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Studies on the diversity of nitrogen-fixing bacteria, particularly in tropical forest species, has been 
relatively less compared to other ecosystems. The aims of this study were to isolate bacteria from 
nodules of eight tropical forest leguminous species belonging to two subfamilies of Fabaceae 
(Caesalpinioideae and Papilionoideae), carry out molecular identification based on 16S rRNA gene 
sequencing, and evaluate their plant growth-promoting effects in the same hosts. Growth-promoting 
responses were determined by evaluating plant seedlings with and without inoculation of the bacteria 
in their respective hosts. Five-month-old seedlings were measured for the following variables: height, 
stem thickness, number of leaves, vigor, root length, root weight, number of nodules, leaf area, 
microbial respiration, and nitrogenase activity. We also quantified nutrient content in leaves and roots. 
The bacterial isolates were identified as Rhizobium miluonense, Rhizobium multihospitium, Bradyrhizobium 
japonicum, and Bradyrhizobium sp. All morphological variables were higher in inoculated seedlings 
compared to the uninoculated seedlings (p < 0.05), except for microbial respiration and root length. 
The Caesalpinioideae subfamily responded better to the inoculant than the Papilionoideae subfamily 
(p < 0.05). Enterolobium cyclocarpum, Cojoba arborea and Dalbergia retusa had higher nutrient levels at 
foliar and root levels when inoculated. This study provided insights into the potential of developing 
inoculants based on nitrogen-fixing bacteria, many of which are yet to be explored, for agriculture 
and reforestation with leguminous species.

Keywords:	 Tropical leguminous trees, biological nitrogen fixation, Rhizobium, Bradyrhizobium, biofertilisers, 
bacterial inoculants, nitrogenase

INTRODUCTION

Within the soil ecosystem, a vast and 
undervalued array of microorganisms engage 
in diverse interactions with plants. Among these 
intricate relationships are the symbiotic bacteria 
that colonise the roots of leguminous plants 
(Fabaceae). These bacteria thrive through 
nutrient acquisition directly from the host plant, 
providing a significant enhancement in the 
plant’s capacity to absorb essential elements, 
with a particular emphasis on nitrogen (Moreira 
2008). The incorporation of nitrogen into the 
soil via leguminous plants yields substantial 

economic benefits for agriculture, as reported 
by studies documenting contributions ranging 
from 60 to 300 kg per hectare of nitrogen 
(Céspedes et al. 2019).

Advances in molecular biology and genetics 
have facilitated a comprehensive exploration 
of genes related to infection and symbiotic 
interaction between soil bacteria and legumes. 
Researchers have delved deeper into the 
intricate molecular mechanisms that govern 
bacterial infections of plants, particularly 
rhizobia (Bulgarelli et al. 2013, Roy et al. 2020). 
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Mounting evidence suggests that the identity of 
the symbiotic bacterium present at a given time 
can determine whether it exhibits a generalist 
or specialist role, contingent upon the host 
plant species. Such variability in bacterial 
specificity has demonstrable impacts on the 
growth and productivity of the host plant. 
Notably, research has implicated nodule-specific 
cysteine-rich (NCR) peptides in mediating this 
discriminatory process (Downie & Kondorosi 
2021). In a tropical country such as Costa Rica, 
symbiotic bacterial species have been identified 
in relation to agronomical species of legumes 
(Acuña 1996, Acuña & Uribe 1996). However, 
there is comparatively less knowledge about 
species diversity in the agroforestry area (de 
Bedout et al. 2022). To better characterise 
nitrogen-fixing symbionts, it is necessary to study 
soil microbiome and use techniques such as 16S 
rRNA gene sequencing.

In microbial diversity studies, gas 
chromatography is commonly used to quantify 
the response to inoculation and nitrogenase 
activity. Nitrogenase activity is based on the 
ability of the enzyme to reduce acetylene (C2H2) 
to ethylene (C2H4) (Bonaldi et al. 2011, Lamel 
& Cruz 2013, Ladestam et al. 2020, Bünger et al. 
2021, Senthilkumar et al. 2021, Ma et al. 2022). 
Studies have reported that bacterial inoculation 
with rhizobia can improve morphometric 
variables and/or nitrogenase activity in different 
plant species (Acuña & Uribe 1996, Bonaldi et 
al. al. 2011, Lamel & Cruz 2013, Ladestam et al. 
2020, Bünger et al. 2021, de Castilho et al. 2021, 
Simbine et al. 2021, Wyse et al. 2021, Ma et al. 
2022, Nguyen et al. 2022).

The main objective of this work was to identify 
symbionts of eight forest species commonly used 
in Costa Rica. Additionally, we aimed to evaluate 
the effect of inoculation on plant growth and 
nitrogen fixation. The results obtained from 
this study will contribute to the identification of 
nitrogen-fixing rhizobia that can potentially be 
used as biofertilisers for the agroforestry sector.

MATERIALS AND METHODS

Isolation of bacteria from nodules

For the isolation of bacteria from root nodules, 
we used nursery plants of 30–70 cm height, 
aged 1–3 years, from two sources: CODEFORSA 

forest nursery (Commission for Forest 
Development of San Carlos) and the nursery 
of the School of Environmental Sciences from 
the National University in Costa Rica. Eight 
important forest species were selected, all 
belonging to two subfamilies of Fabaceae. The 
Caesalpinioideae subfamily included Cojoba 
arboreum, Enterolobium cyclocarpum and Samanea 
saman. The Papilionoideae subfamily included 
Erythrina poepiggiana, Erythrina fusca, Platymiscium 
pinnatum, Dyphisa americana and Dalbergia retusa. 

To examine the presence of root nodules, 
plant roots were manually examined and 
extracted along with a part of the attached root. 
These nodules were washed with water, placed on 
paper napkins and immediately brought to the 
laboratory in an ice box. Once in the laboratory, 
the nodules were placed in 2 mL eppendorf 
tubes and washed twice with autoclaved distilled 
water. They were then superficially disinfected 
with 70% ethanol for 1 min and washed twice 
with distilled water. Finally, they were disinfected 
again with 2% sodium hypochlorite (NaClO) 
for 5 min and washed seven times with distilled 
water.

After disinfection, the nodules were 
transferred to eppendorf tubes containing 
500 uL PY medium (5 g L-1 peptone, 1 g L-1 
anhydrous dextrose, 0.5 g L-1 dipotassium 
phosphate, 0.2 g L-1 magnesium sulfate, 0.1 g 
L-1 sodium chloride) according to Zhurbenko 
et al. (2006). The nodules were macerated with 
autoclaved plastic pestles. Subsequently, the 
supernatant was serially diluted in 10-1 and 10-2 
concentrations. From each dilution, 50 uL was 
plated on petri dishes of PY-agar medium with 
antifungal (5 g L-1 peptone, 1 g L-1 anhydrous 
dextrose, 0.5 g L-1 dipotassium phosphate, 0.2 g 
L-1 magnesium sulfate, 0.1 g L-1 sodium chloride, 
15 g L-1 agar, cyclohexamide 40 mg L-1). The 
plates were incubated for up to three weeks until 
colonies appeared. Once colonies appeared, 
they were replicated on new plates of the same 
medium. The isolated strains were preserved in 
PY+glycerol 20% medium and stored at -80 °C 
in the collection of the LEGMi at the School of 
Biology of the University of Costa Rica.

DNA extraction and molecular 
characterisation

The genomic DNA of the rhizobia strains was 
isolated using the DNEasy Powersoil kit® from 
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QIAGEN (Carlsbad, CA, United States) following 
the manufacturer’s instructions. The 16S rRNA 
gene was amplified by PCR in a T100 thermocycler 
(BioRad®) from total DNA extracts using primers 
27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 
1492R (5′-TACGGTTACCTTGTTACGACTT-3′). 
The reactions were carried out with the following 
temperature program: 98 °C for 2 min followed 
by 35 cycles of 96 °C for 30 s, 52 °C for 30 s and 
72 °C for 30 s with 10 min for extension at 72 °C 
(James 2010). The amplification of the products 
was verified by electrophoresis in a 1% agarose 
gel for 30 min at 90 v and 200 mA. Sanger-type 
sequencing was performed by Macrogen (South 
Korea).

Sequences were assembled and edited using 
BioEdit® and MEGA®. Taxonomic assignments 
were made by sequence comparisons in several 
databases including SILVA, NCBI, BacDive, 
GBIF, and PANGAEA. Once the strains were 
identified, a phylogenetic tree was generated 
using MAFFT v7 tool (https://mafft.cbrc.jp/
alignment/server/) to align the sequences. 
A maximum likelihood phylogenetic tree was 
generated using Archeopteryx software with 
1000 Bootstrap replicates under the Hasegawa–
Kishino–Yano (HKY) model of evolution.

Selection and inoculation of bacteria

After sequencing and molecular identification, 
the prevalent bacterium identified from each 
forest species was chosen for inoculation 
and quantification of the responses. Before 
inoculation, seeds of each forest species were 
sown between February and March 2022. 
The seeds were treated with 1% NaClO for 1 
min, followed by five washes of distilled water. 
Subsequently, they were submerged in water 
for 8 hours and put them to germinate in semi-
hermetic plastic containers with moistened filter 
paper in the dark. Humidity was checked every 
3 days.

Fifteen days after sowing the seeds, a 
germination count was carried out and the seeds 
were placed in previously autoclaved sterile soil 
of the Usteps Andisol type in 0.5 L pots with a 
perforated black plastic bag. Soil was sterilised 
for 12 hours at 100 °C in a 250 L steriliser (LPV 
®). In these pots, 10 embryos were grown for 
each forest species to be inoculated with the 
bacteria and 10 embryos without inoculation. 

A total of 160 plants were used. The average 
agroclimatic conditions of the experimental 
site (Dulce Nombre, Cartago, Costa Rica), 
according to the nearest meteorological station 
(Technological Institute of Costa Rica, TEC) for 
February–September 2022 were temperature 
range of 18.1–20.5 °C (19.3 °C on average), 
accumulated precipitation range of 36.7–211.7 
mm (959 mm on average), and relative humidity 
range of 86–90% (87.5% on average).

Seven days before inoculating, each 
bacterium was cultured in a 0.5 L erlenmeyer 
containing 0.2 L of PY medium (without agar). 
The bacteria were grown under shaking at 100 
rpm for 3–7 days at 23 °C in a multiple orbital 
shaker until reaching an OD of 1 at 600 nm 
(Osei et al. 2018). At the time of inoculating the 
embryos, they were planted in black plastic bags 
measuring 25 x 25 cm (1 L) in a shade house with 
double-layer saran that allowed 70% green light 
penetration. Once the bacterial suspension was 
obtained, a volume of 1 mL was applied to each 
seeded embryo using a syringe. As the plants 
grew, the percentage of shade was reduced to 
full sunlight. The treatments carried out were 
shown in Table 1, following strain codes given 
during bacterial isolation. 

Morphometric variables

Once the plants began to grow, the germination 
percentage was measured by counting the 
number of seedlings that emerged versus the 
number of seedlings planted (15 days after 
germination). At five months of age, the following 
morphometric variables were quantified: height 
(cm), stem thickness (mm), number of leaves 
(units), vigor (1–5 scale: 1 being the smallest 
and 5 being the largest), length of root (cm), 
root weight (g), number of nodules (units) and 
leaf area (cm2). The leaf area was determined by 
analysing photographic images using Bioleaf® 
and LeafArea® software.

Foliar nutrient analysis

To determine the contents of chemical 
elements in the composition of each species and 
treatment, three replicates of the foliar tissue 
and three replicates of the root tissue were taken. 
Fresh tissue samples were sent to the CIA Lab at 
University of Costa Rica for atomic absorption 
spectroscopy analysis.



Journal of Tropical Forest Science 37(2): 238–253 (2025) Zu iga-Orozco A et al

241©Forest Research Institute Malaysia

Microbial respiration

Microbial respiration was recorded 5 months 
after sowing by quantifying CO2 levels using an 
IRGA chamber (IRGA, LI-COR® Biosciences) 
with a range between 0–10000 ppm. The CO2 
concentration was measured every 4 s for a 
period of 15 min to obtain an average data per 
plant. The measurements were made 24 hours 
at an average temperature of 20 °C. A shade 
was used over the chamber to prevent light 
interference with the measurement.

Nitrogenase activity

Each root was washed, weighed and placed into 
60 mL vials. A septum type screw cap was used 
to seal the vials and allow the entry of a 20 mL 
22–24-gauge syringe. To measure the reduction 
of acetylene to ethylene by means of the 
nitrogenase enzyme, 10% air was replaced with 
acetylene according to the methods of Hardy 
et al. (1973) and Senthilkumar et al. (2020). 
A gas chromatograph (GC) coupled to a mass 
spectrometer (Shimadzu GC-2014) was used.

To identify the response time to form ethylene 
and produce a calibration curve, Lupinus 

costaricensis D.B Bunn (Fabaceae) plants of about 
3 months old nodulated in the field were used. 
Nine plants with different degrees of nodulation 
were taken, and three replicates were quantified 
at 1, 24, 48, 72, and 96 hours after injection. 
From the above data, it was determined that the 
optimum period for measurement was 72 hours.

Statistical analysis

Evaluation of the inoculation experiment was 
carried out in an unrestricted randomised design 
with 10 replicates per treatment. To evaluate the 
normality of the data and its distribution, the 
Shapiro-Wilk and Kolmogorov-Smirnov tests 
were applied to determine if the data followed 
a normal distribution. Due to non-normality 
of the data, a Wilcoxon-Man-Whitney test was 
performed with α = 0.05 (95% reliability) for the 
morphometric variables, microbial respiration 
by CO2 (ppm), and nitrogenase activity (µmol 
N2 h-1). Rstudio® version 4.2.2 and Infostat® 
version 2020 software were used for data analysis. 
Finally, a Pearson correlation test was performed 
to determine if there was a correlation between 
variables.

Table 1	 Description of the treatments employed using symbiotic nitrogen-fixing bacteria in the inoculation 
of leguminous forest species

Treatment Forest species Subfamily Bacterial strain No. of 
replicates

1 Erythrina poepiggiana Papilionoideae With inoculation of 163b* strain 10

2 Without inoculation (control) 10

3 Erythrina fusca Papilionoideae With inoculation of 163b* strain 10

4 Without inoculation (control) 10

5 Cojoba arborea Caesalpinioideae With inoculation of 12c* strain 10

6 Without inoculation (control) 10

7 Platymiscium pinnatum Papilionoideae With inoculation of 119d* strain 10

8 Without inoculation (control) 10

9 Enterolobium cyclocarpum Caesalpinioideae With inoculation of 20j* strain 10

10 Without inoculation (control) 10

11 Samanea saman Caesalpinioideae With inoculation of 24b* strain 10

12 Without inoculation (control) 10

13 Dyphisa americana Papilionoideae With inoculation of 118c* strain 10

14 Without inoculation (control) 10

15 Dalbergia retusa Papilionoideae With inoculation of 15a* strain 10

16 Without inoculation (control) 10

*strains were encoded at the beginning of the experiment
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RESULTS

Identification of bacterial strains

The bacterial isolates were assigned to three 
species and two genera from the phylum 
Pseudomonata, class Alphaprotobacteria, 
order Hyphomicrobiales, families Rhizobiaceae 
(Rhizobium miluonense, Rhizobium multihospitium) 
and Bradyrhizobiaceae (Bradyrhizobium japonicum 
and Bradyrhizobium sp.). It was not possible to 
identify three bacterial strains at species level. 
However, it was possible to verify that they 
belong to the genus Bradyrhizobium (Table 2). In 
Figure 1 we show the taxonomy of the isolates 
according to their phylogenetic relationship.

Response to inoculation

All morphometric measurements determined 
for the seedlings of the eight tropical forest tree 
species, except for root length and microbial 

respiration, showed significant differences (p < 
0.05) in the response to inoculation (Figure 2). 
The morphometric measurements, microbial 
respiration and nitrogenase activity grouped by 
species are shown in Table 3. Each species showed 
different response to inoculation. In general, 
E. cyclocarpum, S. saman and E. fusca presented 
higher values when they were inoculated in six 
out of ten significant variables measured (p < 
0.05). Cojoba arborea and D. retusa presented four 
variables with higher values when the bacterial 
inoculant was applied. Erythrina poepiggiana, D. 
americana and P. pinnatum obtained three, two 
and one variables with significantly different 
values, respectively. When grouping of the 
species was done by subfamilies, it was observed 
that both subfamilies responded to the bacterial 
inoculation. However, the Caesalpinioideae 
subfamily presented a better response to 
inoculation in most of the variables compared to 
the Papilionaceae subfamily (p < 0.05) (Figure 
3).

Table 2	 Relationship between bacteria-host found in eight legume forest species and previously reported hosts

Bacteria Host/s Observation Hosts reported

R. miluonense S. saman

With a percentage of similarity 
of 99.57% with R. miluonense 
Sr28bT (MW958076.1). Its 
genome size is approximately 
6.81 Mbp (Hördt et al. 2020).

Lespedeza spp. (Gu et al. 2018), Inga laurina 
(Salles et al. 2015), Phaseolus vulgaris (Oliveira 
et al. 2017), Milletia pinnata (Arpiwi et al. 2012), 
Clitoria brachystegia (Soto-Valenzuela et al. 2020) 
and Arachis hypogaea (Nguyen et al. 2022). 

R. multihospitium C. arborea

With a percentage of 
similarity of 99.89% with 
R. multihospitium J5R5RIT 
(MT409548.1). Its genome 
size is approximately 7.32 Mbp 
(Hördt et al. 2020).

Lotus frondosus, L. tenuis, Alhagi toum, Astragalus 
aksuensis, A. betetovii, Halimodendron halodendron, 
Oxytropis meinshausenii, O. glabra, Robinia 
pseudoacacia, Sophora alopecuriodes, Caragana 
jubata, Lathyrus odoratus, Vicia hirsuta (Han et 
al. 2008), Aeschynomene aspera (Mir et al. 2021), 
Clitoria brachystegia (Soto-Valenzuela et al. 2020) 
and Arachis hypogaea (Nguyen et al. 2022). 

B. japonicum

E. fusca, 
E. poepiggiana 
&  
D. americana

Isolates obtained a similarity 
percentage of 100% with B. 
japonicum YC8T (MN173253.1) 
and 99.91% with B. japonicum 
GI-4T (LC386869.1). Its 
genome size is approximately 
9.21 Mbp (Hördt et al. 2020).

Glycine max, Glycine soja, Vigna radiata, 
Macroptilium atropurpureum (Chun et al. 1994), 
Vigna unguiculata (Göttferd et al., 1990), Clitoria 
brachystegia (Soto-Valenzuela et al. 2020) and 
Acacia albida (Dupuy et al. 1994)

Bradyrhizobium sp.
E. cyclocarpum, 
D. retusa & 
P. pinnatum

Isolates obtained between 
99.78–100% similarity with 
Bradyrhizobium sp. (accessions 
AB933533.1, AY603956.1 and 
AB933529.1).

This genus has been recorded in herbaceous 
and woody species, in temperate and tropical 
environments, as well as in various ecological 
niches (Vinuesa et al., 2003). They have a 
diverse metabolism in which they can carry out 
denitrification processes and growth promoters 
in legumes and even in non-legumes (Bedmar et 
al. 2005).
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Figure 2	 Boxplots of morphometric measurements by treatment, determined for seedlings of eight tropical 
forest legume species with and without application of bacterial inoculants (differences at p < 0.05 
Wilcoxon-Man-Whitney)

Figure 1	 Phylogenetic relationship of bacterial strains isolated from different leguminous forest plant species 
of Costa Rica and identified with the 16S rRNA marker gene
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Results from the chemical analysis of tissues 
(foliar and root) showed that the chemical 
elements presented significant differences 
in some species when they were inoculated 
compared to those not inoculated, and this 
occurred both in leaves and roots (Wilcoxon-
Mann-Whitney, p < 0.05). Cojoba arborea 
presented higher content of B in the leaf and of 
P, K, Mg, S, B, Cu and Fe in the root. Enterolobium 
cyclocarpum obtained higher amounts of N and S 
in the leaf, as well as N, S, Mn, Zn, B, Cu and Fe 
in the root. Dalbergia retusa obtained a greater 

amount of Mg in leaf, while in the root the 
majority of B, Cu and Fe were present (Figures 
4 and 5). Four species (S. saman, E. fusca, D. 
americana and E. poepiggiana) did not present 
significant differences in terms of nutrient 
content, both in leaf and foliage, when they were 
inoculated. Samples from P. pinnatum could not 
be statistically analysed due to the small amount 
of tissue that was obtained due to its very slow 
growth. However, both in leaf and root, a higher 
content of N, P, K, Mg, Ca, S, B, Zn and Mn was 
observed in inoculated plants than in those 

Figure 3	 Boxplot of morphometric measurements, nitrogenase activity and microbial respiration by subfamily 
evaluated at five months after sowing in the leguminous forest species studied in Costa Rica, under 
inoculation and no inoculation. Grouped by subfamily (differences at p < 0.05 Wilcoxon-Man-
Whitney
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that were not inoculated (Figures 4 and 5). 
Additionally, high levels of Fe were found in the 
root of inoculated plants (Figure 5).

When grouping of the species was done by 
subfamily, Caesalpinioideae presented higher 
nutrient content both in leaf and root compared 
to Papilionoideae. A greater amount of P, S and 
Fe was obtained in leaf, as well as N, S, Mg, B, Zn, 
Fe and Mn in root. In Papilionoideae, only the 
Mg level was higher than in the Caesalpinioideae 
subfamily (Figure 6).

We identified some correlations between 
the variables (Table 4). Among those variables, 
the highest correlation values (> 0.7) were 
between height with vigor, and root weight with 
stem thickness. Among those of intermediate 
correlation values (0.4–0.7) were between leaf 
area with multiple variables, including height, 
stem thickness, vigor, number of nodules and 
root weight. Intermediate correlation was also 
seen between stem thickness with vigor and 
height. The rest showed smaller correlation 
values (<0.4).

DISCUSSION

Bacterial candidates with suitable characteristics 
were identified for the development of a 
multispecies biofertiliser. These bacterial species 
have been reported in other hosts different from 
those studied in this work, which broadens the 
spectrum of hosts in which they are present and 
produce beneficial growth effects in forest tree 
species commonly used in Costa Rica. Rhizobium 
miluonense, R. multihospitium and B. japonicum 
had been recorded in association with many 
plant species, indicating these bacterial species 
as being a generalist. Bradyrhizobium japonicum 
is widely used for soybean production and its 
complete genome has been sequenced (Hördt 
et al. 2020; Kaneko et al. 2002). The identified 
bacterial species are possibly the first records of 
presence in the plant species used in this study. 
For the unidentified Bradyrhizobium species, it is 
recommended to use other molecular markers 
such as recA, atpD, rpoB, gyrB and dnaK or the 

Figure 4	 Nutrient content in leaf ( ) evaluated in leguminous forest species studied in Costa Rica with 
inoculation (red) and no inoculation (blue) at five months after sowing (differences at p < 0.05 
Wilcoxon-Man-Whitney
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whole genome sequence to determine their 
identity (Rivas et al. 2009).

Analysis on nitrogenase activity showed that 
there was a correlation between the number 
of nodules and the activity of the enzyme, with 
the inoculated treatments generally having the 
highest activity. The above evidence indicated of 
a cause-effect relationship where the inoculation 
increased the number of nodules, and this 
in turn, increased the magnitude of nitrogen 
fixation. An enzyme activity of 0.62–1.58 µmol N2 
hr-1 plant-1 was observed in this study, while Lamel 
& Cruz (2013), Bünger et al. (2021) and Bonaldi 
et al. (2011) reported lower activity of 0.1–0.4 
(Phaseolus vulgaris), 0.02–0.18 (Mimosa scabrella 
and P. vulgaris) and 0.36–0.64 (Aeschynomene 
afraspera and A. indica) µmol N2 hr-1 plant-1, 
respectively. Ladestam et al. (2020) and Ma et 
al. (2022) reported higher activity of 0.4–8.7 
(Medicago sativa, Pisum sativum, P. vulgaris, Glycine 
max, Arachis hypogeal and M. atropurpureum) and 

2.9–9 (G. max) µmol N2 hr-1 plant-1, respectively. 
This finding shows the variability in nitrogen 
fixation between the symbiotic species.

Legumes use nitrogen fixation to rapidly 
colonise ecological niches and outcompete 
other species, as occurred in neotropical forests 
(Gei et al. 2018). By stimulating nitrogenase 
activity through bacterial inoculants, this effect 
is potentiated, both in the studied species and 
in majority of species in the Fabaceae family. 
Thus, the application of rhizobia can reduce 
the application of nitrogen fertilisers and 
environmental pollution, as well as increase 
the yield and quality of plants. With regards to 
the morphometric variables, it was generally 
observed that there was a response when bacterial 
inoculant was applied to the eight leguminous 
forest species. The same effect was seen when 
the forest species were grouped by subfamily. 
When the values were observed based on 
species, the response obtained were dependent 

Figure 5	 Nutrient content in root ( ) evaluated in leguminous forest species studied in Costa Rica with 
inoculation (red) and no inoculation (blue) at five months after sowing (differences at p < 0.05 
Wilcoxon-Man-Whitney)
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on the particularities of each species. However, 
a positive response to the bacterial inoculation 
was always manifested in all species studied. The 
genera Rhizobium and Bradyrhizobium have been 
widely studied and known to consist of a large 
number of species that fix nitrogen in plant hosts 
from the Fabaceae and other families (Fahde et 
al. 2023).

Inoculation of R. miluonense showed that the 
nutrient levels were not significantly increased 
in S. saman. However, six out of 10 quantified 
variables were improved. Therefore, it is 
considered that the bacterium had a positive 
effect on growth. Wyse et al. (2021) applied 
Bradyrhizobium elkanii BR 6205 and B. elkanii 

BR 6212 to S. saman, increasing nodulation 
and morphometric variables by 70%. In the 
present study, nodulation with R. miluonense was 
increased by 13%. Accordingly, S. saman could 
also be a species that accepts various species of 
symbiotic bacteria.

In the case of R. multihospitium, there was 
an increase in the levels of some nutrients in 
C. arborea, both at the foliar and root levels. 
This in turn, improved four growth variables. 
Therefore, it is considered that the bacterium 
showed a positive effect on C. arborea where 43% 
more nodulation was obtained compared to 
the control without inoculation. Nguyen et al. 
(2022) isolated this species along with others 

Figure 6	 Nutrient content in leaf (left) and root (right) evaluated at five months after sowing for the 
leguminous forest species studied in Costa Rica with inoculation (red) and no inoculation (blue). 
Grouped by subfamily (differences at p<0.05 Wilcoxon-Man-Whitney)
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such as R. miluonense from Arachis hypogaea. 
Subsequently, these species were inoculated in 
peanuts and rice, obtaining an improvement in 
germination. In that study, the R. multihospitium 
and R. miluonense bacteria grew at temperatures 
of 15–44 °C and could tolerate up to 2% NaCl, 
indicating them as candidates for studies in 
plantations in dry and high salinity areas.

Inoculation of B. japonicum in the three 
plant species studied, indicated that the levels 
of nutrients in plant tissues did not improve. 
However, the morphometric measurements 
improved in six variables for E. fusca, three in 
E. poepiggiana and one in D. americana. Based on 
these findings, it is considered that the bacterium 
was not a good inoculant for E. poepiggiana and 
D. americana, but it was for E. fusca. In addition to 
the widely documented effect of B. japonicum on 
soybean, it was also shown that the bacterium can 
associate with other plant species such as rice, 
corn, wheat and sorghum (Fahde et al. 2023). In 
Avena sativa and Lolium multiflorum, root volume 
was improved compared to non-inoculated 
plants (de Castilho et al. 2021). In Costa Rica, 

this bacterium should be given special attention 
due to the fact that E. fusca and E. poepiggiana 
are species commonly associated with coffee 
agroforestry systems.

Inoculation of Bradyrhizobium sp. in the three 
plant species studied, showed increased nutrient 
values. In D. retusa and E. cyclocarpum, levels of 
N, Mg and S increased in foliage. While levels of 
N, P, K, Mg, S, Fe, Mn, Cu, B and Zn increased 
in roots. In P. pinnatum, although it was only 
possible to obtain a replica in this species due 
to its slow-growth, practically all the nutrients 
were increased both in the foliar and root. In 
addition, it improved six, four and two variables 
for E. cyclocarpum, D. retusa and P. pinnatum, 
respectively. Due to the above, where a tendency 
to improve different variables and nutrient 
content was observed, it is advisable to identify 
the related species. In other studies, different 
Bradyrhizobium species have been evaluated on 
V. radiata, finding relative effectiveness greater 
than 80% in 72–83% of the strains collected in 
various agro-ecological zones (Simbine et al. 
2021).

Table 4	 Correlations between variables used to evaluate the efficacy of inoculation with symbiotic bacteria 
from forest legumes 

Height 
(cm)

Stem 
thickness 
(mm)

Leaf 
number

Vigor    
(1–5)

Nodules 
number

CO2 
(ppm)

N. 
activity  
(µmol 
N2 hr-1 
plant-1)

Root 
length 
(cm)

Root 
weight 
(g)

Leaf 
area 
(cm2)

Height (cm) 1

Stem 
thickness 
(mm)

0.58* 1

Leaf number 0.29 -0.22 1

Vigor (1–5) 0.71** 0.50* 0.26 1

Nodules 
number

0.32 -0.01 -0.08 0.22 1

CO2 (ppm) -0.15 -0.11 -0.03 -0.13 -0.05 1

N. activity 
(µmol N2 hr-1 
plant-1)

0.39 0.17 0.02 0.26 0.47* -0.07 1

Root length 
(cm)

0.14 -0.07 0.23 0.18 0.21 0.00 0.11 1

Root weight 
(g)

0.63* 0.80** -0.17 0.57* 0.12 -0.09 0.24 0.05 1

Leaf area 
(cm2)

0.52* 0.48* -0.07 0.57* 0.45* -0.05 0.32 0.20 0.64* 1

* = 0.4–0.7; ** = > 0.7
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In general, the improvement in morphometric 
variables by inoculation recorded in this study 
is consistent with what was reported by Acuña 
& Uribe (1996), Wyse et al. (2021) and de 
Castilho et al. (2021), where at least one variable 
was improved. Under the conditions of this 
experiment, they were improved from one to six, 
depending on the plant species. This is important 
given that the quality of forest seedlings is a 
factor of great importance, especially in the first 
months after planting when they are subjected 
to adverse environmental conditions. With 
bacterial inoculants, greater seedling survival 
and growth can be obtained (Salles et al. 2015) 
by disease suppression, growth promotion and 
nitrogen fixation (Bulgarelli et al. 2013).

When analysing the growth response by 
species, there were some that were more 
sensitive to inoculation than others. One of the 
reason to explain this observation is due to the 
relationship between host plant and bacteria. 
In the species with the best development, it 
is possible that a very specific symbio-variety 
relationship existed as proposed by Rogel et al. 
(2011). An example of the above is the case of E. 
fusca and E. poepiggiana where B. japonicum was 
isolated from both species, but the response to 
inoculation was better in one species than the 
other. This could be because the isolated strain 
possibly has a greater adaptation and symbiotic 
evolution with E. fusca.

Although a positive response to the 
inoculation was obtained in most of the species, 
competition could have been involved in the 
experiment. This is because the experiment 
was carried out under open environmental 
conditions and the measurement of microbial 
respiration was the same in both inoculated 
and non-inoculated treatments. Competition 
between bacteria has been reported by Denton 
et al. (2002). Therefore, re-inoculation and 
increased frequency must be considered to 
keep the bacterium of interest in contact with 
the roots and colonise the infection sites before 
other species and/or strains. This is particularly 
important since hosts tend to choose strains of 
higher infective quality (Zanetti et al. 2010).

Another aspect to consider is the behavior of 
so-called ‘promiscuous’ legumes. While it can 
be advantageous to inoculate them with various 
bacterial species, it also opens up the possibility 
of competition between these bacteria. This has 

been widely reported in beans. Talbi et al. (2010) 
reported of five species of Rhizobium capable of 
nodulating beans, besides Burkholderia phymatum. 
In the present study, S. saman was inoculated with 
R. miluonense. However, there are also reports 
that its growth improves with inoculation of B. 
elkanii strains BR 6205 and BR 6212 (Wyse et 
al. 2021). On the other hand, there are other 
legumes that have a narrow host specificity such 
as Pterocarpus indicus (Lok et al. 2006).

Considering the possibility of competition, 
the promiscuity of some legumes, symbiovar 
specificity, and the potential of nitrogen-fixing 
bacteria to reduce the application of synthetic 
fertilisers, it is recommended that a potential 
biofertiliser should be formulated specifically 
for a forest crop. Additionally, the possibility 
of formulating a bacterial consortium for 
promiscuous plant species should be assessed. 
The quality of each bacterium to infect in the 
presence of other bacterial species should also 
be assessed. The bacterial species identified in 
this study could also have the potential to be 
applied to other plant species, since symbiotic 
nitrogen-fixing bacteria perform bio stimulation 
in legume and even non-legume species. 
In addition, it is possible that these are new 
records in hosts that have not been reported 
to date. Although small experiments located 
under controlled conditions in laboratories and 
protected environments are useful, they may 
not account for all the factors that can intervene 
under field conditions. Therefore, studies of this 
nature offer a perspective of the response that 
can be obtained in a multifactorial dynamic like 
the conditions that occur in a forest plantation.

CONCLUSIONS 

Three species of nitrogen-fixing symbiotic 
bacteria were isolated, as well as a genus where 
there are no species records to date. It is possible 
that with subsequent analysis, a new species of 
the genus Bradyrhizobium associated with tropical 
leguminous forests may be identified. No record 
of the identified bacteria present in leguminous 
forest trees was found; therefore, it is possible 
that they are new records for tropical forests.

When carrying out bacterial inoculation in 
their respective hosts, improvement in growth 
was observed in all forest species. The magnitude 
depended on the species and the association 
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with the bacterium. At subfamily level, the 
Caesalpinioideae presented a better response to 
the bacterial inoculant than the Papilionoideae. 
Some chemical elements are absorbed by 
plants to a greater extent when symbiotic 
nitrogen-fixing bacteria are inoculated. The 
magnitude depended on the species, the 
tissue and the bacterial association. The use of 
bacterial inoculants showed an improvement 
in leguminous forest trees. This verifies their 
potential for development as biofertilisers. 
Future studies to investigate the effects of 
these bacteria on other plant species and 
explore the potential for developing bacterial 
consortia should be carried out. Considering 
the microbiological dynamism of soil and the 
changing environmental conditions, we do not 
rule out re-inoculation as a highly recommended 
practice.
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