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Abstract: Biocontrol and plant growth-promoting bacteria (PGPB) are important agricultural bioinoc-
ulants. This study aimed to prospect new potential bioinoculants for a more sustainable agriculture
from ferruginous caves of the Brazilian Iron Quadrangle. Culturable bacteria, from seven caves and
one canga soil sample, were evaluated for biocontroller activity of the phytopathogens Xanthomonas
citri subsp. Citri—Xcc306 (citrus canker), Fusarium oxysporum—Fo (fusariosis), and Colletotrichum
lindemuthianum—Cl89 (bean anthracnose). The ability of the superior candidates to solubilize inor-
ganic phosphate, fix nitrogen, and produce hydrolytic enzymes and siderophores was then analyzed.
Out of 563 isolates, 47 inhibited the growth of Xcc306 in vitro, of which 9 reduced citrus canker
up to 68% when co-inoculated with the pathogen on host plants. Twenty of the 47 inhibited Fo
growth directly by 51–73%, and 15 indirectly by 75–81%. These 15 inhibited Cl89 growth in vitro
(up to 93% directly and 100% indirectly), fixed nitrogen, produced proteases and siderophores,
showed motility ability, produced biofilm, and all but one solubilized inorganic phosphate. Therefore,
15 (2.66%) bacterial isolates, from the genera Serratia, Nissabacter, and Dickeya, act simultaneously as
biocontrollers and PGPBs, and could be important candidates for future investigations in planta as an
alternative to minimize the use of pesticides and chemical fertilizers through sustainable agricultural
management practices.

Keywords: bioinoculants; ferruginous caves; bacterial prospecting; plant growth promoters

1. Introduction

The Iron Quadrangle (IQ) is located in the central-south of the state of Minas Gerais
(MG), Brazil (Figure 1A) and presents broad economic interest due to the large amount of
iron, gold, topaz, and emerald in its soils [1].
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Figure 1. (A) Map of the IQ location in Minas Gerais State, Brazil, summarizing the occurrence of 
reed beds and the topology in two cross sections. (B) Highlighting of other important features and 
information associated with the IQ that make it particular. Note that the IQ is located in key areas 
for the conservation of plant biodiversity (a); the entire region presents a high potential for the oc-
currence of natural cavities (b), many of which have already been catalogued (C); which, in turn, 
share space with mining activity (d). (C) Highlighting some of the internal characteristics of the 
cavities. In all the caves investigated, the conduits were small and the ceiling composed of reed, 
while the floor could be formed of reed or itabirite (a). Numerous roots and root outcroppings were 
found inside the cavities, which served as hypothesis indicators for the selection study of plant 
growth-promoting bacteria (b,c). 

Therefore, this region is considered one of the most important mineral extraction ar-
eas in the world, where intense mining activity has been established since 1960 [2] (Figure 
1B). Despite its importance, this activity has often jeopardized one of the least studied 
Brazilian ecosystems that has one of the highest rates of plant endemism in the country 
[3], the so-called rusty grasslands that are located in an area considered key to plant bio-
diversity (Figure 1B). In this confrontation between mineral extractivism and environmen-
tal conservation, the IQ has endured irrecoverable damage to its landscape and, conse-
quently, to the associated biodiversity. Recent examples of this confrontation have been 

Figure 1. (A) Map of the IQ location in Minas Gerais State, Brazil, summarizing the occurrence of reed beds and the
topology in two cross sections. (B) Highlighting of other important features and information associated with the IQ that
make it particular. Note that the IQ is located in key areas for the conservation of plant biodiversity (a); the entire region
presents a high potential for the occurrence of natural cavities (b), many of which have already been catalogued (c); which,
in turn, share space with mining activity (d). (C) Highlighting some of the internal characteristics of the cavities. In all the
caves investigated, the conduits were small and the ceiling composed of reed, while the floor could be formed of reed or
itabirite (a). Numerous roots and root outcroppings were found inside the cavities, which served as hypothesis indicators
for the selection study of plant growth-promoting bacteria (b,c).

Therefore, this region is considered one of the most important mineral extraction
areas in the world, where intense mining activity has been established since 1960 [2]
(Figure 1B). Despite its importance, this activity has often jeopardized one of the least
studied Brazilian ecosystems that has one of the highest rates of plant endemism in the
country [3], the so-called rusty grasslands that are located in an area considered key to
plant biodiversity (Figure 1B). In this confrontation between mineral extractivism and
environmental conservation, the IQ has endured irrecoverable damage to its landscape and,
consequently, to the associated biodiversity. Recent examples of this confrontation have
been directly linked to the collapse of the Fundão tailings dam in Mariana in 2015 [4,5] and,
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more recently, in Brumadinho in 2019 [6], which culminated in the loss of human lives and
caused an environmental liability unprecedented in Brazil’s history.

In addition to its outstanding biodiversity, the IQ has a large number of natural
cavities. There are approximately 711 cavities with genesis associated with banded iron
formations (BIF) recorded in the IQ region, and hundreds more yet to be catalogued [7]. In
Brazil, the natural underground caves registered with ferruginous lithotypes have a total
of 2517 records, which is equivalent to 13.7% of the patrimony identified in the country [8]
(Figure 1B).

Despite this number, unlike the carbonate and quartz cavities, the cavities in fer-
ruginous lithotypes generally do not exceed 100 m of horizontal projection [9] and have
entrances of small diameters. They are mainly located on the edges of the canga (ferrugi-
nous outcrops) because of erosive processes, with a minority originating from small vertical
openings caused by the collapse of the canga mantle [10]. Internally, these cavities have
ducts completely devoid of light and tend to have stable environmental conditions, such as
temperature and humidity, thus providing a selective environment for life [11].

Similar to other caves whose biotic and abiotic factors are unique, little explored, or
difficult to access, these environments are given a certain notoriety in a series of research
studies that seek new discoveries [12–15], especially regarding the presence and potential
use of microorganisms [16–20]. An example of these studies is the work of Cheeptham et al.
who reported actinomycetes in a volcanic cave in Canada able to act against honey bee
pathogens [21]. Other research has revealed and identified bacteria producing enzymes
of industrial interest [22,23] as well as producers of new antibiotics and other therapeutic
molecules [24–26]. Despite advances in the applicability and use of cave-associated mi-
crobiota, currently only one investigation has proposed to analyze the potential of these
microorganisms to act as bioinoculants of agricultural interest [27].

The agricultural scenario is considered a booming sector and one of the most promis-
ing for the use of solutions containing microorganisms alone or in consortium [28,29]. This
is directly related to the increased demand for food [30,31], the production of which is
less dependent on the use of agrochemicals [31] that impact environmental health and,
consequently, human and animal health [30,31].

Given this scenario, through large-scale sequencing analysis of the 16S rRNA gene of
prokaryotes, we identified bacterial genera associated with the production of biomolecules
of biotechnological interest in floor and ceiling samples of ferruginous caves of the IQ
Lemes [32]. With the aim of continuing these initial discoveries, the objectives of this study
were to isolate and evaluate, for the first time, the capacity of culturable bacteria, obtained
from ferruginous caves of the IQ, to act as potential biocontrol agents of agricultural
pathogens and as plant growth promoters in sustainable agriculture. This is based on
the premise that the expansion of the root system observed inside the ferruginous caves
(Figure 1C), originating from plants above the ceiling, may be influenced by the microbiota
associated with this environment. The results of this research will contribute to future field
investigations with the objective of verifying the possibility of implementing bioinoculants
as an eco-friendly alternative to reduce the use of chemical fertilizers and pesticides.
This work also highlights, for the first time, new possibilities for scientific investigations,
allowing the genetic heritage associated with cave environments to be better understood
and investigated in various other sectors of the economy, thus attributing importance to
the ecosystem services associated with the cave environment.

2. Materials and Methods
2.1. Cave Selection and Collection of Sample Material

The selection of caves investigated in this study was previously described by Lemes
et al. [32]. Samples were obtained to investigate the abundance and prokaryotic diversity
previously established in this study, while a portion of the samples was directed to the
study of the culturable microbiota described below. Samples were collected from March to
October 2016 in seven of the eight caves previously reported, excluding only the samples
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from the quartzite cave (Cave 7) [32] (Figure 1A). All sampling permits were approved by
the responsible environmental agencies. Additionally, a sample of canga-covered soil was
collected at the premises of the Federal University of Ouro Preto (UFOP), which was used
to obtain bacterial isolates as an external control for the cave environment.

2.2. Isolation and Preservation of Culturable Bacterial Isolates

For the isolation of culturable bacteria, each sample (0.5 g) was diluted in a 50 mL
falcon tube containing 10 mL of previously sterilized tap water. This was further diluted
by factors of 1:10 and 1:100 using the same solvent. From each solution, 100 µL was
applied to individual Petri dishes (90 × 15 mm) containing Luria-Bertani (LB) medium
with pH adjusted to 7.0, and spread with a sterile Drigalski loop, adapting to the protocols
previously described [33,34]. The plates were then labeled and held at 28 ◦C for 3 d. The
grown bacterial colonies were streaked using the depletion technique in new Petri plates
(90 × 15 mm) containing LB medium using sterile wooden toothpicks, and subsequently
kept in the same conditions. After 2 d of growth, the isolates were collected using a plat-
inum loop and transferred individually into properly labeled cryogenic tubes containing
700 µL of liquid LB and incubated in a shaker at 28 ◦C with agitation at 180 rpm. After 2 d,
bacterial growth was checked by visual turbidity analysis, and 300 µL of 50% glycerol was
added to the initial volume. The samples were stored in a freezer at −20 ◦C to perform
the assays.

2.3. In Vitro Inhibition Assays against Xanthomonas citri subsp. citri (Xcc306)

All previously obtained culturable bacterial isolates were thawed and, using auto-
claved wooden sticks, were transferred to 96-well U-bottom plates containing 200 µL of
liquid LB medium and incubated for 48 h at 28 ◦C. Simultaneously, Xcc306 was grown
in liquid LB medium for 3 d at 28 ◦C. Then, 15 µL of this pre-inoculum (OD600nm = 1.0)
were transferred to Petri dishes (150 × 15 mm) containing LB medium. Using a Drigalski
loop, a mat was created for the homogeneous growth of the phytopathogen. The bacterial
isolates previously grown on 96-well plates were then repotted with the aid of a 96-tip
colony multiinoculator onto the Xcc306 mat. A plate containing only the homogeneous
phytopathogen mat was used as a control. The Petri plates were then incubated at 28 ◦C for
2 d, and the diameter of the inhibition halo and the colony were measured using a digital
caliper (Western Dc). The assays were performed in duplicate.

2.4. In Vivo Inhibition Assay against Xcc306

This assay was performed only with bacterial isolates that showed positive results
in the in vitro inhibition assays of Xcc306. We used young, same-aged plants of Rangpur
lime (Citrus limonia), growing in a growth chamber at 27 ◦C with a 16 h photoperiod as
compatible hosts. Infection of the plants was performed using the leaf infiltration method
previously described by Caicedo et al. [35]. Different isolates were inoculated onto each
plant using three independent leaves for each isolate. The pre-inoculum of the isolates
that induced antagonism to Xcc306 consisted of a final concentration of 108 CFU/mL
with MgCl2 solution (10 mM). On the abaxial side, to the left side of the central leaf vein,
the antagonist isolate and Xcc306 were inoculated from a pre-inoculum mixture. To the
right side of the central vein only Xcc306 was inoculated as a positive control for canker
severity. Both inoculations were performed in duplicate. As negative controls, closer
to the underside of the leaf, MgCl2 solution (10 mM) was inoculated to the right of the
central vein, and only the antagonist isolate was inoculated to the left of the central vein.
The infiltrated leaves were photographed 3, 7, 14, and 21 d after infiltration (DAI), and
lesions were quantified from the damaged areas in the plant tissue using ImageJ software
(v. 1.49) [36].
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2.5. In Vitro Inhibition Test against Fusarium oxysporum (Fo)

In this assay, only isolates that were able to inhibit the in vitro growth of Xcc306 were
evaluated because of financial limitations. To verify Fo inhibition, direct, indirect, and
volatile compound-mediated inhibition assays were performed. For all assays, isolates
were grown on LB medium for 48 h at 28 ◦C and diluted to an optical density (OD600nm) of
0.13. Fo was grown on synthetic potato dextrose agar (PDA) medium and incubated for 7 d
at 28 ◦C [37].

For the direct inhibition assay, 10 µL of the solution containing the isolates were
transferred to Petri dishes (90 × 15 mm) using a platinum loop, making a 3 cm edge
square from the mycelium of the fungus, which was previously placed in the center of the
Petri dish with the help of a 6 mm diameter sterile straw. The plates were incubated in a
BOD incubator at 28 ◦C. Fungal growth (mm) was measured using a digital pachymeter
(Western Dc) when the mycelial structure of the fungus on the control plate reached 30 mm
in diameter [33].

A cellophane overlay technique was used for the indirect inhibition assay [38]. In this
assay, a previously sterilized 12 cm diameter semi-permeable cellophane membrane (P45)
was placed over a Petri dish (90 × 15 mm) containing synthetic PDA medium. On the
cellophane, 200 µL of each bacterial isolate was added, and the solution was spread with a
Drigalski loop over the entire surface of the paper, preventing samples of the bacteria from
coming into direct contact with the culture medium. The plates were then kept in BOD
at 28 ◦C and after 24 h of bacterial growth, the cellophane was removed and discarded,
and the mycelium of the fungus was then inserted in the center of the plate with the
help of a 6 mm diameter sterile straw. The Petri dishes were incubated again in the BOD
under the same conditions as previously identified, and growth evaluation measurements
were performed when the mycelium of the fungus in the control plate reached 30 mm in
diameter using a digital caliper (Western Dc).

To verify inhibition by volatile compounds, septated Petri dishes (90 × 15 mm) con-
taining synthetic PDA medium were used in all three chambers. In one chamber of the
plate, a mycelial disk of the fungus was placed using a sterile 6 mm diameter straw, and in
the other chambers 10 µL of the bacterial isolate was inoculated with a platinum loop. The
Petri dishes were incubated in BOD at 28 ◦C, and the evaluation measurements followed
the same pattern as the previous assays. In all assays, a fungal growth control plate was
prepared. All assays were performed in triplicate.

2.6. In Vitro Inhibition Assay against Colletotrichum lindemuthianum Strain 89 (Cl89)

This assay was performed only with the isolates that presented inhibition above 75%
of the mycelial growth of Fo. For the development of this assay, the fungus Cl89 was previ-
ously grown in natural PDA medium (20 g/L glucose; 200 g/L potato (Solanum tuberosum),
17 g/L agar), poured into Petri plates (90 × 15 mm), and incubated in BOD at 25 ◦C [39]
for 30 d. The experimental methodology to evaluate the biocontrol of Cl89 followed the
same procedures adopted for direct, indirect, and volatile inhibition of Fo. All experiments
were performed in triplicate, evaluations were based on mycelial size (mm) measurement,
and inhibition percentages were calculated.

2.7. Calculation of the Inhibition Rate of Phytopathogenic Fungi

The inhibition rate was calculated using the following equation: Inhibition rate
% (I) = (Ø1 − Ø2)/Ø1 − 100 [38], with Ø1 being the mycelial disc diameter of the target
pathogen under the control condition, and Ø2 denoting the mycelial disc diameter of the
pathogen in the presence of the antagonist or its diffusible compounds.

2.8. Plant Growth Promotion Assays

All plant growth promotion assays were performed only with the isolates that showed
promising results in the phytopathogen biocontrol assays used in this study. For all assays,
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the bacterial isolates were grown on liquid LB medium for 2 d, and at the time of the assay,
the OD600nm was set to 0.13.

2.9. Calcium Phosphate Solubilization Assay

The National Botanical Research Institute Phosphate (NBRIP) protocol was used to
verify the in vitro phosphate solubilization potential [40]. The assays were performed in
triplicate, and the solubilization efficiency was determined based on the formula established
by Nguyen, et al. [41].

2.10. Siderophore Production Assay

The production of siderophores was verified by inoculating 2 µL of each bacterial
isolate into Petri dishes (90 × 15 mm) containing chromeazurol agar assay (CAS) medium
according to a previously described method [42]. The results were performed in duplicate,
and a positive result was determined by the presence of a yellow-orange halo around
the colony.

2.11. Nitrogen Fixation Assay

The isolates (20 µL) were inoculated into microtubes containing 1.0 mL of semi-solid
BAz medium, without cycloheximide, supplemented with 5 g/L mannitol and 5 g/L
sucrose, adapted from [43]. The assays were performed in triplicate, and positive results
were identified by measuring a film formed on the surface of the inoculated medium.

2.12. Hydrolase Production Assay

Amylase production. The isolates (2 µL) were inoculated onto Petri dishes (90 × 15 mm)
containing starch agar medium. After 24 h of growth at 28 ◦C, the result was revealed
by adding Lugol’s iodine and reacting for 5 min [44]. Cellulase production. The isolates
(2 µL) were inoculated in Petri dishes (90 × 15 mm) containing carboxymethyl cellulose
(CMC) agar medium. After 48 h of incubation, the result was verified by adding 5 mL of
Congo red solution, and after 15 min, the solution was discarded, and 5 mL of 1M NaCl
was added for another 15 min reaction time [45]. Protease production. The isolates (2 µL)
were grown in Petri dishes (90 × 15 mm) containing a specific solid medium (pH 5.0) for
4 d at 28 ◦C [44].

Evaluation of the enzymatic assays. To determine the enzymatic activity of the isolates,
the enzymatic index (EI) was calculated [46] using the ratio between the average diameter
of the degradation halo and the average colony diameter (halo diameter/colony diameter),
and for consideration of the enzyme production in solid medium, the EI was ≥ 2.0 [47,48].
All tests were performed in triplicate.

2.13. Bacterial Motility Assay

The swimming phenotype (flagellum-dependent motility of bacterial isolates) was
verified by inoculating 5 µL of each bacterial isolate (OD600nm = 0.1) into the center of Petri
dishes (60 × 15 mm) containing semi-solid LB medium with 0.3% agar [49]. The plates
were incubated in BOD at 28 ◦C for 24 h and the results were photographed. The assays
were performed in duplicate.

2.14. Test of Biofilm Production and Bacterial Self-Aggregation Capacity

Biofilm production was carried out based on O’Toole [50] with adaptations. To verify
the self-aggregation capacity, the bacterial isolates were grown in liquid LB at 28 ◦C, and
followed the methods proposed by Muzzolón [51] and adapted by Lima [52].

2.15. Molecular Identification of Potential Bioinoculants

The bacterial isolates were subjected to DNA extraction using the NucleoSpin® Tis-
sue kit (Macherey-Nagel, Düren, Germany) following the manufacturer’s recommenda-
tions. The DNA samples were quantified, and purity was evaluated using a NanoDrop™
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spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Electrophoresis was
performed in 0.8% agarose gel to confirm the quality of the extracted DNA (data not
shown). For partial amplification of the 16S rRNA gene, oligonucleotides 515F and 926R
were used [53]. PCR was prepared to a final volume of 30 µL, and amplification was
performed in a Biocycler® thermal cycler using the reagents and parameters established
previously [33], and changing the annealing temperature to 57 ◦C. Amplification products
were visualized on a 0.8% agarose gel, and 22 µL of the PCR product were purified using
the GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Chicago, IL, USA),
following the manufacturer’s instructions. The samples were sent to the Center for Bio-
logical Resources and Genomic Biology (CREBIO) at the Universidade Estadual Paulista
“Júlio de Mesquita Filho”, Jaboticabal Campus, where sequencing [35] was performed. The
DNA sequences were then verified and edited using BioEdit Sequence Alignment Editor,
software version 7.0.5.3 [54], and analyzed using BLASTn (Basic Local Alignment Search
Tool) [55].

2.16. Statistical Analysis

First, the data were analyzed for homogeneity of variance and normality using Levene
and Kolmogorov-Smirnov tests, respectively. Once these assumptions were met, the data
were subjected to an analysis of variance (ANOVA). For the in vivo inhibition assay of
Xcc306, data were subjected to Tukey’s test (p < 0.05) using Prism 5 software. Data for
direct and indirect in vitro inhibition of Fo, N fixation, hydrolytic enzyme production,
self-aggregating capacity, and biofilm formation were subjected to the Skott-Knott test
(p < 0.05), while the data of direct and indirect inhibition of Cl89 and phosphate solubi-
lization were subjected to the least significant difference (LSD, p < 0.05) test to test the
significant differences in the means of the treatments. Statistical analyses were performed
using SAS 9.4 software [56]. Data are presented as means ± standard deviation (SD).

3. Results

A total of 28 floor, ceiling, and biofilm samples were obtained from among the seven
canga caves and one superficial soil sample from the canga outside the cave environment
(Figure 2).
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From this sample set, 712 cultivable bacterial isolates were collected, of which 563
(79.0%) remained stable after being kept at −20 ◦C for up to 3 years (Figure 2), thus being
characterized as stable to mild storage conditions.



Sustainability 2021, 13, 9354 8 of 23

In the direct in vitro inhibition assay against Xcc306, 47 bacterial isolates (8.3%) were
positive, as demonstrated by the formation of a halo of inhibition around the isolates
(Figure 3A).
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Figure 3. In vitro and in vivo inhibition assay of Xcc306. (A) Example Petri dishes (150 × 15mm) containing some bacterial
isolates obtained from the reed caves that are able to inhibit the phytopathogen, result represented by the presence of a
transparent halo. (B) Isolates that inhibit Xcc306 in vitro, each dot represents an isolate able to inhibit the phytopathogen
according to the size of the inhibition halo (mm). The colors represent the origin of each isolate. No isolate taken from
the canga soil showed positive results for this assay. (C) Statistical analysis of isolates able to reduce Xcc306 injury in vivo
* p < 0.05, ** p < 0.01 and *** p < 0.001 compared to isolate D9. # p < 0.05, ## p < 0.01 and ### p < 0.001 compared to isolate
A8. ++ p < 0.01, +++ p < 0.001 and ++++ p < 0.0001 compared to control isolate. (D) In the upper part, example of the
abaxial side of citrus leaves with co-inoculation of the phytopathogen with isolate A8 capable of lesion reduction. On the
upper left side, the phytopathogen was co-inoculated two spots with the cave isolate, on the upper right two spots with the
phytopathogen alone. On the lower left side only the cave isolate was inoculated and on the lower right MgCl2 (used as
blank) was inoculated. (D) At the bottom, Xcc306 in co-inoculation with isolate C1, capable of slowing down the disease
severity process caused by Xcc306. The images represent the evolution of the leaf damage process evaluated at days 7, 14
and 21 after inoculation, respectively.

Most of these (n = 42, 89.4%) were obtained from samples from Cave 6, whereas a
single isolate was found from Caves 2 and 5, and three isolates from Cave 8 (Figure 3B). No
isolates from superficial soil outside the cave showed positive inhibition against Xcc306.

To understand if the in vitro inhibition would also be observed in vivo, these 47 iso-
lates were co-inoculated with the phytopathogen onto wild lemon plants. Of these, nine
isolates (19.1%) (D9, A8, D11, A9, D3, A10, A11, A7, and B7) showed a significant reduction
in the lesion caused by the phytopathogen, ranging from 38% to 68% of necrotic symptoms
when compared to the control condition (Figure 3C), without apparent induction of hy-
persensitivity response when inoculated alone into plant tissue (Figure 3D). In addition,
another five isolates (10.6 %) (B8, B11, C1, D7, and E3), although not able to significantly
reduce the lesion, showed the ability to delay the injury process (Figure 3D).

From the 47 isolates capable of inhibiting Xcc306 in vitro, 36 were evaluated for their
ability to inhibit Fo growth. Of these, 20 were effective in inhibiting mycelial disk growth
by over 50% in the direct inhibition assays (Figure 4A).



Sustainability 2021, 13, 9354 9 of 23Sustainability 2021, 13, x FOR PEER REVIEW 9 of 23 
 

 
Figure 4. Inhibition of Fusarium oxysporum (Fo). (A) Direct inhibition (%) of the phytopathogen by 
caves isolates and demonstration of control and some inhibition in Petri dish (90 × 15 mm). Different 
letters between isolates differ by confidence interval by Skott-Knott test (p < 0.05). (B) Indirect inhi-
bition (%) of phytopathogen by caves isolates and demonstration of the control and some inhibitions 
in Petri dish (90 × 15 mm). Different letters between isolates differ by confidence interval by Skott-
Knott test (p < 0.05). Data were x0.75 transformed. 

In the indirect inhibition assays, 15 isolates (A2, A3, A4, A5, A6, A8, A10, B1, B4, B6, 
B9, C2, C3, C7, and D3) out of the 36 evaluated showed inhibition capacities ranging from 
76.2% (A5) to 81.4% (C3) of mycelial growth (Figure 3B). In the inhibition assays mediated 
by volatile compounds, no isolate showed a positive result against Fo (data not shown). 
The 15 isolates that showed indirect inhibition above 75% for Fo constituted the third 
screening of biocontrol activities, this time against Cl89. An additional isolate was incor-
porated in this step, identified in this study as A1, which showed a low indirect inhibition 
rate to Fo, and whose colony coloration in the culture medium was white, in contrast to 
the other 15 that present colony coloration in different shades of red-orange. The results 
showed that for direct inhibition of Cl89, the 16 isolates were able to inhibit over 80% of 
the mycelial disc of the pathogen (Figure 5A). 

Figure 4. Inhibition of Fusarium oxysporum (Fo). (A) Direct inhibition (%) of the phytopathogen by
caves isolates and demonstration of control and some inhibition in Petri dish (90 × 15 mm). Different
letters between isolates differ by confidence interval by Skott-Knott test (p < 0.05). (B) Indirect
inhibition (%) of phytopathogen by caves isolates and demonstration of the control and some
inhibitions in Petri dish (90 × 15 mm). Different letters between isolates differ by confidence interval
by Skott-Knott test (p < 0.05). Data were x0.75 transformed.

In the indirect inhibition assays, 15 isolates (A2, A3, A4, A5, A6, A8, A10, B1, B4, B6,
B9, C2, C3, C7, and D3) out of the 36 evaluated showed inhibition capacities ranging from
76.2% (A5) to 81.4% (C3) of mycelial growth (Figure 3B). In the inhibition assays mediated
by volatile compounds, no isolate showed a positive result against Fo (data not shown). The
15 isolates that showed indirect inhibition above 75% for Fo constituted the third screening
of biocontrol activities, this time against Cl89. An additional isolate was incorporated in
this step, identified in this study as A1, which showed a low indirect inhibition rate to Fo,
and whose colony coloration in the culture medium was white, in contrast to the other 15
that present colony coloration in different shades of red-orange. The results showed that
for direct inhibition of Cl89, the 16 isolates were able to inhibit over 80% of the mycelial
disc of the pathogen (Figure 5A).
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Figure 5. Inhibition of Colletotrichum lindemuthianum (Cl89). (A) Direct inhibition (%) of the phy-
topathogen by the caves isolates and demonstration of control and some inhibition in Petri dish
(90 × 15 mm). Different letters between isolates differ by confidence interval by test LSD test (p < 0.05).
(B) Indirect inhibition (%) of phytopathogen by the cave isolates and demonstration of the control
and some inhibitions in Petri dish (90 × 15 mm). With # data without variance, different letters
between isolates differ by confidence interval by test LSD test (p < 0.05).

In the indirect inhibition assays, the 15 red isolates were able to completely prevent
the growth of Cl89 (100% inhibition), in contrast to the white isolate A1, which showed
little inhibitory capacity for the mycelial disk growth of Cl89. Similar to Fo, there was no
inhibition mediated by volatile compounds for Cl89 (data not shown).

The same 16 isolates selected for the Cl89 indirect inhibition assays were then evaluated
for their ability to act as plant growth promoters, and the results are compiled in Table 1.
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Table 1. General characteristics and identification of the 15 best bacterial isolates likely to be used as biocontrollers and plant growth promoters.

Isolate
Source

CC
Biocontrol Activity (%) PGP Activity Molecular Identification

Cave Samples Xcc306
(iVt) (mm)

Xcc306
(iVv)

Fo
(DI iVt)

Fo
(II iVt)

Cl89
(DI iVt)

Cl89
(II iVt) PS NF

(mm) P/C/A Sid Genus Accession Ident. (%) Cov. (%) NCBI Ref

A1 2 Ceiling White 21.78 36.4 23.7 2.7 83.1 10.3 0 0 − + + − Bacillus sp. MZ468598 96.09% 97% NR_075005.2
A2 6 Floor Red 20.18 −12.6 55.0 79.4 98.3 100.0 82.9 3.5 + − − + NI − − − −
A3 6 Floor Red 22.07 4.6 56.7 76.9 95.0 100.0 49.3 5.5 + − − + Nissabacter sp. MZ468599 94.42% 95% NR_147393.1
A4 6 Floor Red 18.60 54.9 79.6 98.2 100.0 5.5 + − − + Nissabacter sp. MZ468600 96.50% 924% NR_147393.1
A5 6 Floor Red 17.19 35.0 56.1 76.2 99.3 100.0 157.9 7.5 + − − + Nissabacter sp. MZ468601 98.78% 93% NR_147393.1
A6 6 Floor Red 20.56 40.7 56.4 77.9 97.3 100.0 301.8 6.5 + − − + Nissabacter sp. MZ468602 99.39% 94% NR_147393.1
A8 6 Floor Red 16.65 67.8 53.9 79.5 97.7 100.0 151.5 7 + − − + Dickeya sp. MZ468603 98.47% 98% NR_151914.1
A10 6 Floor Red 18.36 44.2 57.6 77.3 99.0 100.0 24.9 7 + − − + Serratia sp. MZ468604 99.28% 95% NR_114157.1
B1 6 Floor Red 22.86 0.46 56.1 79.8 99.3 100.0 41.5 6 + − − + Serratia sp. MZ468605 99.64% 89% NR_114157.1
B4 6 Ceiling Red 22.69 17.2 58.4 79.5 97.8 100.0 260.4 3.5 + − − + Serratia sp. MZ468606 98.48% 87% NR_114043.1
B6 6 Ceiling Red 23.39 28.0 57.4 78.1 97.5 100.0 49.3 5.5 + − − + Serratia sp. MZ468607 98.20% 95% NR_114157.1
B9 6 Ceiling Red 18.38 20.5 67.0 78.0 99.0 100.0 20.4 4.5 + − − + Serratia sp. MZ468608 97.93% 94% NR_114157.1
C2 6 Ceiling Red 21.66 −2.1 62.7 80,0 98.8 100.0 65.5 5 + − − + Serratia sp. MZ468609 99.64% 97% NR_114157.1
C3 6 Ceiling Red 19.88 40.8 66.0 81.4 83.7 100.0 46.9 5.5 + − − + Serratia sp. MZ468610 98.93% 90% NR_114157.1
C7 6 Ceiling Red 22.02 −8.0 67.0 79.5 99.0 100.0 52.8 4 + − − + Serratia sp. MZ468611 99.64% 94% NR_114157.1
D3 8 Ceiling Red 20.07 46.0 68.4 80.6 98.9 100.0 39.0 4 + − − + Serratia sp. MZ468612 99.65% 95% NR_114157.1

CC: Colony color; Xcc: Xanthomonas citri subsp. citri strain 306; Fo: Fusarium oxysporum; Cl: Colletotrichum lindemuthianum strain 89; DI: Direct inhibition; II: Indirect inhibition; iVt: in vitro assay; iVv: in vivo assay;
PGP: Plant growth-promoting; PS: Phosphate solubilizing; NF: Nitrogen fixing; P/C/A: Protease, Celullase, Amylase assays; Sid: Siderophores production; Ident.: Identity; Cov.: Coverage; NI: Non-identified.
+ (positive) and − (negative) results for biochemical assays.
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In the calcium phosphate solubilization assays, 14 isolates showed promise, with the
lowest solubilization efficiency at 20.4% (B9) and the highest at 301.8% (A6) and 260.4% (B4),
revealing a significant difference among isolates (Figure 6).
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letters between isolates differ by LSD test (p < 0.05). (B) Demonstration of the control plate and some examples in Petri dish
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The isolates A1 (blank) and A4 were not able to form a halo; therefore, they were
considered incapable of solubilizing calcium phosphate. As for the ability to produce
siderophores, the 15 isolates with red colonies were able to produce some iron chelator,
while isolate A1 did not show any positive results for this assay. In the nitrogen fixation
assays, the same 15 red isolates showed a positive result of diazotrophic action, indicated
by the formation of a film of bacterial growth on the surface of the BAz culture medium,
which was not observed for isolate A1. In the assays of hydrolytic enzyme production,
the 16 isolates verified were able to produce protease, with higher production identified
for isolates A1 and A8, and only isolate A1 was able to produce amylase and cellulase.
All 16 isolates were positive for swimming-type motility and biofilm formation, with
isolates A1, A2, B9, and C2 showing the highest capacity to produce this attribute. In the
self-aggregation assays, isolate A1, although not statistically different from A2, A3, A4, A5,
A8, A10, B1, B4, B6, and B9 showed the highest percentage of self-aggregation, whereas
isolates A6, C2, C3, C7, and D3 did not show any capacity for this attribute. Finally, the
16 isolates with the superior results had the V4–V5 region of the 16S rRNA gene partially
sequenced for molecular identification (Table 1), and were identified as Dickeya, Nissabacter,
and Serratia.

4. Discussion

Agricultural production plays an important role in global economic growth [28]. For
example, in 2018, it was responsible for 4% of the global gross domestic product (GDP),
and in some developing countries it could account for more than 25% of GDP [57]. In
Brazil, one of the largest agricultural producers, agribusiness was responsible for 26.6% in
2020, and the agricultural sector alone contributed 18.5% to the national GDP [58].

Despite these expressive rates, much of the success is due to the use of defensives and
fertilizers [59–61], both of which are adopted as recurrent practices in the management of
large-scale monocultures. The indiscriminate use of these agrochemicals has caused severe
environmental damage, harm to human and animal health, and is responsible for inducing
resistance in pathogens and pests [62–64]. At the same time, such compounds affect the
soil ecology, decreasing the area available for agricultural cultivation and reducing the
effectiveness of the product itself [59,65,66].
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Trade barriers have been imposed by some countries on the commercialization of
products on the basis of chemical management [67] to help combat these issues, concomi-
tant with the pressure exerted by a more conscious society, which has led to the desire to
find natural products that can reduce or replace the use of these chemicals [30,68]. The use
of biofertilizers and biopesticides has been highlighted in this scenario of changing the
standards for productive management [69–76]. Nevertheless, there are many difficulties
associated with the production of bioinoculants, ranging from the selection of these microor-
ganisms to the validation of their beneficial effects in the field, which makes production
costly [77], resulting in little diversity of these products in such a competitive market as the
global agricultural market. In addition to biocontrol and biofertilization, microorganisms
are highlighted in the areas of bioremediation and phytoremediation [78,79].

The discovery of new potential bioinoculants is emerging, and success involves
prospecting unexplored environments, such as deserts, coal mines [80–82], and caves.
Studies have highlighted the importance of cave microbiota [83,84]. The search for new
biocontrollers and plant growth promoters from cave environments is still incipient, and
only Venkadesaperumal et al. have presented data from this approach with significant
results sampling volcanic mud and limestone caves from the Andaman and Nicobar Islands
region (Gulf of Bengal) [27].

The proposal of the present work was to extend this approach to the possibility of
finding biocontrollers from the ferruginous caves of the Brazilian IQ region. However, in
contrast to the work of Venkadesaperumal et al., complex root systems were found within
the ferruginous caves of the IQ, and these findings motivated this proposal (Figure 1C).
The premise was that the expansion of root systems within the cave structures, composed
of very rigid material, may be directly related to the role played by the microbiota present
in this environment (Figure 1). This premise is supported by the fact that the soils above
the ferruginous caves are mainly formed by itabirite, which is not very porous, with low
water retention capacity for flora maintenance; therefore, the plants of this environment
are highly specialized, justifying the high plant endemism observed [3].

Based on this premise, and considering that the most widely studied agents of bio-
logical control and plant growth promotion are bacteria, the objective of this study was to
evaluate these capabilities in the largest possible number of culturable bacteria obtained
from floor and ceiling samples of ferruginous caves of the IQ. From 29 samples derived
from seven caves, located at different points in the IQ, and from the top soil of the region,
712 culturable bacteria were initially obtained. However, after storage at −20 ◦C, 563 iso-
lates remained viable after re-activation in culture medium. The number of isolates per
cave was not related in this study to diversity, only to the fact that it has a direct relation to
the number of samples prospected per cave (Figure 2).

The assays were performed from these 563 isolates; however, given the financial and
practical limitations of prospecting all the proposed biological functions for this set of
isolates, we chose to perform serial and success-dependent steps in the previous step. This
instituted a selection filter, thus allowing a smaller number of isolates to be evaluated for
all the proposed attributes (Figure 7).
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Initially, the 563 isolates were evaluated for their ability to inhibit in vitro Xanthomonas
citri subsp. citri strain 306 (Xcc306), which is considered the most virulent strain causing
citrus canker. A total of 47 (8.35%) isolates showed some antagonism against Xcc306, with
emphasis on isolates from Cave 6, which accounted for 42 of these 47 isolates. To under-
stand if this antagonistic action was also observed in vivo, an analysis of this effect was
then performed in wild lemon plants. All 47 isolates were evaluated, and 9 (D9, A8, D11,
A9, D3, A10, A11, A7, and B7) showed 36% to 68% reduction in virulence phenotypes when
co-inoculated with Xcc306, without inducing any hypersensitivity response in the plant
when inoculated alone. This is a good indication for the development of an efficient bacte-
rial inoculant. Although no isolate was completely efficient in controlling the pathogen,
a comparison with biological control data of Xcc306 described in other works allows us
to conclude that the rates found are comparable. Kalita et al. [85] isolated bacteria of the
genera Bacillus subtilis, Bacillus polymyxa, and Pseudomonas fluorescens, which were able to
inhibit Xcc306 in vitro. Bacillus subtilis, in particular, was able to reduce the incidence of
the disease by 61.9% under controlled conditions and when co-inoculated with Xcc306. In
addition, Bacillus spp. are described as efficient biocontrollers for other crops [86], and
other studies using antagonistic bacterial isolates have demonstrated success in reducing
the severity and decreasing the incidence of this pathogen in citrus species [35,87–90] in
similar proportions as found in the cave isolates.

In another study on the biocontrol of Xcc306, 10 bacterial isolates capable of forming
a halo of inhibition against Xcc were found, all identified from the genus Bacillus. When
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co-inoculated with citrus plants, two of these bacterial isolates showed no symptoms of
citrus canker within three weeks of inoculation [91]. In addition to the 9 isolates in the
present study that contributed to the reduction in phenotypes, another set of 5 isolates
was able to delay the effects of the disease, B8, B11, C1, D7, and E3 (Figure 3D). Although
preliminary, these isolates present themselves as future sustainable alternatives to the use
of copper-based substances in the management of Xcc306, whose recent discoveries have
led to the development of metal-tolerant strains which are more difficult to control in the
field [92,93].

In a subsequent step, 36 of the isolates most antagonistic to Xcc306 were evaluated for
their ability to inhibit the growth of Fusarium oxysporum. The genus Fusarium is composed
of more than 100 host-specific strains, many of which show pandistribution [94] and affect
a wide variety of crops. Once in contact with the host, the fungus penetrates the roots,
enters the vascular system, and uses the xylematic vessels, which are then obstructed by
mycelium and spores, which promote vascular and leaf discoloration, low plant stature,
yellowing of older leaves, wilting, and often plant death [95]. Several strategies are used
to combat Fo, such as the use of chemical control to prevent infection. Besides presenting
doubtful efficiency, they can cause damage to the microbiota associated with the plant
and accumulate in the tissues, eventually being transferred to other trophic levels [96,97].
Another widely used strategy to restrict Fo-induced damage is the use of resistant plant
varieties [97]. However, this resistance is not stable over the long term [98], and because of
the problems caused by such approaches, the use of bacterial isolates that act as antagonists
to Fo as sustainable alternatives [76,99–101], and the data from our work corroborate
this perspective.

A total of 15 isolates (A2, A3, A4, A5, A6, A8, A10, B1, B4, B6, B9, C2, C3, C7, and
D3) showed some efficiency in Fo antagonism. When we evaluated the performance of
cave isolates against isolates obtained in other studies, we observed that the biocontrol
efficiency was comparable and, in some cases, superior.

Zain et al. and Yan reported the efficiency of bacterial isolates in reducing approxi-
mately 65% of the mycelial disc growth of Fo in vitro [102,103]. Among the cave isolates
evaluated for this function, 15 obtained inhibition rates higher than 75%, highlighting the
possibility of their application in field trials. To understand if this antifungal potential
extends to another phytopathogenic fungus, C. lindemuthianum (Cl) was selected as a sec-
ondary target. This fungus is the causal agent of anthracnose, the main disease affecting
bean crops (Phaseolus vulgaris L.) [104]. The symptoms of anthracnose can be observed
throughout the plant; however, typically dark brown necrotic lesions on the abaxial nerves
of the leaves and on the stems, in addition to decreased leaf photosynthesis activity are
noted [105,106]. Among the most used Cl control strategies are the use of resistant culti-
vars [107], the use of chemical controllers sprayed on the aerial part of the plant [108], seed
treatment [109] and crop rotation [110]. Similarly, the use of biological control agents has
been shown to be promising against Cl [111–114] and bacteria have played a prominent
role in this approach [115,116].

All 15 isolates capable of inhibiting Fo were also capable of directly inhibiting more
than 75 % and indirectly inhibiting 100% of the mycelial growth of Cl89. These data
demonstrate that the isolates can be used as direct biocontrollers, which can be employed
in commercial compositions, keeping the microorganisms alive and active, or in the pro-
duction of these diffusible biomolecules with inhibitory capacity as new inputs for more
sustainable food production. When we compared our results to those previously described
in the literature, we noted the superior efficiency of the cave isolates. Gholami, et al. [117],
for example, isolated 103 endophytic bacteria from roots of the Fabaceae family, and of
these, 8 showed inhibition of C. lindemuthianum in vitro with values between 75% and 96%.
Pandey et al. [118], using the same model as a target, evaluated strains of Pseudomonas flu-
orescens and Bacillus cereus, and obtained mycelium growth inhibition of 52% and 31%,
respectively. In this study, we demonstrated that the cave isolates were able to inhibit
more than 80% of direct growth and 100% by indirect inhibition. After identifying the
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isolates capable of presenting biocontrol action against the three phytopathogens inves-
tigated, the next step was to identify the potential for plant growth promotion, which
could characterize a dual function of these potential bioinoculants. Of the 15 isolates with
biocontrol potential, 14 showed in vitro inorganic phosphate solubilization capacity. Con-
sidering that phosphorus (P) is one of the most important macronutrients for plants, the
availability of soluble phosphate favors plant growth [119,120], and most of the P present
in the soil is in insoluble form [121]; therefore, phosphate-solubilizing bacteria play a key
role in this relationship [122]. Previous studies have determined that the profitability of
some crop production is significantly increased when these microorganisms are used as
inoculants [123,124]. With the proposed isolation and characterization of these bacteria, a
number of studies have established prospecting proposals. Peréz-Rodriguez et al. [125]
found 33 isolates, with phosphate solubilization efficiencies ranging from 120% to 360%,
and demonstrated that these isolates increased seed quality relative to the control when
inoculated into tomato seeds.

Regarding the production of siderophores and the diazotrophic capacity, it was ob-
served that all 15 isolates produced some of these metal chelating molecules and were
also able to fix nitrogen. Siderophores are microbial biomolecules produced by acting as
chelators of metals, especially iron, and the presence of these biomolecules in the bacterial-
plant interrelationship favors plant growth, thus allowing them to increase their capacity
to acquire iron, an important micronutrient [126], while triggering plant defense responses
against potential pathogens [127], thus increasing the plant’s immune response. Bioinoc-
ulants that present such capacity are desired and have been continuously investigated,
along with the search for diazotrophic organisms. These, in turn, are capable of fixing
atmospheric nitrogen gas into ammonium ions in the soil, to be transformed into nitrite and
nitrate by other microbial species, which is then available to the plant roots. This capacity
is well developed in Rhizobiaceae, and it has been shown that non-symbiotic diazotrophic
bacteria can be widely used as bioinoculants in plant growth [128]. It is important to
highlight that there are other more robust techniques that allow a better assessment of the
capacity of bacteria to solubilize phosphate and fix nitrogen. The techniques used in this
work only suggest an indication of this potential, thus qualitatively contributing to the
function of promoting plant growth by the bacterial isolates investigated.

Despite the ability to produce siderophores, solubilize phosphate, and fix nitrogen,
none of the 15 biocontrol isolates produced the hydrolytic enzymes cellulase and amylase.
Proteases secreted into the rhizosphere environment can facilitate the acquisition of organic
nitrogen by plant roots [129], and protease-secreting bacteria have been shown to contribute
to plant growth by inhibiting the growth of phytopathogens [128]. Together, these three
activities observed by the selected bacterial isolates make them excellent candidates for
plant growth promotion, while also showing biocontrol efficiency.

Finally, in addition to acting as biocontrollers and biofertilizers, bioinoculants could
be able to produce biofilms, which facilitate the adherence and attachment of the bacteria to
the roots and plant tissues, thus allowing them to develop their role as inoculants [130,131].
This is due to the sessile cell form, which adheres to biofilms and is better able to resist
unfavorable environmental conditions, including stresses caused by external stimuli [132].
Although self-aggregation is a positive factor in the large-scale production of bacteria-based
inoculants [130], the isolates analyzed were not efficient in this activity.

Once the potentials were identified, the next step was to determine the genus to which
the 15 bacterial isolates belonged by partial sequencing of the 16S rRNA gene. Isolates A10,
B1, B4, B6, B9, C2, C3, C7, and D3 were found to belong to the genus Serratia, and it has
been reported that bacteria of this genus are capable of producing a secondary compound
called prodigiosin, which is reddish in color, corroborating the phenotype of the colonies
in vitro. Serratia species show antagonistic activity against citrus pathogens [133,134],
Fusarium oxysporum [135,136], and Colletotrichum sp. [137]. Considering that bacteria of
the Serratia genus are producers of prodigiosins and that the evaluated isolates present a
reddish colony (an indication of the production of these pigments), it is possible to infer
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that such inhibition may be due to such biological action, which opens a new perspective
of functional and structural evaluation of these molecules [138].

Isolate A8 was identified as belonging to the genus Dickeya. However, we cannot cor-
roborate the inhibitory and growth-promoting effects of other Dickeya species, as these are
classically reported as plant pathogens [139]. Nevertheless, the phenotypic characteristics
of this genus resemble those observed for this isolate in vitro. Finally, isolates A3, A4, A5,
and A6 were identified as belonging to the genus Nissabacter, whose only documented
species is Nissabacter archeti [140]. However, unlike what was observed for Dickeya, the
phenotypic characteristics found do not corroborate the data described in the literature.

5. Conclusions

From 563 cultivable bacteria obtained from floor and ceiling samples of seven fer-
ruginous caves, it was possible to identify a total of 15 bacteria efficient in acting as
biocontrollers of three important phytopathogens that affect diverse agricultural crops
of great economic interest. These bacteria were also able to act in vitro as plant growth
promoters, which places them as important candidates for in planta biocontrol and biopro-
moter action trials, thus evidencing potential microbiological services as an alternative to
minimize the use of pesticides and chemical fertilizers through sustainable agricultural
management practices. Indirectly, these results also highlight, for the first time, that the fer-
ruginous caves of the IQ are characterized as important hotspots of genetic heritage that are
fundamental for scientific development and the discovery of diverse potentials, requiring
special attention in light of the extreme anthropic activities they have been enduring.
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