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The antifungal potential of volatile organic compounds (VOCs) produced by actinobacterial
strains Streptomyces sp. (ACTB-77) and Amycolatopsis sp. (ACTB-290) from the rhizosphere
of Caatinga plants against Colletotrichum musae was investigated. VOCs produced by these
microorganisms (axenic and co-culture) were investigated using headspace-solid phase micro-
extraction (HS-SPME) and gas chromatography-mass spectrometry (GC-MS). Although no
exclusive VOC peaks were observed in the co-culture with ACTB-77, the same experiment involving
ACTB-290 yielded five new peaks, including two identified alcohols, suggested as bioreductive
products of the corresponding ketones by the fungus. Statistical analysis revealed that co-culture
ACTB-77/C. musae has a closer similarity to the fungus than to the actinobacteria, while the
co-culture ACTB-290/C. musae showed closer similarity to the actinobacteria. These confirmed
the more pronounced antifungal activity of the ACTB-290 strain, as observed in the fungus growth
inhibition experiments. The antifungal activity of ACTB-290 was associated to its sulfur-containing
metabolites, while linalool was suggested as responsible for the ACTB-77 activity.
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Introduction

Colletotrichum species are recognized as phyto-
pathogenic fungi accountable for anthracnose diseases in
a great variety of crops distributed worldwide.! Among
them, C. musae is known to be responsible for the main
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postharvest anthracnose in bananas. This quiescent fungus
contaminates the fruit at the preharvest stage, and the
disease symptoms emerge at postharvest when the fruit
has achieved an advanced stage of maturity.>* The use of
fungicides to control C. musae is considered an unfeasible
approach because it demands multiple pulverizations.?
Moreover, consumers prefer fruit submitted to low
pesticide. This has forced some countries to legislate stricter
regulations on the maximum limits of pesticides in fruits for
import and export.? Therefore, the use of biocontrol agents
(BCA) to substitute for chemical fungicides is a greener
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and more efficient strategy for controlling phytopathogens,
including C. musae."”

Microorganisms present a sophisticated metabolism that
is responsible for the production of a myriad of metabolites
with diverse molecular structures. Many of the microbial
produced compounds, especially those from the secondary
metabolism, are known for their biotechnological
potential.** Besides producing non-volatile chemical
structures, microorganisms can also provide volatile
organic compounds (VOCs), also referred as microbial
VOCs (mVOCs), which play an important role in a number
of microbe-microbe interactions.®

Microbial VOCs are composed of lipophilic chemical
structures with high vapor pressure, which pass through
biological membranes (live organisms) and released into the
environment where the living organism is found.” Many of
these compounds are by-products of primary metabolisms
originating from different pathways, such as fermentation,
aerobic heterotrophy, amino acid catabolism, sulfur reduction,
and terpenoid biosynthesis. About 2,000 mVOCs have been
identified, with the most common belonging to the chemical
classes of alcohols, alkanes, alkenes, aromatic compounds,
nitrogen- and sulfur-containing compounds, and terpenes.®

When subjected to co-culture techniques, micro-
organisms can activate silenced genes, producing
mVOCs.*!? that will play important role in various microbe-
microbe interactions, including antagonism. This latter
relationship has been used in studies aiming to identify
the mVOCs responsible for performing inhibitory activity
against phytopathogens.!"'? In this context, rhizosphere
microorganisms, especially bacterial strains, play an
important role in agriculture, protecting plants against
phytopathogens,'* and being used as biological control
agents in the effective management of plant diseases.™
These actinobacteria (filamentous Gram-positive bacteria)
are important as rich sources of secondary metabolites,'>6
being responsible for the production of various VOCs.

Actinobacteria have great potential of VOCs production,
with the most frequently identified compounds being
butan-1-ol, 2-methylpropan-1-ol, 3-methylbut-3-en-
1-ol, 3-methylbutan-1-ol, dimethyl disulfide, dimethyl
trisulfide, 2-phenylethanol and geosmin.'!” This latter
mVOC is a sesquiterpene responsible for the Petrichor, or
“after-the-rain”, smell. Streptomyces species are responsible
for producing many VOCs, most of them derived from
terpenoids with antifungal properties and biocontrol
effectiveness. For example, methylvinylketone, produced
by S. griseoruber, is reported to inhibit the germination of
spores from the fungus Cladosporium cladosporioides.'®
Likewise, VOCs produced by S. alboflavus and S. philanthi
promoted growth inhibition of Fusarium moniliforme,
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F. fujikuroi, Aspergillus flavus, A. ochraceus, A. niger,
Penicillium citrinum, Rhizoctonia solani, Pyricularia grisea
and Bipolaris oryzae.'® Additionally, VOCs from
S. globisporus inhibited the mycelial growth, spore
germination and appressoria formation of Botrytis cinerea
in tomatoes and protected them against the post-harvest
gray mold caused by this fungus.?

Studies on mVOCs highlight the use of headspace-solid
phase micro-extraction (HS-SPME) as appropriate tool to
obtain the compounds under relatively mild conditions.
The extraction occurs in the absence of solvent, and it is
based on the partition equilibrium of analytes between the
sample matrix and the extraction phase.?"? Different types of
mixed fibers can be used as matrix, including polydimethyl-
siloxane-divinylbenzene-carboxen (PDMS/DVB/CAR),
polydimethylsiloxane-divinylbenzene (PDMS/DVB) and
polydimethylsiloxane-carboxen (PDMS/CAR). Therefore,
an effective extraction of VOCs using HS-SPME requires the
optimization of the protocol, varying important parameters,
such as fiber coating and headspace conditions (e.g.,
extraction time and temperature).” After the HS-SPME
procedure, the separation and identification of the extracted
compounds is carried out through the hyphenated technique
of gas chromatography-mass spectrometry (GC-MS).>**

Comparative studies of mVOCs produced by
actinobacteria strains from rhizosphere cultured under
axenic and co-culture conditions to identify antifungal
compounds are still incipient. In the present paper, we
report the results from the mVOCs produced by twenty
actinobacteria strains, isolated from rhizosphere associated
with Caatinga growing plants, with antagonist effect
against the phytopathogen fungus Colletotrichum musae.
The Caatinga is a semi-arid ecosystem found exclusively
in Brazil. Because Amycolatopsis sp. (ACTB-290) and
Streptomyces sp. (ACTB-77) were the most promising
strains against Colletotrichum musae, the VOCs produced
by these microorganisms under axenic and co-culture
conditions were investigated.

Experimental
Chemicals

Potato-dextrose-agar (PDA) culture medium was
purchased from Kasvi® (Campinas, Brazil). All other
chemicals were from Sigma-Aldrich® (Sdo Paulo, Brazil).

Microorganisms and culture medium

Twenty strains of actinobacteria from the rhizosphere of
Caatinga plants (Table 1) used in this work were obtained
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from the Laboratory of Phytopathology at Embrapa
Tropical Agroindustry (CNPAT, Fortaleza, Cear4, Brazil).

Table 1. Actinobacteria strains isolated from Caatinga plants and their
respective geographic locations

Strain code Plant source Geographic location

ACTB-10 Mimosa arenosa

ACTB-25 M. arenosa 4°11°26.62”S 38°29°50.78”"W
ACTB-32 Bauhinia forficata

ACTB-77 Combretum leprosum 6°6°1.18”S 39°23°0.29"W

ACTB-166  Sideroxylon obtusifolium 4°33°4.44”S 39°37°53.18"W

ACTB-171 Croton blanchetianus 5°12°55.97”S 37°0°’57.07"W
ACTB-172  Myracrodruon urundeuva

ACTB-177 Cordia trichotoma

ACTB-227 C. trichotoma

ACTB-242 Cereus jamacaru

ACTB-246 C. jamacaru

ACTB-282 Commiphora leptophloeos
ACTB-285 Anadenanthera colubrina 4°33°4.44”S 39°37°53.18"W

ACTB-286 A. colubrina

ACTB-290 A. colubrina
ACTB-291 A. colubrina
ACTB-292 A. colubrina
ACTB-296 A. colubrina
ACTB-299 Croton blanchetianus

ACTB-305
S: south; W: west.

Licania rigida 4°33°7.98”S 9°38°24.48"W

The strain of the phytopathogenic fungus
Colletotrichum musae (MMBF226/12) was donated by
the Biological Institute of Sao Paulo. C. brevisporum
(CMM-1179), Lasiodiplodia brasiliense (strains CMM-2248
and CMM-2253), L. theobramae (CMM-22004),
L. hormozganensis (CMM-2211) and L. viticola
(CMM-2252) strains were from the Federal Rural
University of Pernambuco (UFRPE), collection of
phytopathogenic fungi culture-Prof Maria Menezes (CMM
collection).

All microorganisms were cultured in commercially
available potato dextrose agar medium (39.0 g L"),
consisting of 84.4% of potato broth, 8.4% of dextrose and
7.2% of bacteriological agar.

Screening on actinobacteria producing VOCs with antifungal
activity against C. musae

The selection of VOCs-emitting actinobacteria strains
with antifungal activity followed the methodology
described in literature?® with C. musae used as target fungus.
The 20 strains of actinobacteria were grown, separately
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in PDA for 5 days. Subsequently, a 5 mm disk of the
culture of each of these microorganisms was transferred
to one side of a bi-Petri plate (Figure S1, Supplementary
Information (SI) section) and the plate was kept for 2 days
under a static condition at 28 °C. After that, a 5 mm disk
of mycelium of the C. musae, previously grown in PDA
for 5 days, was inoculated on the other side of the bi-Petri
plate (Figure S1). For each experiment, control plates
were prepared containing only the C. musae (absence of
actinobacteria). All the plates were wrapped with double
layers of parafilm and incubated under static conditions at
28 °C for 5 days. The inhibition of mycelial growth of the
fungus was expressed in percentage, equation 1, considering
the average diameters of the fungus growth in the control
plate and in the experiment.?’” The diameters were measured
with a 100 mm electronic digital caliper ruler carbon fiber
composite vernier. Bioassays were performed in triplicate
and the data obtained were analyzed according to one-way
analysis of variance (ANOVA); the values were considered
significant when p < 0.05 (GraphPad Prism).?

GI(%):% %100 (1)

where (¢ and @e represent the average diameters of the
growth fungus in the Petri dishes from the control (fungus
only) and experimental sample with the actinobacteria,
respectively, and GI is growth inhibition.

Antifungal activity of VOCs produced by ACTB-290 and
ACTB-77 strains against C. musae

The antifungal activity of VOCs emitted by actinobacteria
Amycolatopsis sp. (ACTB-290) and Streptomyces sp.
(ACTB-77) was assayed against the phytopathogenic
fungus C. musae using Petri dish (80 mm diameter) and
following the double-dishes method.” A cell suspension
(10 uL) of the actinobacteria was inoculated in a Petri dish
containing PDA culture medium. The plate was incubated
for 48 h, at 28 °C, under static condition. After this period,
a 5 mm disk of the previously cultured fungus mycelium
(5 days old) was inoculated in the center of another 80 mm
diameter Petri dish containing PDA (Figure S2, SI section).
Then, the Petri dishes containing the microorganisms
(actinobacteria and fungus) were placed inversely over
each other without the lids to establish a double dish set,
and immediately sealed with parafilm. In this case, the
distance between the micro-organisms cultures was 1.5 cm
(Figure S2). The double dish sets were set up in such a
manner that the fungus and actinobacteria cultures were
placed opposite each other, with the fungus on top and the
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actinobacteria at the bottom. The experiment was incubated
under static conditions at 28 °C for 5 days. As the control
experiment, Petri dishes were inoculated with the fungus
exposed to the PDA culture medium only. The diameter
(mm) of the fungus mycelium was measured daily until
the fungus finished growing on the fifth day in the control
experiment. Experiments were carried out in triplicate
and all data obtained, using the computer GraphPad Prism
program,® were analyzed according to one-way ANOVA,
which determined a significant difference with p < 0.05.

Antifungal activity of VOCs produced by ACTB-290 strain
against other phytopathogen fungi

The antifungal activity of VOCs emitted by
actinobacteria Amycolatopsis sp. (ACTB-290) was
assayed against the phytopathogenic fungal strains
C. brevisporum, Lasiodiplodia brasiliense, L. theobramae,
L. hormozganensis, L. brasiliense and L. viticola, following
the same procedure described above for C. musae. In this
case, the diameter (mm) of each mycelium was measured
daily until the fungus finished growing in the control
experiment, which varied as follows: C. brevisporum
(8 days), L. theobramae (8 days), L. brasiliense (strain
CMM-2248: 5 days; strain CMM-2253: 4 days),
L. hormozganensis (4 days) and L. viticola (3 days).

Molecular identification of actinobacteria strains ACTB-290
and ACTB-77

The genomic deoxyribonucleic acid (DNA) of all
strains was extracted using the Bacterial Genomic DNA
purification kit from HIMEDIA (Mumbai, India), following
the manufacturer’s instructions. DNA quantification was
performed by the NanoDrop® 2000c spectrophotometer
(Thermo Fisher Scientific, Massachusetts, USA), version
1.0, and the concentration of 10 ng puL"! was then diluted
and stored at —20 °C. The nucleotide sequence of the 16S
genomic region of ribosomal DNA (rDNA) was amplified
by a polymerase chain reaction (PCR) using primers
27F (5-GAGTTTGATCMTGGCTCAG-3’) and 1492R
(5’-ACGGYTACCTTGTTACGACTT-3"). The PCR
mixtures (50 pL) contained 6.25 uL of genomic DNA
(10 ng LY, 10 pL of 5x buffer, 1 uL of deoxynucleotide
triphosphate (ANTP) (10 mM), 2 uL of MgCl, (25 mM),
0.8 uL of each primer (10 mM), 0.5 pL of GoTaq polymerase
(5 U uL") and 28.65 L of ultrapure sterile water.

A Flexigene thermal cycler from Techne (Woonsocket,
USA) was used in the PCR amplifications, programed as
follows: initial denaturation step at 94 °C for 2 min, followed
by 35 denaturation cycles at 94 °C for 60 s, annealing at
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56 °C for 45 s and extension 72 °C for 60 s, with a final
extension at 72 °C for 10 min.*® The PCR products were
separated by electrophoresis on 1.5% agarose gel in 1X
Tris-borate-ethylenediaminetetraacetic acid (EDTA) buffer,
stained with ethidium bromide (0.5 mg mL™") for 1 min and
visualized under UV. After checking the amplified bands,
40 pL aliquots of each PCR product were purified and
sequenced by Macrogen Inc. (Seoul, South Korea).

The nucleotide sequences were edited using the
BioEdit program version 7.0.5% and were subjected to
identity verification using the basic local alignment search
tool (Basic Local AlignmentSearch Tool = BLASTn)
from GenBank,* followed by manually alignment using
Clustal W33 with strings previously published and deposited
in GenBank (NCBI). The phylogenetic analyses of
maximum parsimony were performed using the PAUP 4.0
program beta 10.* For the analysis of maximum parsimony,
the following options were selected: heuristic searches,
tree-bisection-reconnection (TBR), branch swapping and
MULTREES. The statistical support of the tree was tested
using bootstrap analysis with 1,000 replicates.

Scanning electron microscope (SEM) imaging of C. musae
hyphae

Morphological analyses of C. musae was performed in
a scanning electron microscope (SEM), model 940 A, from
Zeiss DSM (Jena, Germany), at an acceleration voltage of
15 kV. Samples (1-5 mm cubes) of PDA containing the
fungus hyphae were transferred to a 2 mL Eppendorf vial
already containing 1 mL of Karnovsky solution.® After 1 h
at room temperature under static conditions, the Karnovsky
solution was removed, and samples were washed for
10 min with 0.1 M phosphate buffer solution (3 x 2 mL).
An aliquot (enough to cover the samples) of 1% solution
of OsO, was added to the Eppendorf vial and maintained
for 1 h at room temperature under static condition. After
removing the solution, the samples were washed three
times (15 min between each washing) with distilled water,
followed by dehydration with increasing concentration of
ethanol solution (20, 40, 60, 80 and 100%). Subsequently,
the samples were brought to the critical drying point in a
critical point drying apparatus, model K850, from Quorum
Technologies (Laughton, England), then placed in metallic
sample holders (stabs). After being coated with a gold layer,
the samples were analyzed in SEM equipment.

Optimization of mVOCs extraction by HS-SPME

The experiment to optimize mVOCs extraction
by HS-SPME was carried out with the actinobacteria
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Amycolatopsis sp. (ACTB-290) and it was based on a similar
experiment described in the literature.*® The following
Supelco® (Pennsylvania, USA) solid phase microextraction
fibers (SPME), needle size 24ga and fiber length 1 cm,
were used: polydimethylsiloxane-divinylbenzene-carboxen
(PDMS/DVB/CAR; fiber diameter (d;): 50/30 mm),
polydimethylsiloxane-divinylbenzene (PDMS/DVB;
d;: 65 mm) and polydimethylsiloxane-carboxen (PDMS/
CAR; d;: 85 mm). The fibers were conditioned prior to use
following the manufacturer’s recommendations.

The actinobacteria strain was inoculated into Petri
dishes containing PDA medium and incubated for 7 days
at 28 °C under static condition. Subsequently, 10 mL of
the still liquid PDA medium was added to a 20 mL vial.
After solidification of the medium in the vial, a 5 mm disk
of the previously inoculated actinobacteria was added. The
vial containing the inoculum was immediately closed with
silicone septum, closed with a threaded cap and maintained
5 days at 28 °C under static condition. Then, the vial was
placed in a water bath (at 30 or 50 °C) and, after 5 min,
a fiber was inserted through a hole in the septum (1 cm
above the microorganism), Figure S3, SI section. The
time of VOCs extraction varied from 10 to 40 min. After
each extraction time, the fiber was removed from the vial,
and inserted into a gas chromatograph flame ionization
detector (GC-FID) injector model QP-2010s (Shimadzu
Corporation, Tokyo, Japan) for 5 min at 250 °C (splitless
mode) for thermal desorption of the analytes. The GC-FID
was equipped with a DB-5MS capillary column (film
thickness: 30 m x 0.25 mm x 0.25 um) from Agilent J&W
GC Columns (Santa Clara, USA). Analytical conditions
were: GC oven temperature 40 °C for 2 min; 10 °C min’!
up to 195 °C; 7 °C min™' up to 220 °C; 10 °C min! up
to 260 °C. Volumetric flow of the mobile phase (helium
gas) of 0.59 mL min’'; detector temperature was 250 °C.
All experiments were carried out in triplicate, resulting in
72 analyses. Number of peaks and areas were presented as
total mean values of all compounds. The obtained data were
analyzed using the free software for statistical computing,
R Program.”’

HS-SPME and GC-MS analysis of VOCs produced by
Amycolatopsis sp. (ACTB-290) and Streptomyces sp.
(ACTB-77) under axenic culture and co-culture with
C. musae

mVOCs extraction by HS-SPME

Experiments of VOCs extraction were performed
with the actinobacteria Amycolatopsis sp. (ACTB-290)
and Streptomyces sp. (ACTB-77) under axenic culture
and co-cultured with C. musae. All microorganisms were
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previously grown, separately, in Petri dishes containing
PDA medium for 5 days at 28 °C under static condition.
Microbial VOCs extraction by HS-SPME was carried out
using the optimized conditions (fiber: PDMS/DVB/CAR;
extraction time: 30 min; extraction temperature: 50 °C).

Three 20 mL were used, two for axenic cultures
(actinobacteria and fungus) and one for co-culture
(actinobacteria together with fungus). PDA medium
(10 mL) was added to each vial of axenic culture and
the microorganisms (actinobacteria and fungus) were
inoculated in the center of each vial. In the case of the co-
culture experiment, 3 mL of the culture medium was placed
on one side of the glass container, which was in a horizontal
position. After solidification of the PDA medium, an
additional 3 mL of the medium was placed on the other side
of the same vial (Figure S4, SI section). Initially, a 5 mm
disk of each actinobacteria strain previously inoculated in
the Petri dish was added to the vial corresponding to its
individual culture experiment and another 5 mm disk to one
side of the vial of the co-culture experiment. After 48 h, a
5 mm disk of the fungus previously inoculated in the Petri
dish was added to the flask corresponding to the individual
culture experiment and another 5 mm disk to the other side
of the flask of the co-culture experiment (opposite side of
the actinobacteria strain).

After 5 days of inoculation of the microorganisms, all
vials were placed in a water bath at 30 °C; 5 min later, the
PDMS/DVB/CAR fiber was inserted through a hole in the
septum (1 cm above the microorganism). Microbial VOCs
were extracted for 30 min at 30 °C. Then, the fiber was
removed and inserted into the GC-MS injector using the
same conditions previously described in the experimental
of optimization of mVOCs extraction by HS-SPME. The
experiments were carried out in triplicate and PDA medium
(without microorganism) was used as control, resulting
in 18 analyses (3 axenic culture of ACTB-290; 3 axenic
cultures of ACTB-77; 3 axenic cultures of C. musae;
3 co-cultures of ACTB-290 + C. musae; 3 co-cultures of
ACTB-77 + C. musae; 3 control).

mVOCs analysis by GC-MS

Extracted mVOCs were analyzed in a gas chromatograph
(GC model 7890B) coupled to a mass spectrometer (MS
model 5977A MSD) from Agilent Technologies Spain
(Madrid, Spain). Compounds were separated in GC
using the same conditions previously described in the
experimental of optimization of mVOCs extraction by
HS-SPME. Electron impact (70 eV) MS data were recorded
with m/z from 50 to 500 Daltons at intervals of 0.5 s.

Compound identification was carried out by comparison
of the mass spectra obtained for each compound with the
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one reported in mass spectral libraries,*® including NIST
05 and NIST 27 (National Institute of Standards and
Technology, Gaithersburg, USA),* as well as PUBCHEM.*
Additionally, the Kovats index was calculated for each
compound using a mixture of saturated n-alkanes C7-C30.

Statistical analysis of the experiments

The data matrices were used in the present work for
pattern recognition statistical analysis after a pretreatment.
This latter corresponds to the integrated peaks of the
major compounds after removing all peaks of the control
experiments (culture medium blank) and baseline (noise
and low concentration peaks).

Matrix 1 refers to C. musae, ACTB-77 and their
co-culture (C. musae and ACTB-77); matrix 2 refers to
C. musae, ACTB-290 and their co-culture (C. musae and
ACTB-290); matrix 3 refers all samples used in matrices 1
and 2. For all these matrices, lines correspond to these
samples and columns correspond to the mVOCs peaks after
the pretreatment. The organized matrices were autoscaled
and then subjected to a principal component analysis
(PCA) to observe differences and similarities between the
samples. For matrix 1 and 2, two principal components
(PC) were used while three PCs were used for matrix 3.
PCA calculations were performed using PLS-ToolBox 5.24!
and Matlab® 2010.4

The significant differences between each group were
calculated with a t-test using the scores values of each
individual class, similar to what was initially used in the
SIMCA (Soft Independent Method of Class Analogy)
models.*

Results and Discussion

Screening of actinobacteria producing VOCs with antifungal
activity against C. musae

Twenty strains of actinobacteria isolated from
rhizosphere of plants from the Caatinga biome (Table 1)
were assayed for their ability to produce VOCs capable
of inhibiting the growth of C. musae, a phytopathogen
fungus responsible for causing anthracnosis in banana
culture.> Experiments were performed in bi-Petri dishes
(Figure 1) and growth inhibition (GI) was recorded after
5 days of culturing. GI percentages were calculated through
comparison between the control experiments (fungus only;
GI 0%) and experiments with both microorganisms (fungus
and actinobacteria). Figure 1 shows that all actinobacteria
strains assayed promoted inhibition of fungal growth
(GI 50.3-73.7%) and, among them, ACTB-77 (GI 68.0%)
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and ACTB-290 (GI 73.7%) promoted the highest inhibitory
effect. Therefore, these two strains were selected for
molecular identification and further VOCs investigation
under axenic and co-culture conditions.

ACTB-285
ACTB-292 {HH
ACTB-299
ACTB-172
ACTB-305
ACTB-171

£ ACTB-32
£ ActB10 4
@ ACTB-227
& AcTB-242
G AcTB-286
| ACTB-25
£ ACTB-166
& ACTB-177{ H
ACTB-282 4
ACTB-296
ACTB-291
ACTB-246
ACTB-77
ACTB-290
0 20 40 60

C. musae growth inhibition (%)

Figure 1. Growth inhibition (%) of C. musae by volatile organic
compounds (VOCs) produced by the twenty actinobacteria strains
assayed, calculated through comparison of the control experiments
(fungus only; GI 0%) and experiments with both microorganisms (fungus
and actinobacteria).

Molecular identification of strains ACTB-77 and ACTB-290

The promising antifungal potential activity of VOCs
produced by strains ACTB-77 and ACTB-290 on
the growth inhibition of C. musae motivated their
identification by molecular approach. Strains ACTB-77 and
ACTB-290 showed 99% similarity to Streptomyces spp.
and Amycolatopsis spp., respectively. According to the
most parsimonious phylogenetic tree (Figure 2) obtained
from the 16S sequence data set of strains of the genus
Amycolatopsis, the sequence of strain ACTB-290 was
grouped in a clade with strains of Amycolatopsis sp.
with 100% bootstrap support, strain while ACTB-77 was
grouped in a distinct clade of the genus Streptomyces sp.

Antifungal activity of VOCs from Streptomyces sp.
(ACTB-77) and Amycolatopsis sp. (ACTB-290) against
C. musae

To evaluate the antifungal activity of VOCs produced
by the two selected strains in more detail, a new experiment
was carried out to monitor growth inhibition starting from
the first day of microbial inoculation until the fifth day of the
experiment when the control fungus strain occupied 100%
of the Petri dish. As observed in Figure 3, the two strains
promoted similar growth inhibitions of the fungus, which
initiated from the second day of incubation and continued
until the end of the experiment.
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Figure 2. Phylogenetic tree inferred by maximum parsimony (MP) of data from the 16S genomic region of the rDNA for sequences of the genera
Amycolatopsis and Streptomyces. Bootstrap values (> 70%) with 1000 repetitions are shown in the respective branch. Bifidobacterium mongoliense was
used as an external group. The sequences in this study are highlighted in bold.
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Figure 3. Results from the antifungal activity of Streptomyces sp. (ACTB-
77) and Amycolatopsis sp. (ACTB-290) against C. musae.

SEM imaging of C. musae hyphae

The contents of the Petri dishes from the fifth day of
the aforementioned assays (control and co-culture) were

used to investigate the mVOC:s effects on the morphological
structure of the fungus hyphae by scanning electron
microscopy (SEM), Figure 4.

Figure 4a shows the perfect stage of C. musae hyphae
under axenic cultured (control), with fungal cell structure
having straight, cylindrical and long hyaline (non-septate
hyphae), with their walls remaining smooth and shiny.*
The effect of VOCs from actinobacteria ACTB-77 strain
on C. musae hyphae is observed in Figure 4b. Although
most of the hyphae showed wrinkled and withered aspects,
a small portion of cell filaments was partially unharmed,
and no breakage of the hyphae was observed. SEM
image of fungus hyphae from co-culture experiment with
ACTB-290 strain is depicted in Figure 4c. In this case, the
deformation of all filaments of residual cells, with wrinkled,
withered (loss of turgor) and brittle aspects were observed,
suggesting a possible leakage of the intracellular material.

Thus, SEM imaging analysis of C. musae hyphae
revealed that VOCs produced by the actinobacteria strains
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Figure 4. SEM imaging (20 uM) of C. musae hyphae in the fifth day of experiment: (a) under axenic culture (control); (b) in co-culture with Streptomyces sp.;

(c) in co-culture with Amycolatopsis sp.

during co-culture experiments promoted deformation of
the fungal cell filaments. The highest antifungal activity
of VOCs from Amycolatopsis sp. (ACTB-290) was
corroborated through the greatest damage observed in the
fungal hyphae image.

Antifungal activity of VOCs from Amycolatopsis sp.
(ACTB-290) against Lasiodiplodia and Colletotrichum
strains

The antifungal potential of VOCs from Amycolatopsis sp.
against C. musae motivated the investigation of the activity
of this strain against other species of phytopathogenic fungi,
one from Colletotrichum genus (C. brevisporum) and five
species of Lasiodiplodia (L. brasiliense, L. theobramae,
L. harmozganensis, L. brasiliense and L. viticola),
Figure 5.

Among the tested fungal strains, the VOCs of ACTB-290
presented significant growing inhibition (GI > 50%) of
C. brevisporum (Gl 76.0%), L. theobramae (GI 68.0%)
and L. harmozganensis (Gl 54.4%). Comparison of these
results with those obtained previously against C. musae
(GI 80.5%) suggests that the actinobacteria is more
selective towards Colletotrichum species.

Identification of VOCs produced by Amycolatopsis sp.
(ACTB-290) and Streptomyces sp. (ACTB-77) under axenic
culture and co-culture with C. musae

Optimization of the VOCs extraction from Amycolatopsis sp.
(ACTB-290) by HS-SPME

As already mentioned, studies on mVOC:s first required
experimental optimization by varying fiber coating and
headspace conditions.?® Thus, experimental optimization
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Figure 5. Results from the antifungal activity of Amycolatopsis sp. (ACTB-290) against: (a) Lasiodiplodia viticola; (b) L. brasiliensis-2253;
(c) L. brasiliensis-2248; (d) L. theobromae; (e) Colletotrichum brevisporum. Fungus strain under axenic culture is the control experiment.

related to the actinobacteria ACTB-290 involved varying
fiber coating (PDMS/DVB/CAR, PDMS/DVB and
PDMS/CAR), the extraction time (10, 20, 30 and 40 min)
and temperature (30 and 50 °C). Microbial VOCs were
analyzed by GC-MS and evaluated in relation to the
quantity and area of the peaks in each experiment. Based
on the variations of the observed error, it was concluded that
temperature is a significant factor, being more important
than extraction time. Analysis of the interactions between
fiber, extraction time and temperature, however, revealed
that, for this matrix, these variables are independent.
After all data analyses of the optimization experiments
of the mVOC extraction of ACTB-290 by HS-SPME, the

optimum conditions were established as: fiber coating
PDMS/DVB/CAR, extraction time 30 min and extraction
temperature 50 °C.

Identification of VOCs produced by the microorganisms

The actinobacteria strains, Streptomyces sp. (ACTB-77)
and Amycolatopsis sp. (ACTB-290), and the phytopathogen
fungus C. musae were cultured (axenic and co-culture
conditions) in PDA medium for mVOCs production. For all
microorganisms, HS-SPME experiments were performed
using the optimized conditions (PDMS/DVB/CAR, 50 °C
and 30 min). Analyses of their respective VOCs were done
by GC-MS and their compositions are displayed at Table 2.
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Table 2. Volatile organic compounds (VOCs) produced by the rhizosphere actinobacteria Streptomyces sp. (ACTB-77) and Amycolatopsis sp. (ACTB-290)
strains, and the phytopathogen fungus Colletotrichum musae (CM) under axenic and co-culture conditions. Compounds listed and numbered (column
No.) by crescent order of their RI

Compound Axenic culture Co-culture

Peak area + SD / % Peak area + SD/ %
No. Name RI (RI?) CM ACTB-77 ACTB-290 CM + ACTB-77 CM + ACTB-290
1 3-methyl-butan-1-ol 731 (731) 23.82+2.07 1.77+0.11 - 6.42 +0.75 5.76 £0.09
2 2-methyl-butan-1-ol 732 (732) 5.85+0.31 0.98 +0.08 - 243 +£0.26 2.51+0.02
3 3-methyl-pentan-2-one 747 (750) - 2.03 +£0.04 - - -
4 dimethyl disulfide 752 (751) - - 48.49 +3.48 - 2.18+0.68
5 3-methylbutan-1-ol acetate 869 (869) 0.96 + 0.04 - - - -
6 2,4-dithiapentane 893 (892) 432+0.85 0.58 +0.11
7 6-methyl-heptan-2-one 947 (949) - - 247 +0.07 - 0.77 £ 0.06
8 dimethyl trisulfide 976 (976) 21.14 +£3.50 0.76 £ 0.25
9 B-myrcene 980 (988) 1.14 £0.22 4.95 +0.65 1.33 £0.02 0.66 £ 0.07
10 not identified 985 0.94 £ 0.04 0.36 £ 0.05
11 2-methylenebornane 990 (n.f.)* 1.13 £0.04 0.78 £0.20
12 a-phellandrene 994 (1002) 8.09 £1.72 - - 11.94 £0.39 11.91 £0.65
13 o-terpinene 1008 (1014) 3.43+0.74 - - 4.22+0.05 6.02£0.21
14 p-cymene 1017 (1020) 3.16 £0.47 - - 3.50+0.11 3.47+0.28
15 B-phellandrene 1023 (1025) 28.38 £4.89 - - 43.01£1.53 44.71 £2.61
16 2-methyl-2-bornene 1023 (1021) 2.42+0.26
17 trans-f3-ocimene 1042 (1044) 2.41+£0.35 - - -
18 methyl 2-ethylhexanoate 1048 (1043) 2.49 +0.04 0.53+0.01
19 not identified 1058 2.13+£0.74 1.29 £0.54
20 1-octanol 1064 (1063) 1.52+0.24
21 linalool 1092 (1095) 38.53£5.19 6.08 +0.49
22 2-nonanone 1094 (1090) 1.14+0.24 2.40+0.10
23 2-nonanol 1102 (1097) 0.47 = 0.04
24 phenylethyl alcohol 1106 (1107) 7.44 £0.62 1.97 £0.32 3.31+£0.30
25 allo-ocimene 1123 (1127) 0.71 £0.11
26 not identified 1129 1.7+0.23

methyl(methylthio)methyl

27 disulfide 1135 (1134) 1.95 £0.07
28 p-menthone 1148 (1148) 0.97 £0.26 1.26 £0.10 1.93 +0.06
29 p-mentha-1,5-dien-8-ol 1160 (1165) 0.72 £ 0.06 0.43 £0.08
30 2-decanone 1162 (1167) 0.80 £ 0.07 0.92+£0.12
31 menthol 1166 (1167) 1.39+0.15 0.31 £0.03 0.58 £0.11
32 2-methylisoborneol 1177 (1180) 2.27+0.05 1.51+0.24
33 not identified 1182 0.76 £ 0.09
34 p-mentha-1(7),2-dien-8-ol 1184 (1186) 1.64 £0.15 0.62 +£0.15
35 a-terpineol 1186 (1186) 1.10 £ 0.63 1.68 +0.08
36 thymol methyl ether 1228 (1230) 5.06 £0.55 0.95£0.05
37 carvacrol methyl ether 1235 (1240) 4.24 +0.68 0.64 +£0.03
38 geraniol 1249 (1249) 1.86 £0.43 0.49 +£0.03
39 not identified 1254 1.55+£0.25 0.80 = 0.09
40 not identified 1261 1.64 +0.17 0.42 £ 0.09
41 1-decanol 1264 (1266) 0.79 £ 0.07
42 not identified 1284 0.75 £ 0.04 0.23 +0.01
43 2-undecanone 1296 (1293) 0.93+0.11 0.35 +0.05
44 2-undecanol 1303 (1301) 0.65 £0.05
45 not identified 1330 0.52 £ 0.05
46 silphinene 1335 (1339) 0.42 +0.06 1.33 £0.49 0.43 £0.02
47 not identified 1337 0.71 £0.10
48 2-dodecanone 1362 (1361) 1.45 +0.05 0.19 £0.05
49 not identified 1370 0.87 £0.04 0.48 £0.05
50 not identified 1375 0.28 £ 0.03
51 not identified 1401 1.69 £ 1.19 0.66 + 0.05
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Table 2. Volatile organic compounds (VOCs) produced by the rhizosphere actinobacteria Streptomyces sp. (ACTB-77) and Amycolatopsis sp. (ACTB-290)
strains, and the phytopathogen fungus Colletotrichum musae (CM) under axenic and co-culture conditions. Compounds listed and numbered (column

No.) by crescent order of their RI (cont.)

Compound Axenic culture Co-culture

Peak area + SD / % Peak area = SD / %
No. Name RI (RI*) CM ACTB-77 ACTB-290 CM + ACTB-77 CM + ACTB-290
52 geosmin 1410 (1399) 17.25 +2.55 3.08£0.16
53 not identified 1446 0.30 +0.04
54 2-tridecanone 1464 (1467) 0.67 +0.04 0.31 +0.07
55 not identified 1470 1.03 +£0.14
56 not identified 1470 0.39 +0.03
57 B-chamigrene 1476 (1476) 0.91 +£0.19 0.48 +0.05 0.39 = 0.05
58 Y-gurjunene 1479 (1479) 0.39 +0.08
59 aristolochene 1486 (1487) 7.56 + 1.41 3.50+0.19
60 a-selinene 1498 (1498) 3.60 £0.75 1.76 £ 0.21 1.54 +0.20
61 viridiflorene 1501 (1497) 0.39 £0.06
62 not identified 1515 0.73+0.13
63 7-epi-a-selinene 1522 (1520) 0.53 +0.11 0.47 £ 0.05 0.20 +0.02
64 selina-3,7(11)-diene 1539 (1542) 6.92 +0.09 143 +£0.12
65 2-tetradecanone 1565 (1570) 1.02 £0.03
66 (Z)-8-dodecen-1-ol acetate 1588 (1588) 0.13£0.02
67 1-tetradecanol 1643 (1647) 0.83 £0.07
68 a-eudesmol 1647 (1652) 0.26 +0.02
69 mint sulfide 1738 (1740) 0.20 +0.02

“RI: retention index from literature;* although the RI from literature is missing for compound 11, it was identified by comparison of its mass spectra with
that published in the literature™® for the compound 2-methylenebornane. RI: retention index; n.f.: not found; SD: standard deviation.

Mass spectra of the microbial produced compounds are
available in Figure S5, SI section.

mVOCs profile under axenic culture

Fungus C. musae

The study on VOCs produced by C. musae under
axenic culture resulted in 18 recorded peaks, all of them
identified by GC-MS analysis (Table 2). Among them,
3-methyl-butan-1-o0l (1) and B-phellandrene (15) were
found as the main compounds. These two compounds,
together with a-phellandrene (12), phenylethyl alcohol (24)
and aristolochene (59) represent ca. 75% of the mVOCs
peak area. Constituents from C. musae were distributed
into three different cases, non-terpenoids (4 compounds;
ca. 38% total area), monoterpenes (9 compounds; ca.
49% total area); sesquiterpenes (5 compounds; ca. 13%
total area). No reports on VOCs produced by either
C. musae or any other congener species were found in the
literature for comparison purposes. Instead, the literature
reports studies on VOCs either from bacteria strains with
inhibition of Colletotrichum species.**¢ or from plants/
fruits contaminated with some fungus strains.**

Actinobacteria Streptomyces sp. (ACTB-77)
The study on VOCs produced by ACTB-77 strain
under axenic culture yielded 27 peaks recorded in the

GC chromatogram (Table 2). Among them, 70% of
the compounds (19 peaks) were identified, together
representing ca. 91% of the total area of all recorded peaks.
The monoterpene linalool (21) and the sesquiterpene
geosmin (52) were found as the main constituents, these
two compounds accounting for ca. 56% of the mVOCs peak
area. The identified compounds included non-terpenoids
(6 compounds; ca. 8% total area), monoterpene
(9 compounds; ca. 76% total area) and sesquiterpene
(5 compounds; ca. 8% total area). Sesquiterpene mint
sulfide (69) was the only sulfur-containing compound
produced by ACTB-77.

Some of these non-terpenoid compounds have been
reported as by-products from primary metabolic pathways
of actinomycetes.® Previous investigations of VOCs
profiling of Streptomyces isolates have been reported in
literature.'”** A total of twenty-six Streptomyces strains
were assayed for their ability to produce VOCs.!” In
that study, 53 compounds were identified out of the 120
detected peaks. The compounds were classified as alkanes,
alkenes, alcohols, esters, ketones, sulfur-compounds,
and terpenes. As for ACTB-77, 3-methyl-butan-1-ol (1),
2-methyl-1-butanol (2), and geosmin (52) were identified
as among the most frequent compounds produced by the
microorganisms. A similar study involved VOCs production
of twelve Streptomyces strains, eleven of them from
rhizosphere. Besides the presence of alcohols, aldehydes
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and terpenes, geosmin (52) was the common constituent
in all isolates.*

The production of the monoterpene linalool (21) as major
constituent by ACTB-77 commanded special attention in
our work since a similar result was found only in previous
studies on VOCs produced by two strains of S. philanthi, RM-
1-138'" and RL-1-178,% both isolated from the rhizosphere
soil of chili peppers in Thailand. Among the 39 mVOCs
produced by RL-1-178 strain under axenic cultured in
wheat seed medium, linalool (21; 13.55%) and geosmin
(52; 13.75%) were also found as the major compounds.*
Linalool (21; 9.06%) was the main compound produced by
RM-1-138 strain under the same experimental conditions,
while geosmin (52) was found in only 1.23%.

S. clavuligerus linalool synthase (bLinS) was discovered
and identified as a catalyst for linalool production using a
metabolic engineering platform.’' The use of bLinS in
metabolically engineered monoterpene-producing E. coli
strains yielded a 300-fold higher linalool production
compared with the corresponding linalool synthase from
plants. Therefore, the identification of this monoterpene as
major constituent produced by ACTB-77 and S. philanthi
(RM-1-138 and RL-1-178 strains),'”* may represent
examples of linalool synthase expression in Streptomyces
strains. It is worth highlighting that linalool has high
commercial value since it is used in fragrances, cosmetic
and non-cosmetic products, as well as an intermediate in
organic syntheses; the use of commercial linalool exceeds
more than 1,000 metric tons per year worldwide.”'

Comparison between VOCs produced by the
actinobacteria ACTB-77 and those identified for the fungus
C. musae, revealed compounds 3-methyl-butan-1-ol (1),
2-methyl-butan-1-ol (2) and B-myrcene (9) as the only
chemical constituents common to both the microorganisms.
Nevertheless, although alcohol 1 was a major compound
produced by the fungus (23.82 + 2.07%), it was found at
only 1.77 + 0.11% in the actinobacteria VOCs peak area.
Both microorganisms produced B-myrcene (9) in low
concentrations, 1.14 +0.22% (C. musae) and 4.95 + 0.65%
(ACTB-77 strain).

Actinobacteria Amycolatopsis sp. (ACTB-290)

The study on VOCs produced by ACTB-290 strain
under axenic culture provided 22 peaks recorded in the
GC chromatogram (Table 2). From these, 17 peaks (77%
of the peaks) were identified, accounting for ca. 94% of the
total area of all recorded peaks. Dimethyl disulfide (4) and
dimethyl trisulfide (8) were the major compounds, together
representing ca. 70% of the VOCs peak area. Besides these
two, 2,4-dithiapentane (6) and methyl(methylthio)methyl
disulfide (27) were also identified as sulfur-containing
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compounds. The identified compounds included four
sulfur-derivatives (ca. 76% total area), nine non-terpenoids
(ca. 12% total area) and three bicyclic monoterpenes
(ca. 6% total area).

Actinobacteria from Streptomyces and Amycolatopsis
genera are known to be proficuous sources of non-volatile
antibiotic compounds.>?> Nevertheless, different from
Streptomyces that has a VOCs profile reported from
some of its species, no study on VOCs identification
of Amycolatopsis species was found in the literature. A
significant difference was clearly observed between the
VOC:s profile of these two actinobacteria strains. While
Streptomyces sp. (ACTB-77) produced terpenes (21 and
52) as main constituents, Amycolatopsis sp. (ACTB-290)
yielded sulfur-containing compounds (4 and 8) as
predominant in its VOCs peak area. It should be said that,
although dimethyl disulfide (4) and dimethy] trisulfide (8)
were not produced by Streptomyces sp. (ACTB-77), they
have been included as two common constituents on the
list of putative VOCs from eleven Streptomyces strains
isolated from a Rhizoctonia-suppressive soil, as well as
from a strain of S. lividans.** Additionally, comparison
between VOCs profiles of actinobacteria ACTB-290 and
C. musae showed no common compounds for these two
microorganisms.

mVOCs profile under co-culture

Co-culture of ACTB-77 and C. musae

During the co-culture experiment for mVOCs
extraction by HS-SPME, inhibition of the growing fungus
could be observed, corroborating the already discussed
antifungal activity of ACTB-77 against C. musae. GC-MS
analysis of the VOCs produced by the microorganisms
in the co-culture experiment yielded 26 peaks (Table 2).
Among them, only 3 compounds (ca. 1.7% of the total
area) were not identified.

As already mentioned, compounds 3-methyl-butan-
1-ol (1), 2-methyl-butan-1-ol (2) and B-myrcene (9)
were the only VOCs produced by both microorganisms
under axenic culture. These three compounds were also
identified in the co-culture. Excluding these compounds,
comparison of the VOCs profile of the actinobacteria
under axenic culture (24 exclusive peaks) and that
from the co-culture with the fungus revealed only ten
compounds from ACTB-77. These were: linalool (21),
a-terpineol (35), thymol methyl ether (36), carvacrol
methyl ether (37), geraniol (38), geosmin (52) and
selina-3,7(11)-diene (64), besides three non-identified.
Therefore, fourteen VOCs produced by the actinobacteria
under axenic culture were not detected in the co-culture
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experiment. It is worth highlighting that, 21 and 52, both
major compounds produced by the actinobacteria under
axenic culture, showed a lower percentage of peak area
in the co-culture.

o-Phellandrene (12) and B-phellandrene (15), both
compounds identified as C. musae VOCs under the axenic
culture, were the major constituents in the co-culture. In
this latter experiment, a considerable increment in the
production of 15 by the fungus was observed. Studies
from the literature revealed the antibacterial activity of
fruit and plant essential oils with a high content of the
sesquiterpene 15.3%* This suggests that the increment of
this compound in the co-culture may be a fungal defense.

The antifungal activity of VOCs produced by
Streptomyces sp. (ACTB-77) may be due to the presence of
monoterpenes (especially linalool, 21) with its bioactivity
already reported in the literature.’>°

Co-culture of ACTB-290 and C. musae

As observed for the co-culture experiment of ACTB-77
and C. musae, during the VOCs extraction of ACTB-290
co-cultured with the same fungus inhibition of the fungus
growing. GC-MS analysis of the VOCs produced in the
co-culture experiment recorded 36 peaks, with 29 of them
(81%; ca. 96% of the total area) being identified (Table 2).
Comparison of the peaks recorded in this experiment with
those from the axenic cultures of the microorganisms
showed that 16 peaks (4 non-identified compounds) were
related to compounds produced by the actinobacteria,
15 peaks were produced by the fungus, and 5 peaks
(3 non-identified compounds) were related exclusively to
the co-culture.

Among the 22 VOCs produced by the actinobacteria
ACTB-290 cultured under axenic condition, only
2-methyl-2-bornene (16), methyl(methylthio)methyl
disulfide (27), 2-tetradecanone (65), (Z)-8-dodecen-1-ol
acetate (66) and 1-tetradecanol (67), besides one of the non-
identified compounds (t; 10.87 min), were not observed
in the co-culture. Concerning C. musae, only compounds
3-methylbutan-1-ol acetate (5), p-menta-1,5-dien-8-ol (29)
and aristolochene (59), which were produced by the
fungus under axenic culture, were not detected in the
co-culture. Again, the fungal VOCs a-phellandrene (12)
and B-phellandrene (15) were the major constituents in the
co-culture. There was a significant increase in peak area for
the fungal compound a-terpinene (13) in the co-culture,
compared with the axenic culture.

Differently from what had been observed in the co-
culture of the fungus and the actinobacteria ACTB-77, the
study involving strain ACTB-290 yielded five exclusive
peaks, that include the two identified mVOCs 2-nonanol (23)
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and 2-undecanol (44). Interestingly, these alcohols may
be thought as bioreduction products of the respective C,
and C,; ketones (VOCs from actinobacteria) from the
fungus. Thus, the antifungal activity of Amycolatopsis sp.
(ACTB-290) against C. musae may be associated to its
sulfur-containing metabolites dimethyl disulfide (4) and
dimethy] trisulfide (8), both previously reported as potent
fungicides.®!

Statistical analysis of the experiments

The statistical analysis discussed in this study
was confined to a comparison between the relative
concentrations of the peak areas of each compound
produced by the microorganisms under axenic culture and
those produced in the co-culture (ACTB-77 and C. musae;
ACTB-290 and C. musae). A principal component analysis
(PCA),%2was performed, producing an unsupervised pattern
recognition algorithm used to represent a high number of
results through two graphics called scores and loadings. In
PCA, the scores graph presents the similarity/differences
between each culture while the loadings graphic displays
the constituent that is important for differences and
similarities between each group. In summary, all peaks
are converted into new variables, called PCs, each one
accounting for the data variability. Thus, similar samples
are close in the scores graphic while different samples are
distant. The relative concentration of each constituent is
displayed in loadings graphics, which have the same axes
as in the scores graphics. When the scores and loadings
graphics are overlaid, it is possible to deduce that the
relative concentration of a constituent will be higher for
the sample with high scores. Each number displayed in
loadings graphics represents a peak which it is identified
in Table 2, and which was listed in increasing order of the
retention index.

ACTB-77, C. musae and their co-culture

PC1 and PC2 explain 80.36% of the data variance
(Figure 6), making it possible to analyze all constituents
in the samples using only these two variables. A natural
separation tendency was observed among the groups,
which are represented by yellow (ACTB-77 strain), dark
blue (C. musae strain) and light blue (co-culture) colors
(Figure 6a). In this case, the highest separation was observed
for the samples from the axenic culture of the actinobacteria
since these samples presented the highest scores values
in PC1 (Figure 6a). The relative concentrations of the
constituents are represented in the loadings graph (Figure 6b)
by circles with three different colors, where yellow, dark blue
and light blue are associated to the highest concentration
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Figure 6. Scores (a) and loadings (b) graphs obtained by PC1 and PC2 for the samples of ACTB-77 (yellow), C. musae (dark blue) and the co-culture

(light blue).

constituents from the actinobacteria (ACTB-77), C. musae
and co-culture, respectively.

Figure 6b shows 3-methyl-butan-1-o0l (1), 2-methyl-
butan-1-ol (2), a-phellandrene (12), B-phellandrene
(15), phenylethyl alcohol (24), p-mentha-1,5-dien-
8-o0l (29), menthol (31) and aristolochene (59) as the
constituents of the C. musae group with the highest relative
concentrations. Among them, compounds 1, 12, 15, 24
and 59 represent ca. 75% of the VOCs peak area of the
fungus. Concerning the constituents from the ACTB-77
group, geraniol (38), 1-decanol (41), non-identified (47),
geosmin (52), y-gurjunene (58) and mint sulfide (69)
are displayed in Figure 6b as those mVOCs with the
highest relative concentrations. Although 38 and 52 are
found in both co-culture and ACTB-77 axenic culture,
these constituents had higher concentrations in the latter
experiment. The a-phellandrene (12), B-phellandrene (15)
and silphinene (46), already found in axenic culture of
C. musae, had their relative concentrations intensified in
the co-culture experiment (Figure 6b).

PC1 scores were not significant enough to differentiate
between samples of C. musae and co-culture. It is possible
to observe a correlation between the variables highlighted
in blue (dark and light) in the loadings graph (Figure 6b).
The 3-methyl-butan-1-o0l (1) and the B-phellandrene (15),
both found as main VOCs produced by C. musae, are the
most important constituents for distinguishing the fungus
from the co-culture. These two chemical constituents are
not correlated, and they present significant difference in
their relative concentrations in the two groups (C. musae
and co-culture). The differentiation between C. musae and
co-culture groups can be observed through the different
values of their PC2 scores (Figure 6a).

In order to confirm the differences between the groups,
a t-test was performed using the scores of PC1 and PC2.
In this case, it was observed that there were statistically

significant differences between C. musae, ACTB-77 and
their co-culture.

ACTB-290, C. musae and their co-culture

Together, PC1 and PC2 explain 76.84% of the data
variance (Figure 7), enabling an analysis of similarities/
differences of the groups using only these two variables.
Comparison of this study with those previously discussed
for the experiments involving actinobacteria ACTB-77
revealed a higher separation tendency of the groups for
the studies with ACTB-290, that are represented by dark
blue (ACTB-290 strain), yellow (C. musae strain) and
three different colors (orange, light green and green) for
co-culture (Figure 7a). The use of three colors for co-culture
experiments were needed to indicate different composition
in their replicates.

As observed in the loadings graph (Figure 7b), the
lowest scores of PC1 are the variables highlighted in dark
blue, which are related to the axenic culture of ACTB-290.
In this graph, dimethyl disulfide (4), dimethy] trisulfide (8)
and methyl 2-ethylhexanoate (18), Table 2, are significant
variables for distinguishing ACTB-290 from the other
two groups (C. musae and co-culture). Additionally,
these three chemical constituents are found in relatively
higher concentrations in the actinobacteria axenic culture
when compared with the co-culture. o.-Phellandrene (12),
a-terpinene (13) and B-phellandrene (15), in Table 2, which
are represented in the loadings graph (Figure 7b) with
orange (compounds 12 and 15) and green (compound 13)
circles, presenting positive values of scores in PC2. This
agrees with the fact that these mVOCs had a significant
increase in the co-culture experiment when compared to
the axenic culture of the fungus.

The sulfur-containing compounds dimethyl disulfide (4),
dimethyl trisulfide (8) and methyl(methylthio)methyl
disulfide (27), in Table 2, all VOCs exclusively produced
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Figure 7. Scores (a) and loadings (b) graphs obtained by PC1 and PC2 for the samples of ACTB-290 (dark blue), C. musae (yellow) and the co-culture

(orange, light green and green).

by the actinobacteria ACTB-290, are reported as potent
fungicides. Interestingly, no correlation between these
compounds and the alcohols (23 and 44, in Table 2)
recorded exclusively in the co-culture experiment was
observed in the correlation map (Figure S6, SI section). This
suggest that these alcohols are products of bioreduction
of the actinobacterial produced ketones 22 and 43,
respectively, by the fungus strain.

A t-test was also performed with the scores and
revealed that ACTB-290 strain is statistically different
from the fungal strain. This latter microorganism presented
a significant difference when compared to the co-culture
(C. musae/ACTB-290) in the PC2 score, but not in PC1
(t=1.6696/t_,,=2.447 and p = 0.1460). This corroborates
the result already discussed, which showed that the
co-culture (C. musae/ACTB-290) is very similar to the
axenic culture of ACTB-290, especially for the compounds
highlighted in PC1.

Global analysis

A global analysis of the aforementioned experiments
was performed since, different from a non-statistical
approach, PCA enables evaluation of all samples
(ACTB-77, ACTB-290, fungus and co-cultures) grouped
in the same graphs (Figure 8). In this case, PC1, PC2
and PC3 explain 75.83% of the data variance, allowing
the analysis of similarities/differences of the groups
using these three variables. A strong separation tendency
of the groups was observed, represented by yellow
(ACTB-77), blue (ACTB-290), cyan (C. musae) and
light green (ACTB-77/C. musae) and dark blue and
blue (ACTB-290/C. musae) colors in the scores graphs
depicted in Figure 8a (PC1 vs. PC2) and Figure 8b (PC1 vs.
PC3). The ellipses are arbitrarily included to indicate the
differences between the classes. The statistical differences
were calculated using the ¢ and F hypotheses tests.

As observed in Figures 8a and 8b, co-culture
ACTB-77/C. musae is more similar to the fungus
group than to the actinobacteria group. Concerning
the co-culture involving the actinobacteria ACTB-290
(ACTB-290/C. musae), there was greater similarity with the
actinobacteria group than the fungus group. These suggest
a more pronounced antifungal activity for the ACTB-290
strain, which agrees with the SEM images of the fungus
filaments after its inhibition by ACTB-290, as previously
discussed.

The loadings graphs displayed in Figure 8c (PC1 vs. PC2)
and Figure 8d (PC1 vs. PC3) show that mVOC:s inside the
yellow circle (Figure 8c) present significantly higher
concentration for ACTB-77 samples when compared with
the other groups, besides having higher loadings values
in PC1. The mVOCs inside the blue circle present a
significantly higher concentration of both ACTB-290 and
the co-culture (ACTB-290/C. musae), indicating that these
two groups present similar mVOCs.

Dimethyl disulfide (4), 2-undecanone (43) and
2-tridecanone (54), Table 2, are present in a significatively
lower concentration in the co-culture ACTB-290/C. musae
when compared with the axenic culture of the actinobacteria
(Figures 8c and 8d). Ketones 43 and 54 are those produced
exclusively by the actinobacteria, while dimethyl
disulfide (4) is a potent fungicide.

A t-test was performed using PC2 scores produced
no statistically significant differences between the
ACTB-290 group and the C. musae/ACTB-290 group
(r = —0.3265/t.;, = 2.447 and p = 0.7551). These groups
have similar values of PC2 scores, and the same occurs with
PCI1. This fact corroborates the result already discussed
that the co-culture (C. musae/ACTB-290) is very similar
to the axenic culture of the actinobacteria. However, when
both PC1 and PC2 are used, the variance hypothesis test
indicated statistical differences between them. This latter
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Figure 8. Scores (a) and loadings (b) graphs obtained by PC1 and PC2 for the samples ACTB-77 (yellow), ACTB-290 (blue), C. musae (cyan) and
co-cultures ACTB-77/C. musae (light green) and ACTB-290/C. musae (dark blue and blue). Scores (c) and loadings (d) graphs obtained by PC1 and PC3

for the same samples.

approach was similar to the one used in Soft Independent
Method of Class Analogy (SIMCA).*®

A correlation map of mVOCs produced in all
experiments is presented in Figure S7 (SI section),
where each axis represents the constituents numbered
according to Table 2. The correlation is calculated pair
by pair using the mVOCs, and represented by squares
on the map: dark blue means an inverse correlation (r =
—1) and dark red means a direct correlation (r = +1). The
closer the correlation values (r) are to +1/—1, the higher
the correlation between the peaks will be. Analysis
of this map reveals that the ketones 22 and 43, which
were suggested as being reduced by the fungus, present
an inverse correlation with their respective alcohols
23 and 44 (Table 2), confirming a biotransformation
occurrence in the co-culture. In addition, there is a
slightly positive correlation between these ketones and the
sulfur-containing compound 4, suggesting that when the
concentration of the ketones reduces, the concentration
of 4 also reduces.

In summary, these analyses lead to the conclusion that
the ACTB-290 strain presents a powerful and specific
fungicide effect against C. musae. This gives rise to the
hypothesis that the sulfur-containing constituents are
responsible for their bioactivity.

Conclusions

In summary, rhizosphere soil of plants from the
Caatinga biome was shown to be source of actinobacteria
strains that produced volatile organic compounds (VOCs)
with antifungal activity against the phytopathogen
C. musae. Among the investigated strains, the most active
were Streptomyces sp. (ACTB-77) and Amycolatopsis sp.
(ACTB-290). The latter presented the highest inhibition
of fungus growth, a behavior corroborated by the greatest
damage of its VOCs to the fungal hyphae morphology.
HS-SPME-GCMS analyses of VOCs produced by
ACTB-77 and ACTB-290, revealed linalool and geosmin as
major constituents for ACTB-77, and dimethyl disulfide and
dimethyl trisulfide as major VOCs compounds produced by
ACTB-290. No exclusive VOCs were observed in the co-
culture experiment involving ACTB-77, while co-culture
with ACTB-290 yielded five new peaks, two of them
(alcohols) suggested as products of ketone bioreduction
by the fungus. Statistical analysis showed that co-culture
ACTB-77/C. musae was the most similar to the fungus,
while co-culture ACTB-290/C. musae showed greater
similarity with the actinobacteria. The more pronounced
antifungal activity of ACTB-290 was suggested that it
was associated to its sulfur-containing metabolites, since
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this class of compounds is known as a potent antifungal.
Additionally, linalool was suggested as responsible for the
ACTB-77 activity. A preliminary version of this work was
published as preprint.5

Supplementary Information

Supplementary data (figures representing experimental
procedures, mass spectra of compounds 1-69 and correlation
maps) are available free of charge at http://jbcs.sbq.org.br
as PDF file.
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