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Abstract: Sweet potato (Ipomoea batatas) tuberous roots are used for human consumption, animal
feed, and many industrial products. However, the crop is susceptible to various pests and diseases,
including foot rot disease caused by the phytopathogenic fungus Plenodomus destruens. Biological
control of plant pathogens by Bacillus species is widely disseminated in agrosystems, but specific
biological control agents against the foot rot disease-causing fungus are not yet available. Our
previous studies showed that two Bacillus strains isolated from sweet potato roots—B. safensis
T052-76 and B. velezensis T149-19—were able to inhibit P. destruens in vitro, but data from in vivo
experiments using simultaneously the fungus and the bacteria were missing. In this study, both
strains were shown to protect the plant from the disease and to mitigate the symptoms of foot rot
disease in pot experiments. Total fungal community quantification using real-time PCR showed
a significant decrease in the number of copies of the ITS gene when the bacteria were inoculated,
compared to the control (with the fungus only). To determine the genes encoding antimicrobial
substances likely to inhibit the fungus, their genomes were sequenced and annotated. Genes coding
for mycosubtilin, bacillaene, macrolactin, bacillibactin, bacilysin, plantazolicin, plipastatin, dificidine,
fengycin and surfactin were found in B. velezensis T149-19, while those coding for bacylisin, lichenysin,
bacillibactin, fengycin and surfactin were found in B. safensis T052-76. Altogether, the data presented
here contribute to advancing the knowledge for the use of these Bacillus strains as biocontrol products
in sweet potato.

Keywords: Bacillus velezensis; Bacillus safensis; Plenodomus destruens; foot rot disease; biocontrol;
sweet potato

1. Introduction

Sweet potato (Ipomoea batatas (L.) Lam.) belongs to the family Convolvulaceae and is
among the most widely cultivated subsistence crops worldwide, with more than 100 million
tons per year [1]. Sweet potato is quite tolerant to abiotic stresses such as high temperature,
water deficit and low soil fertility, one of the strong reasons why sweet potato is grown in
more developing countries than any other root crop [2–4]. Sweet potato has two types of
roots: absorbing roots and storage roots, which are also called tuberous roots. Tuberous
roots are used in human and animal food, and in the industrial production of flour, starch
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and bioethanol. The tuberous root is a valuable source of carbohydrates, fiber, carotenes,
thiamin, riboflavin, niacin, potassium, zinc, calcium, iron, vitamins A and C, and high-
quality protein [5–7].

Although sweet potato can be produced under unfavorable growing conditions and
with low production cost, some diseases and pests severely affect its cultivation. Most
pathogens cause damage to the roots, causing a strong reduction or even total loss of
production [8,9]. The bacterial pathogens Erwinia chrysanthemi and E. carotovora are the
most important phytopathogens of sweet potatoes worldwide [10]. However, pathogenic
fungi are responsible for the greatest economic losses in sweet potato cultivation [9].
Ceratocystis fimbriata, Fusarium oxysporum, Rhizopus oryzae, and Monilochaetes infuscans are
some examples of fungi that cause different diseases in sweet potato. Jiang et al. [11] have
demonstrated the potential of Pantoea dispersa as an effective biocontrol agent for black rot
in sweet potato caused by C. fimbriata. However, the most feared by farmers, mainly in
tropical countries, is the fungus Plenodomus destruens, which causes foot rot disease [9,12].

Foot rot disease begins with fungal infection at the stem collar, implying interruption
of water and nutrient absorption due to the formation of wet necrosis that surrounds the
stem [5]. These necrotic lesions are covered by pycnidia of the fungus and, as the disease
progresses, infected branches become shriveled and dry, stems die and turn black, and dry,
dark decay also occurs at the tuberous root tips of sweet potato [5,13,14]. Although field use
of fungicides is not allowed for sweet potato cultivation in many countries, farmers usually
use systemic fungicides (such as thiabendazole and difenoconazole) against P. destruens [15],
contrary to the use of alternative ecologically safe control methods.

The best strategy to counter the threats caused by pathogens starts with host plant
resistance achieved in breeding programs [16]. Despite the efforts to select resistant clones,
management programs sometimes fail to find a cultivar that is fully resistant [16], and other
strategies are necessary to combat the disease. The application of plant growth-promoting
bacteria (PGPB)—in this case, the production of antimicrobial substances by these PGPB—
is frequently used for the biological control of different plant diseases (for review, see
O’Brien [17], Tariq et al. [18], and others). In agriculture, an increasing number of farmers
are recognizing the need for other alternatives for the control of pests and/or diseases that
are not so harmful to the environment, land and health of farmers themselves [18–20].

In previous studies, Marques et al. [21,22] isolated 93 endophytic bacterial strains
from the tuberous roots of different sweet potato genotypes. Among them, two Bacillus
strains were able to inhibit P. destruens in in vitro experiments, suggesting their biological
control potential. These strains were identified as Bacillus safensis (T052-76) and B. velezensis
(T149-19), and they were shown to (i) also inhibit other phytopathogenic fungi; (ii) adapt
themselves in the sweet potato rhizosphere and remain stable in the soil for a long period
of time (up to 180 days); and (iii) not significantly alter the rhizosphere and soil indigenous
microbial communities in pot experiments [23]. However, data obtained from in vivo
experiments using simultaneously the fungus and one or two bacteria (B. safensis T052-76
and B. velezensis T149-19) were still missing.

Based on these promising results for biological control in sweet potato, this study
aims to determine whether these Bacillus strains are able to inhibit P. destruens and prevent
the appearance of foot rot symptoms in pot experiments. Furthermore, the sequencing
and annotation of their genomes are presented, contributing to the knowledge about the
genes encoding antimicrobial substances able to inhibit the fungus, and for the future
development of formulations containing these bacteria.

2. Materials and Methods
2.1. Bacterial and Fungal Strains

The two Bacillus strains (B. safensis T052-76 and B. velezensis T149-19) were previously
isolated from the interior of tuberous roots of different sweet potato genotypes [22]. They
were stored in trypticase soy broth (TSB) containing 20% glycerol at −80 ◦C. The same
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medium was used for growth at 32 ◦C for 24 h. When necessary, 1.5% agar was added
to TSB.

The fungus Plenodomus destruens was isolated from symptomatic sweet potato plantlets
collected at the University of Sergipe and identified based on morphological characteristics
(including the observation of abundant irregularly shaped and black pycnidia) by Dr.
Viviane Talamini of the Embrapa Coastal Tablelands, Sergipe, Brazil. The fungus was
maintained in potato-dextrose-agar (PDA), at room temperature.

2.2. Bacterial DNA Extraction

DNA from B. safensis T052-76 and from B. velezensis T149-19 was isolated according to
the method described in Seldin et al. [24]. Cells from 60 mL cultures grown in TSB at 32 ◦C
for 24 h were centrifuged (10,000× g, 10 min), resuspended in 4 mL of Tris–EDTA–NaCl
buffer [25], and treated with 400 µL lysozyme (10 mg mL−1 for 30 min at 37 ◦C), and
400 µL of sodium dodecyl sulfate 10% (10 min, 37 ◦C). Further purification steps were
those described in Seldin and Dubnau [25] with the addition of a final step using the
ZR Fungal/Bacterial DNA MiniPrep™ system (Zymo Research—D6005). The DNA was
quantified spectrophotometrically using a NanoDrop™ and a Qubit™ fluorimeter (both
from Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Whole-Genome Sequencing (WGS), De Novo Genome Assembly and Sequence Analyses

Libraries for sequencing were obtained using the ION Xpress Plus gDNA Fragment
Library Preparation (Life Technologies, Carlsbad, CA, USA) protocol and using the ION
Xpress™ Plus Fragment Library kit (Thermo Fisher Scientific). DNA was fragmented
using the enzyme ION Shear Enzyme Mix II, which generated fragments of approximately
400 bp. After purification using the Agencourt AMPure XP reagent kit (Beckman Coulter
Life Sciences, IN, USA), the fragments were deposited on a 318v2 chip using the ION PGM
protocol ™ Sequencing 400 kit (Thermo Fisher Scientific). Sequencing was performed using
the Ion Torrent PGM™ platform (Thermo Fisher Scientific) at the Federal University of
Pará, Brazil.

The reads were de novo-assembled with SPAdes (version 3.10; [26]) and the contigs
obtained were annotated by the Prokaryotic Genome Annotation Pipeline PGAP tool
(NCBI, Bethesda, MD, USA).

The WGS sequences have been deposited in DDBJ/EMBL/Genbank/SRA under the acces-
sion numbers: Strain T149-19—No NGUJ00000000, BioProject ID PRJNA386667, BioSample ID
SAMN06761372, SUB2674729/SRA: SRR5568584; Strain T052-76—No NEHC00000000, BioProject
ID PRJNA383335, BioSample ID SAMN06761400, SUB2590555/SRA: SRR5484649.

2.4. Search for Antimicrobial Substances Coding Genes

Searches for antimicrobial biosynthesis gene clusters and the functional annotation
of these ORFs were performed using antiSMASH software (Antibiotics and Secondary
Metabolite Analysis Shell) Version 5.0 [27]. Additionally, manual curation was further
performed on the files generated by antiSMASH using the UniProt database and the classic
RAST web system [28,29].

2.5. Pot Experiments in Greenhouse

The pot experiments were carried out in a greenhouse at the Federal University
of Sergipe (UFS). The sweet potato genotype used in the experiments was IPB-149—
“Ourinho”, the same genotype used in previous experiments [22,23]. The experiments were
conducted in a completely randomized design, with four replications for each treatment.
The treatments were designed to determine whether the bacteria would be able to (i) protect
the plant from the disease—inoculating the bacteria before (60 days after planting = DAP)
and the fungus afterwards (120 DAP); and/or (ii) to mitigate the symptoms of foot rot
disease—inoculating the fungus before (60 DAP) and then the bacteria (120 DAP). Seven
groups of 1 L-pots (14 cm wide and 12 cm high) containing a mixture of 85% sifted cerrado
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subsoil, 5% dry rice husk and 10% charred rice husk, enriched with 100 g of dolomine
limestone, 200 g of simple superphosphate and 60 g of ammonium sulfate (for 100 L of sub-
strate) were planted with sweet potato plantlets. These plantlets were kept in a greenhouse
(25 ◦C ± 2 ◦C) throughout the experimental period (180 days). Irrigation was performed
with a microsprinkler attached to the greenhouse ceiling at 48 h intervals.

The seven pot groups correspond to: T1—disease control: sweet potato inoculated
with the fungus P. destruens (F); T2—sweet potato inoculated with strain T149-19 and
then with P. destruens (19 + F); T3—sweet potato inoculated with strain T052-76 and then
with P. destruens (76 + F); T4—sweet potato inoculated with strains T052-76 + T149-19
simultaneously and then with P. destruens (19 + 76 + F); T5—sweet potato inoculated
with P. destruens and then with strain T149-19 (F + 19); T6—sweet potato inoculated with
P. destruens and then with strain T052-76 (F + 76); T7—sweet potato inoculated with
P. destruens and then with strains T149-19 + T052-76 (F + 19 + 76).

For inoculation, the fungus was previously cultivated in potato-dextrose-agar for
40 days. Then, the fungus was washed with 15 mL of distilled water, and the suspension
was adjusted to 4.0 × 106 conidia mL−1. This suspension was inoculated in the stem of
each plant using a sterile scalpel (adapted from Pereira et al. [12]). For the inoculation of
the bacterial suspensions, both strains were previously grown in TSB for 24 h at 32 ◦C,
and washed twice with sterile saline (NaCl 0.85%). A groove approximately 2 cm deep
was made around the stem of each plant, and 106 CFU g−1 soil in 2 mL saline were
inoculated in each pot. In the control pots, the same volume of sterile saline used for
bacterial inoculation was added. The development of foot rot disease and plant health
were evaluated throughout the experiment (180 DAP). Samplings of rhizosphere soil were
obtained from each of the treatments (T1 to T7) at the end of the experiment. They were
kept refrigerated before DNA extraction.

2.6. Plant Health Analyses

Physiological and plant development analyses were performed after 180 DAP (corre-
sponding to 60 days after the last inoculum—whether fungal or bacterial). The parameters
used in the analyses were the presence of disease symptoms (such as darkening of the
stem, with consequent yellowing and/or falling leaves and branch death), plant survival,
plant height, emergence of lateral shoots in the stem of plants (regrowth) and number of
leaves. The statistical analysis of the quantitative data (plant height and number of leaves)
was performed with PAST 3.26 software [30]. As using the Shapiro–Wilk test for normality
data a normal distribution was not observed (p < 0.05), the Kruskal–Wallis test was used
and it was observed a significant difference between treatments (p < 0.05). A post hoc
non-parametric Mann–Whitney U test was then performed to determine between which
treatments there was a significant difference (p < 0.05).

2.7. DNA Extraction for Molecular Analysis

Root samples obtained from each pot of the seven treatments were mixed with 10 mL
of sterile saline (0.85%) in 250 mL-Erlenmeyers, and incubated under agitation (100 rpm),
at 28 ◦C for 1 h. The roots were then separated from the rhizosphere soil using sterile
tweezers, and discarded. Aliquots of 500 mg of rhizosphere samples (n = 28) were used for
the extraction of total DNA using the DNeasy PowerSoil kit (Qiagen®, Hilden, Mettmann,
Germany).

2.8. Polymerase Chain Reaction (PCR) Amplification and Genetic Fingerprinting Analyses

To determine the influence of the inoculated bacteria on the fungal community of
the rhizosphere soil in the different treatments (T1 to T7), the soil samples were analyzed
using PCR-denaturing gradient gel electrophoresis (DGGE). For the amplification of the
fungal ITS region, an initial PCR using the primers EF4F [31] and ITS4R [32] was conducted.
Amplicons obtained from this first PCR were then used as templates for a second amplifi-
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cation procedure using the primers ITS1F-GC [33] and ITS2R [32]. PCR conditions were as
previously described in the respective references.

DGGE analysis was performed using an INGENYphorU (INGENY, Leiden, NL) using
a denaturant gradient of urea and formamide varying from 23–48%. The electrophoresis
conditions were 140 V for 17 h at 60 ◦C, as described by Heuer et al. [34]. After elec-
trophoresis, the DGGE was stained with SYBR Green I and visualized using a STORM
apparatus (Amersham Pharmacia Biotech, Munich, Germany). Bionumerics software® 5.0
was used for the analysis of the band profile generated in the DGGE. The construction
of the dendrogram was based on the coefficient of similarity of Dice and the unweighted
pair group method with arithmetic mean (UPGMA) method. The binary matrix generated
from the DGGE lanes were exported to PAST 3.26 software [30] to perform non-metric
multidimensional scaling (NMDS) and PERMANOVA analyses. To correlate the DGGE
profiles obtained from the different treatments with plant health (plant height, number of
leaves and fungal abundance), these three parameters were added to NMDS as vectors.

2.9. Quantitative Real-Time PCR

Quantification of the total fungal population in the different treatments after 180 DAP
was performed by quantitative real-time PCR (qPCR) using ABI Prism 7300 Cycler (Ap-
plied Biosystems, Germany) equipment with the SYBR Green I system. Primers ITS 1f
(5′-TCCGTAGGTGAACCTGCGG-3′) and 5.8s (5′-CGCTGCGTTCTCTCATCG-3′) were
used [35]. Amplification conditions were 2 min at 50 ◦C; 5 min at 95 ◦C; followed by
40 cycles of 95 ◦C for 1 min, 55 ◦C for 30 s and 72 ◦C for 1 min. The quantification of
the total fungal population in the control pots (inoculated only with the fungus) was
compared with those inoculated with the bacteria, before or after the fungus. The data
were statistically analyzed with Past 3.26 software [30]. The data were log-transformed and
showed a normal distribution (Shapiro-Wilk test, p > 0.05). Therefore, one-way ANOVA
test was performed to evaluate if there was a difference between all treatments (p < 0.05).
The Tukey’s HSD test was performed to determine between which treatments there was a
significant difference (p < 0.05).

3. Results
3.1. Genomes and Functional Annotation

The genome of B. velezensis T149-19 was estimated at 3,894,256 bp in length, totaling
75 contigs, and a GC content of 46.5%. Several genes related to the production of a variety
of antimicrobial substances through the ribosomal synthesis pathway and non-ribosomal
synthesis pathway were observed. Regions predicted as coding for mycosubtilin, bacillaene,
macrolactin, iron-siderophore bacillibactin, and bacilysin showed 100% similarity with
gene clusters already known in the literature, while for plantazolicin we observed 91%
similarity. With lower similarities (66% and 30%, respectively), regions predicted as coding
for dificidine and plipastatin were observed. Three regions encoding surfactin (with 43%,
39% and 8% similarity with already known gene clusters) and two regions predicted as
coding for fengycin (with only 13% and 20% similarity) were also found in the T149-19
genome. Table 1 summarizes the gene regions of varying sizes distributed throughout the
B. velezensis T149-19 genome encoding different antimicrobial substances.

The gene cluster related to the synthesis of mycosubtilin in B. velezensis T149-19
includes the fenF, mycA, mycB and mycC genes that are part of the biosynthetic core of
this compound. The gene cluster related to the synthesis of bacillaene in the genome of
strain T149-19 includes the bae genes (I, J, L, M, N) that are part of the polyketide bacillaene
biosynthetic core. The gene cluster related to macrolactin synthesis includes the genes pks
and pdhA, and that related to plipastatin includes the ppsA gene and other accessory genes.
The T149-19 genome analysis also showed clusters encoding the secondary metabolites,
bacillibactin and plantazolicin. These clusters include the genes dhb and yui, among others,
and the ptn genes that are part of the biosynthetic core of bacillibactin and plantazolicin,
respectively. The gene cluster related to bacilysin synthesis in B. velezensis T149-19 includes
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the genes ywfA and bac A, B, C, D, E and F, while the gene cluster related to dificidine
includes the dif genes A, B, C, D, E, F, G, I, J and K (Table 1).

Table 1. Biosynthetic gene clusters related to the production of a variety of antimicrobial substances in the Bacillus velezensis
T149-19 genome.

Gene Cluster
(Size in nt)

Similarity
(%) a

Access Number
MIBiG b Coding for Related Genes

88,273 100 BGC0001103 Mycosubtilin fenF, mycA, mycB and mycC
97,565 100 BGC0001089 Bacillaene bae genes (I, J, L, M, N)
88,300 100 BGC0000181 Macrolactin pks and pdhA
51,787 100 BGC0000309 Bacillibactin dhb, yui, among others
41,419 100 BGC0001184 Bacilysin ywfA and bacA, B, C, D, E and F
22,182 91 BGC0000569 Plantazolicin ptn genes
25,256 39 BGC0000433 Surfactin srfAB, srfAC and srfAD

160,188 43 BGC0000433 Surfactin srfAA and other accessory genes
9108 8 BGC0000433 Surfactin srfAA and srfAB

13,008 20 BGC0001095 Fengycin fenA, fenB and fenC
9205 13 BGC0001095 Fengycin fenC and fenD

49,123 30 BGC0000407 Plipastatin ppsA and other accessory genes
33,892 66 BGC0000176 Dificidine dif genes (A, B, C, D, E, F, G, I, J, K)

a similarity with gene clusters found in bacterial strains determined using antiSMASH software. b access number to the database MIBiG
(Minimum Information about a Biosynthetic Gene cluster) for each predicted gene cluster by antiSMASH.

The srf genes, which encode the antimicrobial substance surfactin, are distributed in
three different regions of the T149-19 genome, localized in three different contigs (7, 8 and
26). In contig 7, a gene cluster includes the srfAB, srfAC and srfAD genes, but not the srfAA
gene. In contig 8, a gene cluster contains only one of the genes of the biosynthetic core
of surfactin, the srfAA gene, and other accessory genes. Contig 26 contains the predicted
biosynthetic cluster that encodes surfactin. This gene cluster contains the srfAA and srfAB
genes, which are part of the biosynthetic core of this substance (Table 1). Finally, the fen
genes—encoding the antimicrobial substance fengycin—are distributed in two regions of
the T149-19 genome. One gene cluster contains fenA, fenB and fenC and the second gene
cluster contains fenC and fenD genes (Table 1).

The genome of B. safensis T052-76 was estimated at 3,662,344 bp, totaling 72 contigs,
and a GC content of 41.7%. The coding regions for antimicrobial substances such as
bacilysin, lichenysin, bacillibactin and fengycin presented 50% or more similarity with
gene clusters already known in the literature. One region encoding surfactin (with 39%
similarity with already known gene clusters) was also found in the T052-76 genome. Table 2
summarizes the gene regions of varying sizes distributed throughout the B. safensis T052-76
genome encoding the synthesis of different antimicrobial substances.

Table 2. Biosynthetic gene clusters related to the production of a variety of antimicrobial substances in the Bacillus safensis
T052-76 genome.

Gene Cluster
(Size in nt)

Similarity
(%) a

Access Number
MIBiG b Coding for Related Genes

41,422 85 BGC0001184 Bacylisin bac and ywf genes

27,830 50 BGC0000381 Lichenysin hyuA and B, putA, B and C and lchAA
genes

49,710 53 BGC0000309 Bacillibactin dhb genes
28,413 53 BGC0001103 Fengycin yng genes
44,186 39 BGC0000433 Surfactin srfA and ycx genes, and others

a similarity with gene clusters found in bacterial strains determined using antiSMASH software. b access number to the database MIBiG
(Minimum Information about a Biosynthetic Gene cluster) for each predicted gene cluster by antiSMASH.
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The gene cluster related to the synthesis of bacylisin in B. safensis T052-76 includes
the bac and ywf genes, while the gene cluster related to the synthesis of the substance
lichenysin includes the hyuA and B genes, the putA, B and C genes and the lchAA genes.
Moreover, another cluster was found presenting the dhb genes, which direct the synthesis
of the nonribosomal peptide bacillibactin. Finally, a biosynthetic cluster was observed
carrying the yng genes encoding the secondary metabolite fengycin (Table 2). As in the
genome of B. velezensis T149-19, we found in the B. safensis T052-76 genome the srfA and
ycx genes, among others, involved in the synthesis of surfactin (Table 2).

3.2. Pot Experiments in Greenhouse
3.2.1. Plant Health

The plants were evaluated at the end of the experiment (180 DAP) in the seven
pot groups, observing the number of leaves in each pot, measuring the plant height,
determining the percentage of symptomatic plants, and the formation of lateral shoots.

The number of leaves varied among the seven treatments of the experiment, and the
pots inoculated only with the fungus P. destruens (T1) showed the lowest number of leaves
among the treatments. All treatments differed significantly (Mann–Whitney U test, p < 0.05)
from the control treatment, except that one where the bacterium B. velezensis T149-19 (T2)
was initially inoculated (Figure 1A).
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represents the inoculum with the fungus P. destruens, 19 represents the inoculum with the bacterium B. velezensis T149-19
and 76 represents the inoculum with the bacterium B. safensis T052-76. The position of letter F (before or after the numbers)
indicates the moment of inoculation of the fungus (before or after bacteria). In (A,B), treatments that do not share a letter
have a mean difference that is statistically significant based on the Mann–Whitney U test (p < 0.05).

All plants inoculated with bacteria, before or after fungal inoculum, showed a higher
growth performance, reaching the end of the experiment approximately 70 cm long. The
mean size of the control treatment plants (approximately 25 cm), inoculated only with the
fungus, differed statistically (Mann–Whitney U test, p < 0.05) from the other treatments
(Figure 1B).
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Regarding the survival of the plants, it was observed that the plants of all treatments
inoculated with the bacteria, before or after the fungus, had a higher survival capacity.
In the control treatment (T1), 50% of the plants died while only one plant died in the T4
treatment (Figure 1C). During the daily analyses of the plants in the greenhouse, it was
observed that sweet potato plants began to emit lateral shoots from the stems closest to
the soil. This phenomenon was predominant in the pots where the plants were inoculated
with bacteria, either before or after the fungal inoculum (Figure 1D).

3.2.2. Total Fungal Community Quantification Using Real-Time PCR (qPCR)

The number of copies of the ITS gene for the disease control treatment (T1) samples
(inoculated only with the fungus) was determined by qPCR, and this number was compared
with the number of ITS genes present in the samples of the pots inoculated with the bacteria
before or after the fungus (Figure 2). A significant decrease (Tukey’s HSD test, p < 0.05)
in the number of copies of the ITS gene was observed in treatments T4, T5 and T6. No
significant reduction was observed in the other treatments (T2, T3 and T7) when compared
to T1 (Figure 2).
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Figure 2. Total fungal population quantified by quantitative polymerase chain reaction (qPCR). The bar values indicate
the average of the four replicates (n) of each treatment. T represents each of the treatments from 1 to 7, F represents the
inoculum with the fungus P. destruens, 19 represents the inoculum with the bacterium B. velezensis T149-19 and 76 represents
the inoculum with the bacterium B. safensis T052-76. The position of letter F (before or after the numbers) indicates the
moment of inoculation of the fungus (before or after bacteria). Treatments that do not share a letter have a mean difference
that is statistically significant based on Tukey’s HSD test (p < 0.05).

3.2.3. Response of the Fungal Communities to the Inoculation of Strains T052-76 and T149-19

The effect of the inoculation of the fungus P. destruens and the bacteria B. velezensis
T149-19 and B. safensis T052-76 in the different treatments (T1-T7) on the fungal community
in the rhizosphere of the plants was analyzed through PCR-DGGE. The dendrogram
generated from the DGGE (Figure 3) revealed that the samples grouped together within
each treatment. Most samples of the control treatment, where the plantlets were inoculated
only with the fungus P. destruens, formed a separate group. The structure of the fungal
community was clearly influenced by bacterial inoculation. In addition, the samples that
were inoculated first with the fungus showed a slight tendency to form a group (upper
part of the dendrogram, Figure 3). The samples inoculated with the bacteria B. velezensis
and B. safensis separately (T2 and T3) formed their own subgroups, with approximately
45% similarity.
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method with arithmetic mean (UPGMA) method and the Dice coefficient based on ITS fragments of the fungal community of
the rhizosphere of treatments T1 to T7. F: inoculated with P. destruens; 19: B. velezensis T149-19; 76: B. safensis T052-76.

3.2.4. Non-Metric Multidimensional Scaling (NMDS) Ordination of PCR-Denaturing
Gradient Gel Electrophoresis (DGGE) Profiles

The numerical matrix generated by the DGGE bands was submitted to NMDS using
the PAST 3.26 statistical software to correlate the DGGE profiles obtained from the different
treatments with physiological and plant development parameters (plant height, number of
leaves) and fungal abundance (Figure 4). Samples T1, inoculated only with the fungus, were
separated from all other treatments (PERMANOVA, p < 0.05). The remaining treatments
showed a strong tendency to group among themselves, demonstrating once again the
influence of bacterial inoculation in the grouping of samples. PERMANOVA statistically
confirmed this observation (p < 0.05). Moreover, a clear correlation between the fungal
community structure in the T2 to T7 treatments and the plant parameters (height and
number of leaves) was observed, while T1 was correlated to the fungal abundance.
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4. Discussion

Bacteria belonging to the genus Bacillus are usually described as producers of a wide
array of antimicrobials, many of which have great importance in antibiosis against plant
pathogens [36,37]. The main bioactive molecules produced by Bacillus species are non-
ribosomally synthesized peptides and lipopeptides, polyketide compounds, bacteriocins
and siderophores. Lipopeptides from the surfactin (lichenysin and pumilacidin), iturin
(iturin, mycosubtilin, bacillomycin, and mojavensin) and fengycin (fengycin and plipas-
tatin) families seem to be the most prevalent antimicrobials produced by Bacillus strains
against different phytopathogens [36–38]. Beric et al. [39] demonstrated the presence of mul-
tiple biosynthetic operons for the synthesis of non-ribosomal lipopeptides in a considerable
number of natural isolates of Bacillus. Several B. subtilis, B. licheniformis, B. natto, B. pumilus,
B. thuringiensis, B. velezensis and B. amyloliquefaciens strains have already been described to
produce lipopeptides with the potential to be used as biocontrol agents [36,37,40].

In this study, two Bacillus strains belonging to the species B. velezensis and B. safensis
are being considered for the biocontrol of sweet potato, more specifically against the foot
rot disease agent—the fungus P. destruens. We found in the literature many papers where
B. velezensis is used in the biocontrol of different genera of phytopathogenic fungi in crops
of high agricultural importance such as potato, mango, avocado, papaya, citrus, tomato,
blueberry, blackberry, raspberry, zucchini, melon, cucumber, watermelon and others [41–43].
However, to the best of our knowledge, no studies are available considering either sweet
potato as the target crop and B. safensis as the antimicrobial substances-producing species,
except our previous studies [22,23]. The potential application of B. safensis strain B21 as a
biopesticide has previously been described only for the control of rice blast [44]. Therefore,
this study contributes to the knowledge about the capacity of these two Bacillus strains to
inhibit P. destruens and to prevent the appearance of foot rot symptoms in pot experiments
and about the genes encoding antimicrobial substances able to inhibit the fungus.

Genes coding for mycosubtilin, bacillaene, macrolactin, bacillibactin, bacilysin, planta-
zolicin, fengycin, plipastatin, dificidine and surfactin were found in B. velezensis T149-19,
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while those coding for bacilysin, lichenysin, bacillibactin, fengycin and surfactin were
found in B. safensis T052-76. Likewise, the genomes of Bacillus velezensis CMRP 4490 and
B-4 strains showed biosynthetic gene clusters related to the synthesis of molecules with an-
tifungal activity [45,46]. Chen et al. [47] have demonstrated the presence of up to 13 clusters
responsible for the synthesis of lipopeptides such as fengycin, iturin, surfactin, butirosine,
plantazolicin and its hydrolyzed isomer, kijanimycin, bacilysin, dificidine, bacillaene, and
bacillaene B in the genome of the B. velezensis strain LM2303.

All these antifungal substances possibly produced by B. velezensis T149-19 and B. safen-
sis T052-76 have the potential to inhibit P. destruens. Moreover, the simultaneous use of the
two strains in vivo experiments may have the potential to increase the spectrum of action
against different pathogens. For example, surfactin is mostly known for its powerful bio-
surfactant properties and its limited fungitoxicity [36,48]. However, the synergistic activity
of surfactin and different lipopeptides has already been demonstrated [36]. Nonetheless,
we are aware that the presence of different antimicrobial substance coding genes in both
Bacillus genomes does not guarantee that they are being expressed and the substances
produced. Further experiments are still necessary to prove their presence after being intro-
duced in the sweet potato root environment. However, as other authors have reported that
more than one substance can be produced and be active in the same Bacillus strain [49,50],
from the broad spectrum of antimicrobial substances produced by B. velezensis T149-19 and
B. safensis T052-76 it is very likely that they can act in vivo.

Pot experiments were conducted to determine whether the bacteria would be able to
protect the sweet potato plant from the disease—inoculating the bacteria before (60 DAP)
and the fungus afterwards (120 DAP) and/or to mitigate the symptoms of foot rot disease—
inoculating the fungus first (60 DAP) and then the bacteria (120 DAP). In both situations,
all plants inoculated with bacteria (each separately or the two bacteria together) showed a
higher growth performance and a higher survival capacity in the presence of the fungus.
Lateral shoots during plant growth also appeared in sweet potato treated with bacteria.
These observations speak in favor of both activities (plant protection and mitigation of
symptoms) carried out by bacteria. Moreover, a significant effect of growth promotion
was also observed (greater number of leaves, higher plants, and presence of lateral shoots)
in plants treated with one or both bacteria together before or after fungal inoculation.
Therefore, B. velezensis T149-19 and B. safensis T052-76 could be potential biocontrol agents
with plant growth-promoting ability. Antifungal activity and plant growth-promoting
ability were also demonstrated in B. velezensis CMRP 4490 [46].

The response of the sweet potato rhizospheric fungal communities to the inoculation
of strains T052-76 and T149-19 was also evaluated using molecular methods. Although
we are aware that it would have been beneficial to have performed the experiments more
than once, we observed that the structure of the fungal community was influenced by
bacterial inoculation in DGGE, and using qPCR, a significant decrease in the number of
copies of the ITS gene was observed in the majority of the treatments where bacteria were
inoculated. Therefore, our results may suggest that the antimicrobial substances produced
by the inoculated strains are controlling fungal abundance, including P. destruens.

5. Conclusions

Based on genome sequencing and data analysis by comparative genomics, B. velezensis
T149-19 and B. safensis T052-76 were shown to harbor a broad spectrum of antimicrobial
substance-coding genes in their genomes. Data from in vivo experiments using simultane-
ously the fungus and the bacteria (each separately or the two bacteria together) showed a
higher plant growth performance and a higher survival capacity of sweet potato plants than
those inoculated only with the fungus. Therefore, both Bacillus strains can be considered
promising biocontrol agents for biological control in crop production. The results presented
here provide useful information that may affect the development of bioinoculants in sweet
potato, protecting this crop against foot rot disease.
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