24, 

Enterobacter asburiae RCA23 and Staphylococcus sp. 377, producing different IAA levels, were 

tested for their ability to enhance nifH gene expression and nitrogenase activity in Enterobacter 

cloacae RCA25. Results showed that H. huttiense RCA24 performed best. Improvement in 

nitrogen-fixation and changes in physiological parameters such as chlorophyll, nitrogen content and 

shoot dry weight were observed for plants co-inoculated with strains RCA25 and RCA24 in a 10:1 

ratio. 

Based on confocal laser scanning microscopy analysis, strain RCA24 was the best colonizer of the 

root interior and the only IAA producer located in the same root niche occupied by RCA25 cells. 

This work shows that the choice of a bio-inoculum having the right composition is one of the key 

aspects to be considered for the inoculation of a specific host plant cultivar with microbial 

consortia.  

 

 

 

 

Introduction 

Nitrogen (N) is one of the primary nutrients limiting plant growth in agriculture. Despite its 

prevalence in the Earth‟s atmosphere, it mostly exists in a biologically inaccessible (inert) form. In 

agriculture, N limitation is circumvented by the application of chemical fertilizers, leading to 

environmental consequences over the years, thus producing greenhouse gases and the 
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eutrophication of water systems (Stokstad, 2016).   Rice is one of the main food crops for human 

nutrition and N availability often limits its production (Awika, 2011). Increases in cereals 

production are urgently needed, but the expensive and polluting chemical fertilizers have already 

been overused (Rasul, 2016). Biological nitrogen fixation (BNF) by diazotrophic bacteria, which 

reduce atmospheric N to ammonium using nitrogenase enzyme systems, accounts for 30-50% of the 

total nitrogen in crop fields (Wagner, 2011; Ormeño-Orrillo et al., 2013). BNF is a potentially 

attractive source of nitrogen for cereal production (Rogers and Oldroyd, 2014). The area of BNF 

research has been expanded by the discovery of N-fixing bacterial endophytes in non-nodulating 

plants. Bacterial endophytes promote plant growth through nitrogen fixation, phytohormone 

production, nutrient acquisition, and by conferring tolerance to abiotic and biotic stresses (Haney et 

al., 2015; Berg et al., 2016; Yuan et al., 2016; Santoyo et al., 2017). They most often inhabit the 

plant intercellular spaces  which are abundant in carbohydrates, amino acids and inorganic nutrients 

(Compant et al., 2011; Liu et al., 2017). Bacterial endophytes initially stick to the root surface and 

explore the potential entry sites to access the internal plant tissues. Opening in the roots, where root 

hairs or lateral roots emerge, as well as wounds in the shoots, are considered the main entry points 

that endophytes use to enter the host plant and access its internal tissues (Mercado-Blanco and 

Prieto, 2012; Compant et al., 2016; Kandel et al., 2017). Therein, they reside for most of their life 

with no detrimental impact to the host plant (Mercado-Blanco and Lugtenberg, 2014; Hardoim et 

al., 2015). The internal plant tissues constitute a favourable environment for N-fixation performed 

by diazotrophic endophytes: the competition with other microbes in the rhizosphere is minimized 

and a microaerobic environment, necessary for nitrogenase activity, is provided (Mus et al., 2016; 

Kandel et al., 2017). In the last few years a wide diversity of bacteria associated with cereals have 

shown to possess the nifH gene coding for dinitrogenase reductase (Rosenblueth et al., 2018). This 

gene is considered the most genetically conserved within the nif regulon, and traditionally used as a 

marker gene to study the genetic diversity of diazotrophs in nature (Gaby and Buckley, 2014; Gaby 

et al., 2017; Angel et al., 2018). Functional molecular analyses in rice have also shown that not all 
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these microorganisms are active in nitrogen fixation when in association with plants (Ueda et al., 

1995; Elbeltagy and Ando, 2008). In addition, the level of ammonium, supplied to the host cereals 

by the most active ones, was not high enough to support the plant growth under nitrogen-limited 

conditions and was never similar to the one obtained with chemical fertilizers. This behaviour can 

be due to most diazotrophs which use concerted mechanisms for cellular N homeostasis and 

typically do not fix N in excess nor excrete significant amounts of N-fixation products. The factors 

required for nitrogen fixation are to date quite defined and therefore the use of genetically modified 

diazotrophs to improve plant growth has been proposed (Van Dommelen et al., 2009; Geddes et al., 

2015; Ambrosio et al., 2017). Several studies have also highlighted that the beneficial effects of 

microbes on plants growth can be enhanced by co-inoculation with different microorganisms. In 

particular, synergistic effects on growth and yield of different plants have been observed for the co-

inoculation of nitrogen-fixing and plant growth promoting bacteria (Islam et al., 2009; Jia et al., 

2016; Korir et al., 2017; Orozco-Mosqueda et al., 2018).     

Our previous study reported that the strain E. cloacae RCA25-64, engineered to produce and 

release 36-fold more indole-3-acetic acid (IAA) in liquid media than the wild type E. cloacae 

RCA25, showed increased nifH gene expression and nitrogenase activity in liquid cultures and 

inoculated rice plants (Defez et al., 2017). Therefore, the specific aims of this study were to (i) 

analyse the effect of purified IAA on the nitrogen-fixing ability of E. cloacae RCA25, (ii) select 

wild type IAA-producing endophytes to be used together with RCA25 for the co-inoculation of rice 

plants, (iii) assess whether the co-inoculated endophytes are able to colonize the intercellular spaces 

within the cortex of rice roots, and (iv) identify the most effective endophyte combination and 

analyse its effects on physiological parameters of host rice plants, with no transgenic approach. 
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Results 

Enterobacter cloacae RCA25 produces very low level of IAA 

One of the first objectives of this work was the evaluation of the IAA levels produced by the 

selected endophytes. The highest level of IAA production was measured for strain Staphylococcus 

sp. 377 (Baldan et al., 2015). Strains Enterobacter asburiae RCA23 and Herbaspirillum huttiense 

RCA24 (32) produced similar and lower levels of auxin, while the lowest level of IAA production 

was measured for strain RCA25 (Table 1).  

 

IAA affects the bacterial growth  

To test the effects of IAA on E. cloacae RCA25 growth, different concentrations (0.01 mM, 0.1 

mM, 0.72 mM and 2.86 mM) of the purified compound were added into liquid cultures and the 

bacterial growth was examined over time. Results showed that 0.1 mM was the maximum IAA 

concentration not affecting bacterial growth (Supporting Information Fig. S1). This concentration 

was also selected for the treatments with 2,4-dichlorophenoxyacetic acid (2,4-D) and indole (IND), 

compounds functionally and chemically similar to IAA, respectively. Bacterial cells treated with 

IAA and 2,4-D displayed very similar growth curves, whereas the growth of untreated and IND-

treated cells was slightly higher (Fig. 1A).  

 

IAA does not influence the biofilm formation of Enterobacter cloacae RCA25  

It was earlier reported that auto-aggregation and biofilm development processes are relevant to 

bacterial survival and host plant colonization (Camerini et al., 2008). Therefore, the biofilm 

formation ability of strains RCA25, RCA24, RCA23, and 377 was evaluated in rich medium. The 

highest biofilm formation was observed for E. asburiae RCA23 and H. huttiense RCA24, while the 

amount of biofilm produced by the strains E. cloacae RCA25 and Staphylococcus sp. 377 was 

lower (Table 1). For the strain RCA25, the biofilm production in minimal medium supplemented 
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with IAA, 2,4-D and IND was also tested. Results showed that RCA25 cells treated with IAA and 

2,4-D produced similar level of biofilm as the untreated ones. When bacterial cells were treated 

with IND, a higher development of biofilm (up to 20 %) was measured compared to the untreated 

cells (Fig. 1B).   

 

IAA increases the transcription level of nifH and the activity of nitrogenase in Enterobacter cloacae 

RCA25   

To evaluate the effect of IAA, 2,4-D and IND treatments on the nitrogen fixing ability of E. cloacae 

RCA25, the expression of the nifH gene was measured in RCA25 treated cells and compared with 

the untreated ones. Results showed that the nifH gene transcript level significantly increased (1.6-

fold) in IAA-treated cells. In contrast, nifH expression did not significantly change upon treatment 

with 2,4-D and IND (Fig. 1C). Nitrogenase activity of RCA25 cells was also measured by the 

acetylene reduction assay (ARA) after treatment with these compounds. When untreated cells were 

used as reference, the highest increase in nitrogenase activity was measured for IAA-treated cells 

(up to 25%) (Fig. 1D). A significant but lower induction (18%) was also observed for IND-treated 

cells. Finally, 2,4-D-treatment did not affect the activity of this enzyme as compared to the control. 

 

Enterobacter cloacae RCA25 and Herbaspirillum huttiense RCA24 are good colonizers of Oryza 

sativa L. cv. Baldo roots  

The ability of the selected endophytes to individually colonize rice roots has been tested by 

measuring the CFU number in tissues of whole inoculated O. sativa L. cv. Baldo plants. When the 

CFU number of RCA25-inoculated plants was used as reference, the highest colonization ability 

was observed for the strain RCA24 (Ratio = 1.32 ± 0.23). Strains RCA23 and 377 showed lower 

colonization ability (Ratio = 0.34 ± 0.08 and 0.04 ± 0.01, respectively).  
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The strains RCA25 and RCA24 tagged with different fluorescent proteins (red fluorescent protein 

[RFP] and enhanced green fluorescent protein [EGFP], respectively) were then used for single 

inoculation of O. sativa L. cvs. Baldo and Vialone Nano. Considering that RCA24 colonized rice 

plants more efficiently than RCA25, single inoculation was performed using a final concentration 

of RCA25 (107 cells ml-1) 10 times higher than RCA24 (106 cells ml-1), and the CFU numbers were 

evaluated for both root and shoot tissues. When the root tissues of Baldo rice plants were analysed, 

we found that the CFU number measured for RCA25-RFP (1,757 ± 272) was 50% higher than the 

one estimated for RCA24-EGFP (1,123 ± 103). For „Vialone Nano‟ a different behaviour was 

observed: the CFU numbers obtained for RCA25-RFP (130 ± 12) and RCA24-EGFP (3,439 ± 485) 

were less than 10% and three times higher, respectively, than the ones measured for „Baldo‟ rice 

root tissues. Neither of the two strains showed a significant colonization of shoot tissues for both 

rice cultivars. The strains RCA25-RFP and RCA24-EGFP in a 10:1 ratio were also used to carry out 

co-inoculation of „Baldo‟ rice plants. For both strains the colonization efficiency of root tissues was 

assessed. The CFU numbers measured for RCA24-EGFP (1,973 ± 516) was 2.5 times higher than 

the one scored for RCA25-RFP (808 ± 138).  

Co-inoculation of rice plants with the strains RCA25 and RCA24 increases nitrogenase activity  

To evaluate the effect of IAA production by endophytic bacteria on the nitrogen fixing ability of E. 

cloacae RCA25, two-step inoculation and co-inoculation of O. sativa L. cv. Baldo were performed. 

Results showed that the two-step inoculation of Baldo rice plants with the strains RCA25 and 

RCA24, both at the concentration of 106 cells ml-1, led to a significant increase of nitrogenase 

activity, regardless of the strain used in the first inoculation step (Fig. 2A and B). However, the 

highest increase (up to 60%) was measured when RCA25 was used first, compared to plants 

inoculated only with this strain (Fig. 2A). Rice plants inoculated with 377+RCA25, RCA25+377, 

RCA23+RCA25 and RCA25+RCA23 combinations showed a down-regulation in nitrogenase 

activity of 40%, 30%, 10% and 50%, respectively, when RCA25-inoculated plants were used as 
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reference. Co-inoculation experiments were then carried out with the strains RCA25 and RCA24 at 

100:1, 10:1, and 1:1 ratios.  When the two strains were used at a 10:1 ratio (107 cells ml-1 and 106 

cells ml-1, respectively) a significant increase (up to 50%) in nitrogenase activity was observed for 

„Baldo‟ rice as compared to RCA25-inoculated plants (Fig. 2C). In contrast, the co-inoculation with 

strains RCA25 and RCA24 at a 100:1 ratio (107 cells ml-1 and 105 cells ml-1, respectively) did not 

significantly increase nitrogenase activity (Fig. 2C). Similar results were obtained when strains 

RCA25 and RCA24 were co-inoculated both at 106 cells ml-1 (data not shown). When the ARA 

assay was carried out on plants inoculated with the IAA-overproducing RCA25 strain (RCA25-64) 

at the concentration of 107 cells ml-1 the nitrogenase activity increased up to 70% (Fig. 2C). 

 

The induction of nitrogenase activity is peculiar to IAA 

To verify the specificity of the IAA effect on N-fixation in „Baldo‟ rice, three-week old plants 

inoculated with RCA25 (107 cells ml-1) were treated with different purified molecules, structurally 

(IND and ICA) and functionally (2,4-D) similar to IAA. In our conditions, none of the compound 

tested significantly affected the activity of the nitrogenase enzyme (Fig. 2D), thus indicating that 

the observed induction is a peculiarity of IAA. 

 

Enterobacter cloacae RCA25 and Herbaspirillum huttiense RCA24 coexist within the rice roots 

When two-step inoculation and co-inoculation were carried out, the use of fluorescent-tagged 

bacteria and CLSM enabled to demonstrate that all bacterial strains effectively colonized roots of 

„Baldo‟ rice plants under gnotobiotic conditions. At the time of analysis, bacteria adhesion to root 

surface and internal colonization of the epidermal cells (including root hairs) was observed for all 

strains and for all plants (4 per treatment) subjected to CLSM analysis, and are exemplified in the 

panels of Fig. 3. In addition, the intercellular spaces within the cortex of rice root tissues were also 

colonized by all strains (Fig. 3). Bacteria were attached along the whole root surface, mostly at 
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random distribution, displaying no preferred site for the external colonization of the plant root cells. 

Differences in the inner colonization pattern in sampled plants were observed for each bacteria 

combination. Internal colonization of rice root tissues by all bacteria strains was detected by CLSM 

(Fig. 3). Either single bacterial cells or bacterial microcolonies were predominantly localized in the 

intercellular spaces of the root cortex. Plants inoculated with strain RCA25-RFP were used as 

control to confirm internal colonization of the rice root tissues (Fig. 3A). Indeed, strain RCA25-

RFP colonized both the root surface and the inner tissues, regardless whether being inoculated alone 

or in combination with the other strains (Fig. 3). Among IAA producers (RCA23, RCA24 and 377), 

strain RCA24-EGFP seemed to be the best colonizer, although all of them internally colonized the 

rice root tissues. In fact, all IAA producers could be observed both outside and inside the rice roots 

(Fig. 3). Only RCA24-EGFP was observed to coexist with strain RCA25-RFP in the same root 

regions, as clearly shown in Fig. 3B-D. Both strains can even occupy the same root niche (Fig. 3D). 

In contrast, strain 377-EGFP endophytically colonized the rice root when simultaneously inoculated 

with RCA25-RFP (Fig. 3E and inset), but co-localization of both strains in the same region of the 

root interior was not observed. Nevertheless, the possibility that both strains can coexist inside the 

rice root tissue cannot be discarded. Finally, both RCA25-RFP and RCA23-EGFP endophytically 

colonized rice roots (Fig. 3F). Strain RCA23-EGFP profusely colonized the root interior and was 

observed colonizing the same region occupied by RCA25-RFP, although these two strains were not 

detected mixed (coexisting), in contrast to the RCA25-RFP+RCA24-EGFP combination. The 

panels reported in Fig. 3 reflect representative observations of each treatment. 

 

The effective root colonization by strains RCA25 and RCA24 positively influences physiological 

parameters of rice plants  

To evaluate the effect of single inoculation with RCA25 and RCA24 and co-inoculation with both 

strains in a 10:1 ratio on rice plants growth, various physiological parameters were measured in 
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shoots and leaves of O. sativa L. cvs. Baldo and Vialone Nano. Different results were obtained for 

the two cultivars (Fig. 4 and 5). At 55 days after sowing, it was verified that the roots of O. sativa 

L. cv. Baldo plants had been efficiently colonized by the selected strains, while „Vialone Nano‟ 

plants showed a lower colonization efficiency (data not shown), consistent with the data already 

observed for plants grown in the growth chamber above reported. . At 90 days after sowing, a 

significant increase in the chlorophyll content was measured only for „Baldo‟ co-inoculated with 

RCA25 and RCA24 as compared to the control non-inoculated plants (Fig. 4A and C). For „Vialone 

Nano‟, a significant decrease in the chlorophyll content was measured when plants were inoculated 

with the strain RCA25 alone or in combination with H. huttiense RCA24. The flavonoid content 

was not significantly altered in any of the tested cultivars (Fig. 4B). For the Nitrogen Balance Index 

(NBI) a significant increase was measured for „Baldo‟ plants both when single inoculated with 

RCA25 and co-inoculated with RCA25 and RCA24 compared to the non-inoculated control. An 

opposite result (reduction of NBI parameters) was obtained for „Vialone Nano‟ plants. The data 

measured with the Soil Plant Analysis Development (SPAD) meter (Fig. 4D) confirmed those 

obtained with the Dualex and also showed a positive contribution of the single inoculation with 

strain RCA24 in „Baldo‟ rice. When the non-inoculated control plants were used as reference, both 

the single and the co-inoculated „Baldo‟ rice significantly enhanced height, dry weight (DW) and N 

content of the shoots at 90 days after sowing (Fig. 5 5). However, co-inoculated plants showed the 

highest increase in DW (up to 89%, P < 0.05)  (Fig. 5B) and N content (up to 80%, P < 0.01) (Fig. 

5C). In contrast, no positive effects on growth parameters were observed for „Vialone Nano‟ rice, 

when the non-inoculated control plants were used as reference (Fig. 5). Similar results were 

observed for three-week old „Baldo‟ plants co-inoculated with RCA25 and RCA24 under growth 

chamber conditions: co-inoculated plants showed an increase in DW (Baldo+RCA25, shoot DW = 

9 ± 1 mg; Baldo+RCA25+RCA24, shoot DW = 12 ± 3 mg) and N content (Baldo+RCA25, N = 

0.14 ± 0.03 g per plant; Baldo+RCA25+RCA24, N = 0.19 ± 0.02 g per plant) of 44% and 36%, 

respectively, when the RCA25-inoculated ones were used as reference.   
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Discussion 

For over a century, some nitrogen-fixing endophytic bacteria have been known to form associations 

with cereal crops. Although some of these bacteria have been used to produce biofertilizers, thereby 

supporting sustainable and non-polluting agriculture, it still remains controversial whether the 

enhancement of plant growth is the result of nitrogen fixation or of bacterial molecules acting as 

plant growth hormones. Furthermore, to overcome the limited amount of fixed nitrogen that can be 

achieved, the production of improved biofertilizers is required (Arora and Mishra, 2016; 

Sruthilaxmi and Babu, 2017; Orozco-Mosqueda et al., 2018). Early work from our laboratory has 

indicated that the endogenous IAA-overproduction in endophytic bacteria activated their nitrogen-

fixing apparatus. We have shown that the biosynthesis of high levels of IAA by E. cloacae RCA25-

64 (an engineered derivative of E. cloacae RCA25) led to a significant increase of both nifH gene 

expression and nitrogenase activity in liquid cultures and RCA25-64-inoculated rice plants (Defez 

et al., 2017). Here we report that the treatment of RCA25 cells with purified IAA, 2,4-D and IND, 

at a concentration not altering bacterial growth, led to a significant increase (1.6-fold) of nifH gene 

expression only when IAA was used. The ARA test confirmed these data: the highest up-regulation 

(up to 25%) of the nitrogenase activity was measured for the IAA-treated cells. These results 

suggested that the positive effect observed on the nitrogen-fixing ability of the E. cloacae RCA25 

was specific to the IAA molecule. The significant but lower increase in nitrogenase activity 

observed for IND-treated cells, as compared to the IAA-treated ones, was probably due to its role in 

bacterial biofilm formation. The high level of biofilm produced by these cells could have led to the 

generation of a low-oxygen environment, suitable for the activity of this enzyme (Hu et al., 2010; 

Lee and Lee, 2010; Kim and Park, 2015). In this work, the bacterial strains E. asburiae RCA23 and 

H. huttiense RCA24 from rice (Defez et al., 2017) and Staphylococcus sp. 377 from grapevine 

(Baldan et al., 2015) were selected for their ability to produce IAA. The best IAA producer was the 

strain 377, which released in the growth medium IAA levels comparable to the ones produced by 

the strain RCA25-64. The strains RCA23 and RCA24 produced similar but lower IAA levels than 
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the 377 one. We have here demonstrated that the strains RCA25, RCA24, RCA23 and 377 were 

able to endophytically colonize „Baldo‟ rice plantlets and that the strains RCA25 and RCA24 

seemed to be the best colonizers, when single inoculation was performed. Bacterial cells of all 

strains were randomly attached along the whole root surface and colonized the intercellular spaces 

of the root cortex. We also verified that the colonized roots contained mixed population of RFP- 

and GFP-tagged bacteria when double bacterial inoculation was carried out. However, differences 

in the inner colonization pattern were observed. The CFU number measurement in homogenates, 

deriving from plants inoculated with individual bacteria, revealed that the strain RCA24 had the 

highest colonization ability, while the 377 the lowest one, probably due to its slow growth on 

swarm agar plates. The ability to move towards or on the host plant is important for colonization by 

many plant-associated bacteria (Compant et al., 2010). Furthermore, an interaction among 

endophytes takes place naturally in the endophytic environment, due to physical barriers of plant 

tissues (Czajkowski et al., 2012; Liu et al., 2017; Kandel et al., 2017). The analysis of mutual 

interaction and antagonism by swarm agar plates showed that the nitrogen-fixing E. cloacae 

RCA25 did not exhibit antibacterial activity against all the IAA producers (Supporting Information 

Fig. S2).  The simultaneous inoculation of rice plants with the strains RCA25 and RCA24 in a 10:1 

ratio led to the highest increase in nitrogenase activity. This result was probably due to the fact that, 

although all the IAA-producers were able to internally colonize the rice root tissue, RCA24-EGFP 

colonized the host plants more efficiently and coexisted with RCA25-RFP in the same root regions, 

as confocal microscopy analysis showed. This colonization pattern was similar to the one already 

described for other plant growth promoting bacteria (Prieto et al., 2011) and demonstrated that 

previously colonized roots did not prevent further bacterial attachment and penetration. A better 

ability of the strain RCA24 to colonize rice roots could be due not only to its ability to produce 

higher amount of biofilm, which in turn promotes the adhesion of bacteria to plant surfaces, but also 

to the lack of competitive action for the niche occupancy inside the plant (Kawarai et al., 2009; 

Qurashi and Sabri, 2012; Bogino et al., 2013). It is reported that many species of beneficial soil 
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bacteria, including rhizobia, form micro-colonies or biofilms when colonizing roots (Rinaudi and 

Giordano, 2010; Sorroche et al., 2012). The increase of nitrogenase activity measured for co-

inoculated plants was significant,but lower than the one observed for „Baldo‟ plants inoculated with 

the engineered IAA-overproducing strain RCA25-64 and with the RCA25-inoculated plants treated 

with the purified IAA. We thus here propose an alternative approach to the use of genetically 

modified endophytes for the improvement of nitrogen fixation in rice plants. „Baldo‟ plants co-

inoculated with strains RCA25 and RCA24 under greenhouse conditions also showed higher 

chlorophyll, nitrogen content of shoot tissue and biomass as compared to RCA25-inoculated plants. 

We cannot rule out the possibility that the co-inoculation of „Baldo‟ rice with RCA25 and RCA24 

could have stimulated the activity of other components undetectable when the inoculated 

endophytes were re-isolated from these plants. Further specific analyses will be carried out to verify 

whether the nitrogen fixed by the RCA25 diazotroph was directly transferred to the host plants. The 

absence of significant variations for the various physiological parameters analysed in shoots and 

leaves of inoculated „Vialone Nano‟ rice plants was consistent with the lower colonization 

efficiency measured for this cultivar as compared to „Baldo‟ rice. However, although the 

identification of the morphological, physiological and molecular traits linked to this lower 

association efficiency requires further investigation, our results reinforce the concept that a host-

specificity can also exist for endophytic bacteria.  

In recent years a large deal of literature has been produced on co-inoculation (consortium) of 

agriculturally beneficial microorganisms and in many cases benefits have been observed compared 

to the single inoculation (Akintokun and Taiwo, 2016; Sahu et al., 2016; Molina-Romero et al., 

2017; Lally et al., 2017; Orozco-Mosqueda et al., 2018; Sahu et al., 2018). This present study 

shows that the beneficial endophytes E. cloacae RCA25 and H. huttiense RCA24 can be promising 

strains to improve, directly or indirectly, nitrogen fixation in rice plants under greenhouse 

conditions. Challenging projects are trying to genetically modify cereals to enhance diazotroph 

colonization or to engineer bacterial competitiveness and ammonium release (Rosenblueth et al., 
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2018; Geddes et al., 2015; Fox et al., 2016). The data here reported highlight that the assessment of 

location and distribution of the individual microbial components within the plant tissues is 

fundamental for the selection of bio-inoculants, able to enhance nitrogen-fixing ability of the host 

plants. Furthermore, if the nitrogen fixed by the bacteria was effectively transferred to the host 

plants, such an approach could also improve the biological capabilities of the plant and might have 

a major impact on sustainable agriculture. 
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Experimental procedures 

Bacterial strains and growth conditions 

The endophytic bacteria used in this work were E. cloacae RCA25 and RCA25-64, E. asburiae 

RCA23, H. huttiense RCA24 (Defez et al., 2017), and Staphylococcus sp. 377 (Baldan et al., 2015). 

Strains RCA25, RCA23 and RCA24 were grown in Luria Bertani (LB) medium whereas strain 377 

was grown in TY-CM medium (3g L-1 yeast extract, 5g L-1 tryptone, 2.5 mM CaCl2 and 2.5 mM 

MgSO4). All strains were incubated at 30°C on a shaker at 200 rpm. The following antibiotics were 

included in the media: vancomycin (Sigma-Aldrich) (20 μg ml−1) for strains RCA25, RCA23 and 

RCA24, and penicillin G (Sigma-Aldrich) (40 μg ml−1) for Staphylococcus sp. 377.  

  

Strain tagging with fluorescent proteins (FP) 

Plasmids pMP4655 (harbouring the enhanced green fluorescent protein [EGFP] marker) and 

pMP4662 (harbouring the red fluorescent protein [RFP] marker) (Bloemberg et al., 2000; Prieto 

and Mercado-Blanco, 2008) were purified from E. coli DH5  host cells using the PureLink™ 

HiPure Plasmid Filter Midiprep Kit (Invitrogen), according to the manufacturer‟s instructions. 

Electrocompetent cells of strains RCA25, RCA24 and 377 were prepared as follows: bacterial cells 

were grown up to the exponential phase (OD600 =0.5) in LB medium, washed twice with pre-cooled 

sterile water and once with 10% glycerol, resuspended in ice-cold 10% glycerol, aliquoted and 

frozen at -80°C. Aliquots were thawed on ice, and the pMP4662 purified plasmid DNA (500 ng) 

was added to the RCA25 cells and mixed quickly while the pMP4655 purified plasmid DNA (500 

ng) was used to transform RCA24 and 377 cells. The mixtures were incubated on ice for 1 min and 

transferred to a sterile pre-chilled cuvette (0.1 cm interelectrode gap), and placed in the Gene Pulser 

II apparatus equipped with a Pulser Controller (BioRad Laboratories, California, USA). The 

electroporation unit was used at the following settings: 2.5 kV, 25 μF, 200 Ω, and pulse time 4–5 

ms. The cells were immediately diluted with 1 ml of LB broth, transferred to sterilized tubes, and 
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incubated at 30°C for 4 h. From each tube, aliquots (100 μl) were plated onto selective LB agar 

plate containing 20 μg ml−1 tetracycline (Tc) and incubated at 30°C. Colonies from each plate were 

randomly selected and the presence of the plasmids pMP4655 or pMP4662 was verified by using 

fluorescence microscopy. Transformation of RCA23 cells with the pMP4655 purified plasmid DNA 

was performed by triparental mating. Cells of the donor strain (E. coli DH5 with the pMP4655 

plasmid), the helper strain (E. coli HB101 with the pRK2013 plasmid), and the recipient strain (E. 

asburiae RCA23) were grown in LB medium until late exponential phase. Aliquots (2 ml) of the 

cultures were centrifuged a 6000 rpm for 3 min at room temperature. The supernatant was removed 

and the pellet washed once with 1 ml of 10 mM MgSO4 and resuspended in 350 µl of 10 mM 

MgSO4. 100 µl of the RCA23 cells were mixed with 20 µl of both the helper and donor cells, 

spotted on LB agar plate and incubated overnight at 30°C. Two negative controls were set up: one 

by mixing RCA23 and helper cells and another by mixing donor and helper cells. After 24 h of 

incubation at 30°C the bacterial colonies grown on each spot were streaked onto LB agar plates 

containing Tc (20 μg ml−1). This procedure was carried out 3–4 times to isolate purified colonies. 

The colonies were randomly chosen and the presence of the plasmids verified by using fluorescence 

microscopy. Selected transformants were cryopreserved at −80°C in LB broth (OD600= 0.7-0.8) 

with a solution containing 16% (v/v) dimethyl sulfoxide (DMSO) and 10% (v/v) glycerol.     

  

Effect of IAA, 2,4-D and IND on bacterial growth and biofilm formation in minimal medium 

 Enterobacter cloacae RCA25 was grown in 1X M9 minimal medium (50) for 24 h at 30°C on a 

rotary shaker (200 rpm). Different concentrations of IAA (0.01 mM, 0.10 mM, 0.72 mM, 2.86 mM) 

were included into 15 mL cell cultures (OD600 = 0.5) and the absorbance at 600 nm was measured 

at different times. The compounds 2,4-D and IND, functionally and chemically similar to IAA, 

respectively, were solubilized in 50% EtOH and added into liquid cultures of strain RCA25 at 0.1 

mM final concentration. To avoid solvent interference the control cultures were treated with similar 
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amount of EtOH solution. The IAA-, 2,4-D and IND-treated cultures were also used for biofilm 

formation analysis. The bacterial cultures (10 ml) treated for 4 hours were washed 3 times with 2 ml 

1X M9 minimal medium without NH4Cl and then centrifuged at 13.000 rpm for 10 min at room 

temperature. The cell pellets were re-suspended in 10 ml of minimal medium containing 1 mM 

ammonium chloride and incubated at 30°C in polystyrene microtiter plates (100µl/well). After 20 h 

of incubation under static condition, unbounded cells were removed by inversion of the microtiter 

plate, followed by vigorous tapping on adsorbent paper. Subsequently, adhered cells were fixed, 

stained and quantified as described by Bianco et al. (2006a). 

 

Biofilm formation analysis in rich medium  

For biofilm analysis liquid cultures of the selected strains were grown in LB medium and incubated 

at 30°C in polystyrene microtiter plates (100 µl/well. After 20 h of incubation under static 

condition, unbounded cells were removed by inversion of the microtiter plates and the adhered cells 

were fixed, stained and quantified as previously described (Bianco et al., 2006a).  

 

qRT-PCR analysis  

The bacterial cultures (2 ml) were treated with IAA, 2,4-D and IND for 4 h, as described above. 

After the treatment the cultures were centrifuged at 13.000 rpm for 5 min at 4°C, frozen in liquid 

nitrogen and used for RNA extraction and purification as previously described (Imperlini et al., 

2009). Residual DNA present in the RNA preparations was removed by using the RNAse-free 

TURBO DNase I Kit (AMBION, California, USA) according to the manufacturer‟s instructions. 

After purification and quality checking by 1.5% agarose gel electrophoresis, RNA concentration 

was determined by absorbance at 260 nm using a NanoDrop ND-1000 spectrophotometer and the 

RNA was stored at −20°C until further use. Synthesis of cDNA was carried out from 1 μg of total 

RNA, using the QuantiTect® reverse transcription kit (QIAGEN, Hilden, Germany) following the 
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manufacturer's instructions. Specific primer pairs for the nifH gene were those reported in Defez et 

al. (2017). The primer pair for dnaA (constitutively expressed gene), 5'-

GTAAAGGCCCTGCAAAACAA-3' and 5'-AACGATCCGAGGTCAAAATG-3', were included in 

the qRT-PCR analyses for data normalization. After normalizing for dnaA gene expression, data of 

five biological replicates were recorded as relative gene expression changes and computed using the 

CT method (2−ΔΔCT) as previously described (Bianco et al., 2006b).  

 

Assessment of nitrogenase activity in bacterial cultures by the acetylene reduction assay (ARA)  

The nitrogen-fixing ability of the strain RCA25 treated for 4 hours with IAA, 2,4-D and IND as 

above described was determined by the ARA test. Cultures of strain RCA25 treated with 0.125% 

EtOH were used as control. The cell cultures (4 ml) were washed twice with 2 ml 1X M9 minimal 

medium without NH4Cl and then centrifuged at 13.000 rpm for 7 min at room temperature. The cell 

pellets were re-suspended in 2 ml of minimal medium without ammonium chloride, transferred into 

airtight glass tubes with serum cap, incubated under a hypoxic atmosphere (2% O2) and 10% 

acetylene for 18 h at 30°C. A sample (1 ml) from each tube was used to evaluate the amount of the 

ethylene (C2H4) produced by using a gas chromatograph GC Clarus®580 (PerkinElmer, Shelton, 

USA) equipped with a hydrogen flame detector (FID) and a TG-IBOND Alumina (Na2SO4 

deactivate) column (30 m × 0.53 mm × 10 μm, Thermo Scientific). The flow rate of the carrier 

(helium) was 48 cm s−1, and the oven programmer was 130°C isocratic for 3 min (Defez et al., 

2017). Inoculated tubes without injected acetylene were used as a negative control.  

IAA production  

Bacterial IAA production was quantified by using the Salkowski reagent (Salkowski et al., 1885). 

Bacterial cultures (15 ml) were grown at 30°C overnight in rich medium containing 5 mM L-

tryptophan and then centrifuged at 12.000 rpm for 5 min to collect the bacterial cells. The cells were 

dried and weighed for data normalization. The culture supernatants were mixed with the reagent 
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(35% HClO4 50 ml, 0.5 M FeCl3 1 ml) in a 1:1 ratio. After 30 min of incubation at room 

temperature, absorbance at 530 nm was measured. The concentration of IAA from each culture 

medium was calculated from a pure IAA standard curve.  

Plant growth and inoculation methods  

Dehulled seeds of O. sativa L. cvs. Baldo (breeder Ente Nazionale Risi, Milan, Italy) and Vialone 

Nano (breeder CREA-CI, Research Centre for Cereal and Industrial Crops, Vercelli, Turin, Italy) 

were surface sterilized with 70% ethanol for 7 min, rinsed with sterile water, and shaken in 5% 

sodium hypochlorite solution for 25 min at room temperature. Seeds were then washed several 

times with sterilized distilled water, positioned onto the surface of 0.8% water-agar plates and 

incubated at 21°C in the dark for germination. After 5 days, the roots of the germinated seeds were 

cut (0.5 cm from the bottom) with a sterile lancet to facilitate the uptake of bacteria, incubated with 

bacteria for the infection and then transferred into plastic pots containing sand and perlite soil in 1:1 

ratio, as previously described (Defez et al., 2017), or into hydroponic units (plastic tubes of 15 cm 

in length and 5 cm in diameter) containing Jensen nitrogen-free nutrient solution (Jensen, 1942). 

For the inoculation of rice plants, three different methods were used. Method 1 (single inoculation): 

seedlings were incubated with each selected strain at 106 cells ml-1 in 1× PBS solution under 

constant gentle stirring for 4 h at room temperature. Method 2 (two-step inoculation): seedlings 

were incubated during 2 hours with 106 cells ml-1 of one strain, the cell suspensions were then 

removed and seedlings were treated with the second one at the same concentration for other two 

hours. No washing was performed between the incubation with the two bacteria. Method 3 (co-

inoculation): the seedlings with the cut roots were incubated for 4 h with a two component bacterial 

mixture containing the RCA25 strains at 107 cells ml-1 and each of the other strain at 105 or 106 cells 

ml-1.  To analyse the effect of purified IAA on the nitrogenase activity of RCA25 in plant, rice 

plants inoculated with RCA25 were grown in hydroponic conditions as described above for three 

weeks. The growth medium was then replaced with a PBS solution containing IAA at final 
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concentration of 4 µM and the plants were kept in the growth chamber for 4 hours. After the IAA-

treatment the plants were carefully removed from the pots and used for the ARA assay.  To verify 

the specificity of IAA, purified molecules, functionally (2,4-D) or structurally [IND and indole-3-

carboxylic acid (ICA)], were solubilized in 50% EtOH and tested at a final concentration of 4 µM. 

To avoid solvent interference the control plants were treated with similar amount of EtOH solution. 

For confocal microscopy experiments the two-step inoculation and co-inoculation were used, while 

the co-inoculation method was used to perform greenhouse experiments. Inoculated seedlings were 

then transferred into plastic pots, as described above. Each planting unit was kept in the growth 

chamber under long daylight (16 h), 19–23°C temperature and 75% relative humidity.  

Re-isolation of endophytic bacteria from inoculated plants  

The plant colonization was assessed at 15 days after O. sativa L. cv. Baldo infection. The surface of 

the whole plant was sterilized using the following procedure: 1 min in 70% EtOH, 1 min in 5% 

sodium hypochlorite solution and 30 seconds in 70% EtOH. The tissues of the whole plant were 

then washed several times with sterilized distilled water and homogenized using a sterile mortar and 

pestle in 5 ml of 1× PBS. Dilutions of the homogenates were spread onto rich medium agar plates 

containing the specific antibiotics. After 24 h at 30°C the CFU number was counted. The 

colonization efficiency was presented as CFU ratio based on RCA25 strain. To determine the extent 

of bacterial population inside plants co-inoculated with RFP-tagged RCA25 and EGFP-tagged 

RCA24 at 107 cells ml-1 and at 106 cells ml-1, respectively, the CFU numbers were counted. The 

colonies were distinguished according to the different colours (red and green) produced on LB agar 

plates. The CFU numbers of plants inoculated with the single strains at the same concentrations 

were used as reference.  

Assessment of nitrogenase activity in inoculated plants by ARA  

Three-week-old rice plants (O. sativa L. cvs. Baldo and Vialone Nano), grown as above described, 

were carefully removed from the pots and the roots were rinsed with water. The plants were then 
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transferred into 20 ml glass tubes and analysed for the ARA assay as described by Defez et al. 

(2017).  

Microscopy analysis  

Oryza sativa L. cv. Baldo plants inoculated with the fluorescent-tagged strains (RCA25-RFP, 

RCA24-EGFP, RCA23-EGFP and 377-EGFP) were analysed by confocal microscopy to verify 

their ability to colonize rice roots endophytically. Inoculation with strain RCA25-RFP and the 

double bacteria combinations (RCA25-RFP+RCA23-EGFP, RCA25-RFP+RCA24-EGFP, RCA25-

RFP+377-EGFP) as well as growth conditions were described above. Root samples (4 per treatment 

and per assay) were analysed on the confocal microscope 13 days after bacterial inoculation to 

monitor bacteria colonization of root tissues. Two different experiments (two-step inoculation and 

co-inoculation) were carried out and four plants per treatment were analysed in each experiment. 

Rice plants were carefully uprooted from tubes and the root systems washed by dipping them in tap 

water. Then, roots from each plant were exhaustively analysed by confocal microscopy. Confocal 

optical stacks were collected using an Axioskop 2 MOT microscope (Carl Zeiss Inc., Jena GmbH, 

Germany) equipped with a krypton and an argon laser, controlled by Carl Zeiss Laser Scanning 

System LSM5 PASCAL software (Carl Zeiss Inc.). EGFP-tagged bacterial cells were excited with 

the 488-nm Ar laser line and were detected in the 500–520-nm window. RFP-tagged bacterial cells 

were excited with the 568-nm Kr laser line and detected in the 580–620-nm window. The 

microscope data were recorded and then transferred for analysis to Zeiss LSM Image Browser 

version 4.0 (Carl Zeiss Inc.). Bacterial colonization of rice roots was analysed from three 

dimensional (3D) confocal data stacks. Projections from adjacent confocal optical sections were 

made for building up the images shown in Fig. 3 3. Final images were processed for brightness and 

contrast with PHOTOSHOP 4.0 software (Adobe Systems Inc., San Jose, CA). 

Greenhouse experiments and plant growth-promotion activity in inoculated rice plant  
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Dehulled seeds of O. sativa L. cvs. Baldo and Vialone Nano were surface-sterilized and germinated 

as above described. For the single inoculation, seedlings were separately incubated with strains 

RCA25 (107 cells ml-1) and RCA24 (106 cells ml-1), while for the co-inoculation, seedlings were 

incubated with a bacterial mixture containing RCA25 and RCA24 at the same concentration as the 

one used for the single-inoculation. For each experimental sample, five non-inoculated (control) 

and inoculated (RCA25, RCA24 and RCA25 + RCA24) seedlings were sown into 12 plastic pots 

(23 cm x 21 cm) filled with non-sterile paddy field soil (47.8% sand, 9.4 % clay, 42.8% silt, pH 6.4, 

organic matter 1.45%) taken from the experimental rice field of CREA-CI in Vercelli (VC) in April 

2018. Plants were watered every day with tap water, and kept in a greenhouse for 90 days, 

following the natural photoperiod. At 55 days after sowing, the inoculation efficiency was measured 

as described in the Methods section “Re-isolation of endophytic bacteria from inoculated plants”. 

At 90 days after sowing (i.e. heading-flowering stage), the Soil Plant Analysis Development 

(SPAD) meter (KONICA MINOLTA, Milan, Italy) was used for the estimation of leaf chlorophyll 

content.  The ratio of chlorophyll (CHL) and flavonoid (FLA) concentration, which is termed 

Nitrogen Balance Index (NBI=CHL/FLA), was also recorded as an indicator of the plant nitrogen 

status at the beginning of flowering stage (Tremblay et al., 2012) using the DUALEX 4 Scientific 

(Dx4) chlorophyll meter (Force-A, Paris, France) (Goulas et al., 2004). Measurements were carried 

out on both adaxial and abaxial faces of the panicle leaf for each plant. Plants were then removed 

from pots, submerged in tap water to remove soil from the root system and the height and weight of 

the shoots measured. Plants were then dried for 48 h at 70 °C and weighed to measure the shoot dry 

mass. Total nitrogen content from 5 mg dried material was determined by using an elemental 

analyser (Flash EA 1112, Thermo Finnigan) at 950°C.  

Statistical analysis  

Statistical analysis of data was performed by applying one-way analysis of variance (ANOVA), 

followed by Tukey‟s HSD post-hoc test, using the VassarStats ANOVA program available at: 
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http://faculty.vassar.edu/lowry/VassarStats.html. The results were considered statistically 

significant when P  0.05. Five biological replicates have been carried out for the measurement of 

biofilm, gene expression, nitrogenase activity, IAA production, nitrogen content, and endophytes 

re-isolated from inoculated plants. The evaluation of physiological parameters was performed on 

forty biological replicates. 
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Table 1. IAA production and biofilm formation in rich medium. 

 

Strain
 

IAA production
a
  

(µmol mg
-1 

cells) 

Ratio 
Biofilm

b 

(OD570nm) 

Ratio 

RCA25 0.005 ± 0.001  0.20 ± 0.03  

RCA24 0.036 ± 0.011 7.2 0.69 ± 0.02 3.4 

RCA23 0.040 ± 0.002 8.0 0.71 ± 0.02 3.5 

377 0.114 ± 0.007 22.8 0.15 ± 0.01 0.75 

 

Ratio calculation was based on RCA25 cultures. The values reported in the table are the averages ± 

standard deviation (SD) of at least four independent bacterial cultures. 

The significance (P < 0.01) of the data was confirmed by Student‟s t test. 

aStationary phase cultures treated with L-tryptophan were used in this assay.  

bCrystal violet staining quantification.  
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Figure Legends 

Fig. 1. IAA specifically induces the expression of nifH and the activity of nitrogenase in H. 

huttiense RCA25 but does not significantly affect its growth or biofilm formation. To verify the 

specificity of IAA effects, IAA and its functional analogue 2,4-D and its structural analogue IND 

were dissolved in 50% EtOH and exogenously added to RCA25 bacterial cultures. Cultures non-

treated with these compounds were used as reference. A. Absorbance at 600 nm over time. B. 

Microtiter plate biofilm assay. Surface attached biofilm of treated and not-treated cells were stained 

using crystal violet after 20 h of incubation at 30°C. C. Quantitative RT-PCR analysis of nifH gene 

expression. Gene expression was presented as a fold change in expression between the RCA25 cells 

treated with the selected compounds and the untreated ones. D. Nitrogenase activity by ARA test. 

After treatment with the selected compounds the cultures were centrifuged, the cell pellets re-

suspended in minimal medium without ammonium chloride and transferred into glass tubes for the 

assay. Values are the means ± standard deviation (SD) of at least five bacterial cultures. The 

asterisk in all panels indicates significant difference (P < 0.05, Tukey‟s post-hoc test) between 

control and treated cells. 

 

Fig. 2. Two-step inoculation and co-inoculation  induce nitrogenase activity in inoculated rice 

plants. Three-week-old rice plants (Oryza sativa L. cv. Baldo) inoculated with different 

combinations of the selected endophytes were carefully removed from the pots, washed with tap 

water and transferred into glass tubes for ARA assay. A. Nitrogenase activity in rice plants 

inoculated first with the RCA25 strain and then with each of the other strains (377, RCA23 and 

RCA24, respectively) all at the concentration of 106 cells ml-1. B. Nitrogenase activity in rice plants 

inoculated with the same strains used in A but with a reverse order. C. Nitrogenase activity in rice 

plants inoculated only with RCA25 or RCA25-64, both at the concentration of 107 cells ml-1, and 

co-inoculated with RCA25 and RCA24 mixed in two ratios (100:1 and 10:1). D. Effect of purified 
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molecules, structurally (indole, IND; indole-3-carboxylic acid, ICA) or functionally (2,4-

dichlorophenoxyacetic acid, 2,4-D) similar to IAA, on the activity of nitrogenase enzymes in 

RCA25-inoculated rice plants. ARA data are presented as means ± SD of at least five plant 

replicates. Asterisks in all panels indicate significant difference (P < 0.05, Tukey‟s post-hoc test) 

between RCA25-inoculated plants and each treatment. 

 

Fig. 3. CLSM images of colonization events of Oryza sativa L. cv. Baldo roots by Enterobacter 

cloacae RCA25, Enterobacter asburiae RCA23, Herbaspirillum huttiense RCA24 and 

Staphylococcus sp. 377 fluorescent-tagged cells. Rice plants were inoculated with the RCA25-RFP 

strain alone and with RCA25-RFP+RCA23-EGFP, RCA25-RFP+RCA24-EGFP, RCA25-

RFP+377-EGFP combinations and analysed by CLSM 13 days after the two-step inoculation. 

Confocal analysis was performed on 3-4 cm long rice roots to show bacteria colonization. Images 

are projections of 10 adjacent confocal optical sections in panels B, C, E and F and single confocal 

images in panels A and D. Focal step between confocal optical sections was 0.5 m. The panels 

reported in this Figure are representative images of four plant replicates for each treatment. 

A. Epidermal cells including a root hair internally colonized by RCA25-EFP bacterial cells. B. 

Simultaneous localization within the cortical rice root tissue of RCA25-RFP + RCA24-EGFP 

bacterial cells. C. A different rice root region internally colonized by the same RCA25-RFP + 

RCA24-EGFP combination, and D a close up image (inset in C) showing both bacteria coexisting 

within the same root cell. E. CLSM image of a rice root internally colonized by the RCA25-RFP + 

377-EGFP combination. Both bacteria were not simultaneously observed within the same root area 

but 377-EGFP was also able to internally colonize the root tissue in different root regions where 

RCA25-RFP was not detected (inset). F. Simultaneous localization of both RCA25-RFP and 

RCA23-EGFP bacterial cells within the rice root cortex. A root hair colonized by RCA23-EGFP 

cells is also shown. The asterisk in all panels represents internal bacteria colonization and 
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colonization of the rice root surface is shown by arrow. rh, root hair; co, cortex. Scale bars represent 

50 μm in all panels except in D where represents 20 μm. 

 

Fig. 4. Co-inoculation affetcs chlorophyll and nitrogen content in „Baldo‟ rice leaves.  Oryza sativa 

L. cvs. Baldo and Vialone Nano were single- and co-inoculated with RCA25 (107 cells ml-1) and 

RCA24 (106 cells ml-1), and at 90 days after inoculation two leaf-clip devices were used to assess 

the chlorophyll content and the N nutritional status of rice plants. The chlorophyll content (chl), the 

polyphenols concentration as flavonol (fla) and the Nitrogen Balance Index (nbi), calculated as the 

ratio between chl and fla, were measured on fully opened leaves by a Dualex clip sensor (A, B and 

C). The chlorophyll content was also measured on fully opened leaves by using a SPAD clip sensor 

(D). The average of results obtained from at least forty plant replicates is reported in this Figure. 

The error bars representing SD are shown in each case. Asterisks indicate significant difference (P 

< 0.05, Tukey‟s post-hoc test) between control and inoculated plants. The statistical analysis was 

carried out separately for the two cultivars. 

 

Fig. 5. Co-inoculation with Enterobacter cloacae RCA25 and Herbaspirillum huttiense RCA24 

influences physiological parameters of Oryza sativa L. cv. Baldo. At 90 days after sowing plants 

single- and co-inoculated with RCA25 (107 cells ml-1) and RCA24 (106 cells ml-1) were removed 

from pots and the height (A), dry weight (B) and nitrogen content (C) of the shoots measured. The 

calibration curves for the elemental analyser used for nitrogen content analyses were determined by 

using atropine standard to different known concentration of nitrogen contents (LAR, regione 

Piemonte, Italy). Data are presented as mean ± SD. The height and dry weight values were collected 

from forty plant replicates, while at least five plant replicates were used for measurements of total 

nitrogen content. The box plots reported in panels A and B show where 50% of the samples lie. The 

black line inside the box represents the median; the upper and lower boxes represent the first and 

third quartile; the whiskers indicate variability out of the first and third quartile. Asterisks indicate 
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significant differences (P < 0.05, Tukey‟s post-hoc test) between RCA25-inoculated plants and 

two-step and inoculated plants. Statistical analyses of Baldo and Vialone Nano cultivars were 

carried out independently. 
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