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a b s t r a c t
The microbial community plays an essential role in maintaining the ecological balance of soils. Interactions between microorganisms and plants have a major inﬂuence on the nutrition and health of the latter,
and growth-promoting rhizobacteria can be used to improve plant development through a wide range of
mechanisms. Therefore, the objective of the present study was to evaluate bacteria as growth-promoting
agents for citrus rootstocks. A total of 30 bacterial isolates (11 of Bacillus spp., 11 actinobacteria, and 8
lactic acid bacteria) were evaluated in vitro for indoleacetic acid production, phosphate solubilization,
and nitrogen (N) ﬁxation. In vivo testing consisted of growth promotion trials of the bacterial isolates
that yielded the best results on in vitro tests with three rootstocks: Swingle citrumelo [Citrus × paradisi
Macfad cv. Duncan × Poncirus trifoliata (L.) Raf.], Sunki mandarin (Citrus sunki Hort. ex Tan), and rangpur (Citrus × limonia Osbeck). The parameters of interest were height, number of leaves, stem diameter,
shoot and root dry mass, and total dry mass at 150 days after germination. The results showed that most
bacterial isolates were capable of IAA production. Only one lactic acid bacterium isolate (BL06) solubilized phosphate, with a high solubilization index (PSI > 3). In the actinobacteria group, isolates ACT01
(PSI = 2.09) and ACT07 (PSI = 2.01) exhibited moderate phosphate-solubilizing properties. Of the Bacillus spp. isolates, only CPMO6 and BM17 solubilized phosphate. The bacterial isolates that most ﬁxated
nitrogen were BM17, ACT11, and BL24. In the present study, some bacteria were able to promote growth
of citrus rootstocks; however, this response was dependent on plant genotype and isolate. Bacillus spp.
BM16 and CPMO4 were able to promote growth of Swingle citrumelo. In Sunki mandarin plants, the best
treatment results were obtained with BM17 (Bacillus sp.) and ACT11 (actinobacteria). For Rangpur lime
rootstock, only BM05 (Bacillus sp.) was able to promote increase in two parameters assessed, height and
number of leaves. When the bacterial isolates were used in mixture there was not promoted growth of
plants on rootstocks. This fact may be associated with the different mechanisms of action of each bacteria
involved or with the presence of competition among the microorganisms of the mixture.
© 2016 Elsevier GmbH. All rights reserved.

1. Introduction
The citrus are grown and marketed worldwide, and are among
the most economically important crops. Nursery trees are the main
material needed to establish a citrus grove, and the rootstocks most
commonly used for budding include the Swingle citrumelo and the
Rangpur lime (Prado et al., 2008).
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During their formative period, citrus plants go through a nursery
phase, which facilitates the inoculation of beneﬁcial microorganisms into the growing medium. Plant growth-promoting bacteria
are commonly present in many plant species, enhancing development and potentially shortening the growth cycle. Therefore, these
organisms could be used to speed development of citrus trees,
increase their dry mass production and, consequently, shorten
nursery time (Silveira et al., 2003; Freitas and Aguilar Vildoso,
2004). Furthermore, they could provide the possibility of reducing
the use of agricultural inputs, with economic and environmental
advantages, thus making citrus growing more sustainable.
Plant growth-promoting rhizobacteria (PGPR) live in the rhizosphere, where they occupy approximately 5 to 17% of the total
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root surface (Gray and Smith, 2005). The most widely studied
genera include Bacillus, Pseudomonas, Azospirillum, and Rhizobium.
These microorganisms have beneﬁcial effects on seed germination,
seedling emergence, and plant growth (Ahmad et al., 2008).
According to Richardson et al. (2009), the interactions between
plant roots and soil microbiota play a signiﬁcant role in plant
nutrition. Soil microorganisms may promote plant growth through
synthesis of plant hormones (auxins and gibberellins), nitrogen ﬁxation, solubilization of inorganic phosphate, and mineralization of
organic phosphate, thus making these elements available to plants
(Rodríguez and Fraga, 1999).
The major auxin is indoleacetic acid (IAA), a plant growth regulator produced in the apical meristem that plays a role in promoting
root and stem growth through cell elongation. Studies have shown
that many rhizosphere microorganisms are capable of synthesizing
plant growth regulators in vitro. Sarwa and Kremer (1995) studied
microorganisms in the rhizospheres of different plants and found
that root-associated isolates were more efﬁcient in terms of auxin
production than non-associated isolates. It is estimated that 80%
of bacteria isolated from the rhizosphere are able to produce IAA
(Pereira et al., 2012; Patten and Glick, 1996).
Rhizobacteria assimilate inorganic N and convert it into organic
constituents of their cells and tissues. Furthermore, the compounds
synthesized by these microorganisms can undergo partial mineralization and become available to plants (Alfaia, 2006). The possibility
of partially or completely replacing nitrogen-based fertilizers with
atmospheric N ﬁxated by biological systems could be of great economic and environmental importance (Bhattacharjee et al., 2008).
Phosphorus is one of the main limiting nutrients in plant
growth, as it inﬂuences a variety of metabolic processes, including
cell development and division, energy transport, macromolecule
biosynthesis, respiration, and photosynthesis (Khan et al., 2014).
The low phosphorus availability observed in tropical soils directly
affects the magnitude and frequency of response to fertilization
with other nutrients (Wang et al., 2010). Although the soil contains phosphorus reserves, they are largely unavailable to plants;
in addition, phosphate fertilizers become partly unavailable once
applied to the soil (Rodríguez and Fraga, 1999). Many bacterial
species that colonize the rhizosphere are capable of solubilizing
phosphorus through production of low-molecular-weight organic
acids (Collavino et al., 2010).
Within this context, the present study sought to evaluate bacteria as growth-promoting agents for citrus rootstocks, with a view
to selection of strains with the potential for using in agriculture.

2. Materials and methods
2.1. In vitro microorganism selection
The initial stage of this study consisted of a laboratory assessment of 30 bacterial isolates: 11 Bacillus spp. isolates: BM01,
BM05, BM16, BM17, BM18, BM24 (these isolates were obtained
from strawberry leaves), CPMO2, CPMO3, CPMO4, CPMO5, CPMO6
(from coffee leaves); eight lactic acid bacteria isolates BL01, BL06,
BL10, BL12, BL14, BL16, BL24, BL29 (isolated from the fermentation
process for cachaça (sugarcane liquor) production), and 11 actinobacteria isolates ACT01, ACT02, ACT05, ACT06, ACT07, ACT08,
ACT10, ACT11, ACT14, ACT15 (all isolated from citrus growing soils)
and SG (provided from Collection of Crops Tropical of André Tosello
Foundation) were tested for IAA production, phosphate solubilization, and N ﬁxation.
After these assays, 16 bacterial isolates were selected for experiments with citrus seedlings in a greenhouse setting: Bacillus
spp. BM001, BM05, BM16, BM17, BM24, CPMO2, CPMO3, CPMO4,
CPMO5, and CPMO6; actinobacteria ACT01, ACT05, ACT11, and
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ACT15; lactic acid bacteria BL06 and BL16; and a mixture of BM24,
BL06, and ACT05. This combination was chosen according to plant
growth promotion traits presented by bacterial isolates, such as IAA
production (BM24), phosphate solubilization (BL06) and, nitrogen
ﬁxation (ACT05).
2.1.1. IAA production
For assessment of IAA production, bacterial isolates were ﬁrst
grown in 100-mL Erlenmeyer ﬂasks containing 50 mL of 10% TSB
medium (15 g tryptone, 5 g soy peptone, 1 g tryptophan, 8 g NaCl,
1000 mL deionized water; pH 7.0). To each ﬂask, 1 mL of bacterial suspension (1.0 × 107 cells/mL) was added. Cultures were
then shaken at 150 rpm for 72 h at 28 ◦ C. After incubation, a 2 mL
aliquot of each culture was centrifuged at 4000 rpm for 15 min.
Then, 1.5 mL of Salkowski reagent (7.5 mL FeCl3 0.5 M; 150 mL concentrated H2 SO4 ; 250 mL distilled water) was added to 1.5 mL of
supernatant (Patten and Glick, 2002). The reaction was run for
20 min and read in a spectrophotometer at 530 nm (Asghar et al.,
2002). The same medium without added bacterial suspension was
used as control.
For quantitation of IAA, a calibration curve was constructed
using different known concentrations of commercially available
IAA (0, 2, 4, 10, 16 g mL−1 ). A completely randomized design was
used, with 31 treatments and three replications. The data obtained
were entered into an analysis of variance (ANOVA). Means were
compared by the Scott-Knott test, at the 5% level, in the SISVAR
software environment (Ferreira, 2000).
2.1.2. Bacterial phosphate solubilization assay
Assessment of inorganic phosphate-solubilizing bacteria was
performed using the method described by Verma et al. (2001) and
Rodriguez et al. (2000). Bacteria were grown in a modiﬁed medium
containing insoluble phosphate (10 g glucose, 5 g NH4 Cl, 1 g NaCl,
1 g MgSO4 ·7H2 O, 4 g CaHPO4 , 15 g agar, pH 7.2, 1000 mL deionized
water). One loop of each of the chosen bacteria was taken from an
active colony, seeded on predetermined points in a Petri dish containing the culture medium, and incubated at 28 ◦ C. Assessment
was determined by the presence of a halo around the colony, indicative of phosphate solubilization. Isolates were assessed after 10
days. The diameter (ø) of the solubilization halo, visualized as a clear
area surrounding the colony, was measured with a digital caliper.
Using these measurements, the phosphate solubilization index
(PSI) for each isolate was calculated with the formula: PSI = halo
ø (mm)/colony ø (mm), as described by Hara and Oliveira (2004).
According to Silva Filho and Vidor (2000), solubilization may be
classiﬁed as low (PSI < 2), moderate (2 ≥ PSI ≤ 3), or high (PSI > 3). A
completely randomized design was used, with three replications.
Again, the data obtained were entered into an analysis of variance
(ANOVA). Means were compared by the Scott-Knott test, at the 5%
level, in the SISVAR software environment (Ferreira, 2000).
2.1.3. Nitrogen ﬁxation assay
For nitrogen ﬁxation testing, bacteria were grown in 20 × 70mm test tubes containing 10 mL of semisolid NFb (nitrogen-ﬁxing
bacteria) medium (5 g malic acid, 0.5 g K2 HPO4 , 0.2 g MgSO4. 7H2 O,
0.1 g NaCl, 0.01 g CaCl2 ·2H2 O, 4 mL Fe. EDTA [1.64%] solution,
2 mL/L bromothymol blue [0.5%], 2 mL/L micronutrient solution
[0.2 g Na2 MoO4 .2H2 O, 0.235 g MnSO4 ·H2 O, 0.28 g H3 BO3 , 0.008 g
CuSO4 .5H2 O, 1000 mL deionized water], and 1.75 g/L agar; pH 6.8)
(Döbereiner et al., 1995). A 0.5 mL aliquot of bacterial suspension
(1.0 × 107 cells/mL) was placed into each tube. The same medium
without added bacterial isolate was used as control. Cultures were
incubated in a BOD incubator at 28 ◦ C for 7 days (Kuss et al.,
2007). Aliquots (10 mL) of each culture (medium + cell content)
were poured into tubes for digestion by the semi-micro Kjeldahl
method (Malavolta et al., 1997).
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Then, 0.7 g of digestion mixture (100 g Na2 SO4 , 10 g
CuSO4 .5H2 O, 1 g selenium powder, 1 mL H2 O2 , 2 mL H2 SO4 ,
in this order) was added to each tube containing the lysed cells.
The tubes were heated in a block heater digestion system for
2 h at 180 ◦ C. The temperature was then raised to 360 ◦ C and
maintained until the mixture became straw-colored. At this point,
the mixture was left to stand until the temperature had reduced
to approximately 40 ◦ C and distilled water was added to a ﬁnal
volume of 10 mL. The mixture was then distilled with NaOH and
the solution titrated for quantitation of total N (Nt) (Malavolta
et al., 1997). The amount of Nt ﬁxed was expressed in micrograms
per mL of culture medium.
There were three replications per treatment. The data obtained
were entered into an analysis of variance (ANOVA) and means were
compared by the Scott-Knott test, at the 5% level, in the SISVAR
software environment (Ferreira, 2000).
2.2. Promotion of citrus rootstock growth by exposure to bacteria
To assess the potential of growth promotion by the selected bacteria, three varieties of citrus rootstocks were used: Rangpur lime,
Sunki mandarin, and Swingle citrumelo.
This study was carried out in a greenhouse setting, using seeds
from the budwood sector of Sylvio Moreira Citriculture Center/IAC,
Cordeirópolis, state of São Paulo, Brazil. Seedlings were grown in
50 cm3 tubes, using unsterilized growth medium of vegetable origin. During the experiment, plants received two nutrient solutions,
which were switched every 15 days: Solution 1: 0.4 g ammonium nitrate; 1.0 g calcium nitrate; 0.006 g zinc sulfate; 0.008 g
manganese sulfate; 0.008 g copper sulfate; 0.03 g iron sulfate;
and 1000 mL water. Solution 2: 0.45 g ammonium nitrate; 0.1 g
monoammonium phosphate; 0.51 g potassium nitrate; 0.83 g magnesium sulfate; 0.012 g zinc sulfate; 0.03 g iron sulfate; and 1000 mL
water.
Bacteria were grown in Petri dishes containing speciﬁc nutrient agar medium (NA, Himedia® ) for Bacillus spp. (BM01, BM05,
BM16, BM17, BM24, CPMO2, CPMO3, CPMO4, CPMO5, CPMO6) and
incubated in a BOD incubator at 28 ◦ C for 24 h (Amorim and Melo,
2002); lactic acid bacteria (BL06 and BL16) were grown in de ManRogosa-Sharpe (MRS) agar, Kasvy® (Brashears et al., 2003), and
incubated for 48 h at 35 ◦ C. Actinobacteria isolates (ACT01, ACT05,
ACT11, ACT15) were grown in starch casein agar (SCA) medium
(10 g starch, 0.3 g casein, 2.0 g potassium nitrate, 2.0 g NaCl, 2.0 g
dipotassium phosphate, 0.05 g magnesium sulfate, 0.01 g ferrous
sulﬁde, 20 g agar, 1000 mL distilled water) and incubated for 10
days at 28 ◦ C (Frighetto and Valarini, 2000). An additional treatment
was established consisting of a mixture of bacterial isolates (BM24,
BL06, and ACT05, in equal proportion). These bacteria were grown
separately and mixed extemporaneously at the time of application.
To prepare each inoculum, 15 mL of sterile saline water (0.85%
NaCl + 0.05% Tween 80) was added to each culture-containing
Petri dish. A platinum inoculation loop was then used to scrape
and transfer the colonies into a saline solution (0.85% NaCl).
The colony concentrations were then calibrated in a Neubauer
counting chamber. Sixty days after seeding, a 5-mL aliquot of suspension (1 × 107 cells/mL) of each bacterial isolate was added to
each tube. Non-inoculated plants given water alone were used as
untreated controls. At 120 days after seeding, plants were once
again treated with the bacteria (method adapted from Freitas and
Aguilar Vildoso, 2004).
The parameters of interest were height, number of leaves, stem
diameter, shoot and root dry mass, and total dry mass, at 150 days
after seeding.
Treatments were distributed across a completely randomized
design with ﬁve replications, with each replication consisting of
one plant. Data were analyzed separately for each variety. The data

Table 1
Assessment of bacterial isolates by IAA production, phosphate solubilization index
(PSI = halo ø [mm]/colony ø [mm]), and nitrogen (N) ﬁxation.
Treatments
BM24
CPMO5
BM16
CPMO2
BM01
CPMO4
CPMO6
BM05
BM17
CPMO3
BM18
ACT15
ACT08
BL12
BL01
BL14
SG
BL16
BL10
ACT14
ACT10
BL06
ACT11
ACT06
ACT07
ACT05
BL29
ACT02
ACT01
BL24
CV%

IAA (g mL−1 )2
1

21.07a
20.34 a
20.17 a
19.43 a
19.16 a
18.02 a
16.48 b
16.25 b
16.03 b
15.84 b
13.10 c
10.59 c
5.92 d
5.46 d
4.78 d
2.63 e
2.09 e
2.02 e
1.61 e
1.40 f
0.92 f
0.79 f
0.73 f
0.63 f
0.43 f
0.37 g
0.32 g
0.18 g
0.15 g
0.00 h
11.45

PSI2

Total N (g mL−1 )3

0.00 f
0.00 f
0.00 f
0.00 f
0.00 f
0.00 f
1.48 c
0.00 f
1.38 d
0.00 f
0.00 f
1.09 e
1.04 e
0.00 f
0.00 f
0.00 f
1.06 e
0.00 f
0.00 f
1.27 d
0.00 f
3.10 a
1.42 d
1.61 c
2.01 b
1.13 e
0.00 f
1.49 c
2.09 b
0.00 f
8.37

41.36 b
41.08 b
17.69 c
45.09 b
0.00 e
15.79 c
6.23 d
0.00 e
56.50 a
14.60 c
0.00 e
38.10 b
0.00 e
0.00 e
0.00 e
0.00 e
2.80 d
35.57 b
0.00 e
2.83 d
23.82 c
33.57 b
61.54 a
5.28 d
0.00 e
50.18 a
0.00 e
21.13 c
15.84 c
40.64 b
17.46

1
Same letter along the same column denotes no signiﬁcant difference (p < 0.05,
Scott-Knott test).
√
2
x transformed data.
√
3
x + 1 transformed data.

obtained were entered into an analysis of variance (ANOVA) and
means were compared by the Tukey test, at the 5% level, in the SISVAR software environment (Ferreira, 2000). This experiment was
carried out in duplicate.
3. Results
3.1. In vitro microorganism selection
3.1.1. IAA production
Of the 30 bacterial isolates studied in vitro, except BL24 all
were capable of producing IAA. All Bacillus spp. and actinobacteria isolates produced IAA, with the highest values obtained by the
isolates BM24 (21.07 g mL−1 ) and ACT15 (10.59 g mL−1 ) respectively. Among the lactic acid bacteria, isolate BL12 exhibited the
highest IAA production (5.46 g mL−1 ) (Table 1).
3.1.2. Phosphate solubilization
Of the eight lactic acid bacteria tested, only the BL06 isolate
solubilized phosphate, with a high PSI (>3). Among the tested
Actinobacteria, isolates ACT01 (PSI = 2.09) and ACT07 (PSI = 2.01)
exhibited moderate phosphate solubilization. All other isolates
(except for ACT10, which was unable to solubilize phosphate)
exhibited a low PSI (<2). Among the Bacillus spp. isolates, only
CPMO6 and BM17 solubilized phosphate, both with low PSIs (1.48
and 1.38 respectively) (Table 1).
3.1.3. Nitrogen ﬁxation
Most of the tested Bacillus spp. isolates were capable of N ﬁxation, with values ranging from 6.23 (CPMO6) to 56.50 g mL−1
(BM17). Isolates BM01, BM05, and BM18 did not exhibit N ﬁxa-
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Table 2
Height, number of leaves, stem diameter, shoot and root dry mass, and total dry mass of Swingle citrumelo exposed to bacterial isolates.
Treatment

BM16
CPMO4
BM24
BM17
ACT05
CPMO3
CPMO5
ACT01
ACT15
BM05
BM01
CPMO2
BL06
CPMO6
ACT11
BL16
Mix2
Control
CV%
1
2
3

Height (cm)

22.56 a1
20.64 ab
20.60 ab
19.44 ab
19.14 ab
18.94 ab
18.88 ab
18.80 ab
18.56 ab
18.34 ab
18.10 ab
17.94 ab
17.80 ab
17.72 ab
17.44 ab
15.58 bc
15.28 bc
11.90 c
13.26

No. leaves

16.40 a
16.40 a
16.20 a
15.00 ab
15.60 ab
15.40 ab
15.80 ab
14.20 ab
14.40 ab
13.80 ab
14.60 ab
15.00 ab
14.20 ab
14.60 ab
14.80 ab
13.20 ab
13.40 ab
12.00 b
11.47

Diameter

Dry mass (g)

Stem (cm)

Root3

Shoot3

Total3

0.38 a
0.38 a
0.37 ab
0.36 ab
0.38 a
0.35 ab
0.35 ab
0.36 ab
0.39 a
0.36 ab
0.35 ab
0.35 ab
0.38 a
0.37 ab
0.35 ab
0.34 ab
0.37 ab
0.29 b
10.09

0.41 a
0.38 a
0.38 a
0.37 ab
0.39 a
0.33 ab
0.26 ab
0.29 ab
0.32 ab
0.34 ab
0.38 a
0.34 ab
0.40 a
0.32 ab
0.34 ab
0.28 ab
0.38 a
0.14 b
17.81

1.03 a
0.93 ab
0.96 ab
0.88 ab
0.87 ab
0.52 bc
0.76 abc
0.76 abc
0.89 ab
0.83 ab
0.83 ab
0.52 bc
0.81 ab
0.71 abc
0.80 ab
0.65 abc
0.63 abc
0.38 c
13.30

1.44 a
1.31 a
1.35 a
1.26 a
1.26 a
0.86 ab
1.02 ab
1.05 ab
1.22 a
1.17 a
1.21 a
0.87 ab
1.22 a
1.03 ab
1.14 a
0.93 ab
1.02 ab
0.53 b
13.73

Same letter along the same column denotes no signiﬁcant difference (p < 0.05, Tukey test).
bacterial mixtures (BM24, BL06, and ACT05).
√
xtransformed data.

tion. Among the tested actinobacteria, ACT08 and ACT07 did not
ﬁx N, whereas the other isolates exhibited ﬁxation values ranging
from 5.28 (ACT06) to 61.54 g mL−1 (ACT11). Of the tested lactic
acid bacteria, only three ﬁxed N (BL06, BL16, BL24), with values of
34.57, 35.57, and 40.64 g mL−1 respectively (Table 1).
3.2. Promotion of citrus rootstock growth by exposure to bacteria
Assessment of the ability of bacterial isolates to promote growth
of Swingle citrumelo rootstock revealed that, except for isolate
BL16 (lactic acid bacteria) and the bacterial mixture, all other tested
isolates yielded a signiﬁcant increase in plant height, with differences ranging from 6 to 11 cm in relation to untreated controls.
Furthermore, a signiﬁcant increase in the number of leaves was
observed in plants treated with the Bacillus spp. isolates BM16,
CPMO4, and BM24. Stem diameter was signiﬁcantly increased in
plants treated with the Bacillus spp. isolates BM16 and CPMO4,
with the actinobacteria isolates ACT05 and ACT15, and with lactic acid bacteria isolate BL06. Only four Bacillus spp. isolates (BM16,
CPMO4, BM24, and BM01), one actinobacteria isolate (ACT05), one
lactic acid bacteria isolate (BL06), and the mixture of three isolates were able to increase root dry mass signiﬁcantly in relation
to controls. Regarding shoot dry mass, the treatments associated
with the greatest increase in this parameter were the Bacillus spp.
isolates CPMO4, BM05, BM01, BM16, BM17, and BM24; the actinobacteria isolates ACT05, ACT11, and ACT15; and the lactic acid
bacteria isolate BL06. Total dry mass increased signiﬁcantly (115%
to 171%) in plants treated with the Bacillus spp. isolates BM01,
BM05, BM16, BM17, BM24, and CPMO4; the actinobacteria isolates
ACT05, ACT11, and ACT15; and the lactic acid bacteria isolate BL06.
Bacillus spp. isolates BM16 and CPMO4 efﬁciently boosted all plant
development parameters evaluated. BM16 increased height, number of leaves, stem diameter, root dry mass and dry mass of shoot in
89, 37, 31, 193, and 171%, respectively, while the CPMO4 increased
the parameters in 73% (height), 37% (number of leaves), 31% (diameter stem), 171% (root dry mass), and 145% (dry mass of shoot) when
in comparison to the control (Table 2 and Fig. 1).
When using Sunki mandarin rootstock, only two of the tested
isolates (BM17 and BM05) were capable of increasing plant height.
These isolates yielded growth percentages ranging from 34 to 33%
in relation to untreated controls (Fig. 2). Regarding leaf number, no

treatment yielded a signiﬁcant difference in relation to control. The
only isolates associated with a signiﬁcant increase in stem diameter
were BM17 and ACT11, both yielded 31% increase in this parameter
in relation to controls. Regarding shoot and root dry mass, no isolate
was capable of promoting a signiﬁcant increase in these parameters in relation to controls. As for total dry weight, isolate ACT11
yielded a signiﬁcant difference from control plants in this parameter, with a 64% increase in total dry mass; however, it did not differ
signiﬁcantly from the other treatments.
For Rangpur lime rootstock, the data shown in Figs. 3 and 4
demonstrate differences between treatments regarding impact on
plant height, with the greatest increases obtained in plants treated
with isolates ACT01, BM05, CPMO3, ACT05, ACT15, BL16, and BM17,
which differed signiﬁcantly from controls. Regarding leaf number,
only isolate BM05 was able to promote an increase (33%) in this
parameter. None of the tested isolates was able to promote plant
growth in relation to controls as measured by any of the other
parameters under study.
4. Discussion
Initially, for the present study, in vitro assays were carried out to
evaluate IAA production, phosphate solubilization, and N ﬁxation
by 30 bacterial isolates. Then, the isolates which yielded the best
results in vitro were evaluated in vivo as growth-promoting agents
in three citrus rootstocks.
IAA production was observed in the majority of bacterial isolates, with the highest outputs in each group obtained by the
isolates BM24 (Bacillus spp.), ACT15 (actinobacteria), and BL12 (lactic acid bacteria). Similar results were obtained by other authors.
Moreira and Araújo (2013) studied potential growth-promoting
agents in Eucalyptus urograndis and found that Bacillus spp. isolates
produced large amounts of auxins. Khamna et al. (2010) reported
that, among the tested actinobacteria isolates, 11.2% were able to
produce IAA, whereas Mohite (2013), in an analysis of IAA production by rhizosphere bacteria, found that the lactic acid bacteria
Lactobacillus casei and L. acidophilus tested were positive for production of this plant hormone.
Regarding phosphate solubilization, the best isolates were
CPMO6 and BM17 (Bacillus spp.), ACT01 and ACT07 (actinobacteria), and BL06 (lactic acid bacteria). These results partially
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Fig. 1. Growth of Swingle citrumelo rootstock 150 days after sowing and treatment with different bacterial isolates.

corroborate those obtained by Zlotnikov et al. (2013), who assessed
phosphate solubilization by lactic acid bacteria and found that, of
the 15 isolates studies, all were capable of solubilizing insoluble
phosphate in a solid culture medium. Viruel et al. (2014) assessed
the phosphate-solubilizing bacteria Serratia marcescens, Pantoea
eucalypti EV1, Pantoea agglomerans, P. eucalypti EV4, Pseudomonas
tolaasii, Enterobacter aerogenes, and Pseudomonas koreensis in maize
plants (Zea mays L.) in a greenhouse setting and found that all
strains had a positive effect on plant growth.
The isolates that most ﬁxed nitrogen within each group of bacteria studied in the present work were BM17, ACT11, and BL24.
Similar results were reported by Kuss et al. (2007), who analyzed
biological nitrogen ﬁxation by diazotrophic endophytes in vitro and
found high variation in the behavior of these bacteria regarding
total N ﬁxation in the culture medium. Fernandes et al. (2001) analyzed biological ﬁxation by diazotrophs associated with coconut

trees and also found variation in the behavior of these microorganisms regarding N ﬁxation in vitro.
Assessment of in vivo data for Swingle citrumelo rootstock
shows that Bacillus spp. isolates BM16 and CPMO4 efﬁciently
boosted all plant development parameters evaluated (Table 2). In
a study by Araujo and Guerreiro (2010) on the effect of Bacillus
spp. inoculation of maize seeds, the authors found that isolates
had a signiﬁcant effect on the variables number of leaves and
total dry biomass. According to the authors, most of the isolates
that promoted maize growth were not among the top producers
of IAA in vitro. In the present study, although isolates BM16 and
CPMO4 produced IAA and ﬁxed nitrogen in vitro, they were not
among the greatest producers of this plant hormone. According to
Han and New (1998), biological N ﬁxation in a semisolid culture
medium did not correlate with N ﬁxation in the ﬁeld, as demonstrated by their experiments. Similar ﬁndings were reported by
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Fig. 2. Height, stem diameter and total dry mass of Sunki mandarin rootstock exposed to bacterial isolates. Same letter denotes no signiﬁcant difference (p < 0.05, Tukey
test). Bacterial mixtures (BM24, BL06, and ACT05).

Mehnaz and Lazarovits (2006). According to the authors, in studies
of IAA-producing bacterial isolates, the isolate that expressed the
greatest IAA production did not promote the greatest growth in
maize plants; however, the authors claimed that production of the
plant hormone was the major mechanism involved in growth promotion. Regarding this aspect, Dobbelaere et al. (2002) reported
that the ability of microorganisms to produce high rates of IAA
in vitro is not a prerequisite for plant growth to occur; according
to the authors, the beneﬁcial effect depends on the concentration
employed. At low concentrations, this substance can stimulate root
growth, but at higher concentrations, it may have an inhibitory
effect on plant growth. However, the ability of the microorganism
to produce high rates of IAA in vitro does not guarantee that this
microbe is also a good growth-promoting agent, as observed in the
respective work.
It should be stressed that treatment with the BM24, ACT05, and
BL06 isolates essentially promoted growth of the Swingle citrumelo
rootstock, with the exception of one parameter per isolate. How-

ever, when these isolates were combined, the resulting mixture
promoted growth of only one parameter (root dry mass). The fact
that the mixture of isolates did not promote growth of plants budded on Swingle citrumelo rootstock may be associated with two
factors: ﬁrst, the different mechanisms of action of the bacteria
involved (Raupach and Kloepper, 1998); second, the presence of
competition among the microorganisms in the mixture (Hibbing
et al., 2010), therefore, the microorganisms used in this mixture
were not the most adequate.
Further studies should be carried out trying to ﬁnd a proper mixture, since several studies have reported that functionally diverse
rhizospheric bacterial communities enhance plant productivity
(Singh et al., 2015). However, it was not what occurred in this
study. On the other hand, if we just mixed the highest IAA producers
(BM24, ACT 15 and BL12) for example, possibly the result would be
the same, whereas it would be using different groups of microorganisms, but with a single functional trait. This can be conﬁrmed
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Fig. 3. Height and number of leaves of Rangpur lime rootstock exposed to bacterial isolates. Same letter along the same column denotes no signiﬁcant difference (p < 0.05,
Tukey test). Bacterial mixtures (BM24, BL06, and ACT05).

by the above authors, who reported that functionally redundant
nitrogen ﬁxing community did not enhance plant biomass.
Conversely, in Sunki mandarin plants, the best treatment results
were obtained with the BM17 isolate, which was associated with
increased height and stem diameter. Analysis of in vitro data shows
that this Bacillus spp. isolate produced IAA, solubilized phosphate,
and ﬁxed N (Table 1). It is important to mention that, although
the ACT11 (actinobacteria) isolate did not yield additional plant
growth as assessed by the majority of parameters, it was associated
with a 64% and 31% increase in total dry mass and stem diameter,
respectively, in relation to controls. A similar ﬁnding was reported
by Freitas and Aguilar Vildoso (2004), who found that 8% of Bacillus species inoculated into citrus seedlings had no effect on stem
growth, but increased root dry matter.
In many cases, growth-promoting bacteria do not yield the
desired effects when applied in the ﬁeld. This may be due
to insufﬁcient colonization of the rhizosphere by the applied
microorganisms. According to Compant et al. (2010), rhizosphere
colonization by a bacterial strain is an indispensable requirement
for successful plant growth promotion.
For rangpur lime rootstock, among the parameters assessed, the
only ones that differed signiﬁcantly across treatments were height
and number of leaves. Signiﬁcant differences in relation to the

control treatment were observed with application of the Bacillus
spp. isolates BM05, BM17, and CPMO3, the actinobacteria isolates
ACT01, ACT05, and ACT15, and the lactic acid bacteria isolate BL16.
BM05 was the only isolate to increase the number of leaves significantly in relation to control plants (Fig. 3).
A growth-promoting effect of lactic acid bacteria was observed
in plants budded on Swingle citrumelo and rangpur lime rootstock.
With Swingle citrumelo, isolate BL06 promoted plant development
as assessed by all parameters except the number of leaves. With
rangpur lime rootstock, isolate BL16 provided the greatest increase
in plant height. Murthy et al. (2013), in a study of the effects of
lactic acid bacteria on tomato plants, found that strains of Lactobacillus paracasei subsp. tolerans and L. paracasei subsp. paracasei
promoted plant growth by increasing fresh matter, stem length,
and root length in relation to controls.
In the present study, the growth-promoting effects of the various tested microorganisms on citrus plants were dependent on
plant genotype. BM16 and CPMO4 were able to promote growth
of Swingle citrumelo. In Sunki mandarin plants, the best treatment results were obtained with BM17 (Bacillus sp.) and ACT11
(actinobacteria). For Rangpur lime rootstock, only BM05 (Bacillus
sp.) was able to promote increase in two parameters assessed,
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Fig. 4. Growth of Rangpur lime rootstock 150 days after sowing and treatment with different bacterial isolates.

height and number of leaves. Reports in the literature have shown
that associations between plants and bacteria may involve speciﬁc
interactions (Benizri et al., 2001), and that differences in the composition of root exudates may inﬂuence bacterial colonization of
the rhizosphere (Lugtenberg et al., 2001); these may be attractive
or deleterious to the microorganisms present, which may explain
why some isolates had superior effects on one rootstock and not on
others. According to Spaepen et al. (2007), one of the components of
root exudates that most varies across plant species is tryptophan,
which has been identiﬁed as the main precursor of IAA synthesis in bacteria. This may explain the growth promotion observed
with Swingle citrumelo rootstock as compared to the other tested
rootstocks.
In the present study, we found that the ability of a microorganism to produce IAA, solubilize phosphate, or ﬁx nitrogen is not
necessarily associated with a growth-promoting effect on citrus
plants.
Future studies are needed to elucidate these interactions
between plant hosts and beneﬁcial microorganisms, so as to facilitate selection of strains with agricultural potential that could
increase the productivity of citrus rootstocks and make them less
susceptible to abiotic stress and disease.
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