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Abstract

Introduction. The search for microorganisms producing antimicrobial compounds repre-
sents a strategy to address the global crisis of antibiotic resistance. Identification of bacteria
of the genus Streptomyces with antagonistic activity against resistant bacteria is the initial
step for the subsequent recovery of effective antibacterial metabolites for the inhibition of
these resistant organisms. Objectives. Recognize promising sources to isolate filamentous
bacteria able to inhibit clinical isolates, including ESBL- and KPC- producing Entero-
bacteriaceac and MRSA. Methods. Actinobacteria were isolated from rhizospheres and a
compost system. MRSA, Escherichia coli, and Klebsiella pneumoniae clinical isolates were
chosen to address antagonism tests. Antibacterial activity was recorded by a cross-streak
method. Streptomyces isolates were characterized according to International Streptomyces
Project and the native isolates with antimicrobial activity were identified by molecular te-
chniques. Results. Nine isolates of actinobacteria with activity against resistant-antibiotic
bacteria were obtained, two from the avocado rhizosphere, four from a living fence and
three from a composting system. Two of the isolates showed activity against all the tested

antibiotic-resistant bacteria. Molecular taxonomic identification found S. jumonjinensis,
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S. bacillaris, S. prasinus, S. microflavus, and S. cadmiisoli as putative species for native iso-
lates. Conclusions. Streptomyces with antibacterial activities against ESBL and KPC-pro-
ducing Enterobacteria and MRSA have been isolated and the potential of rhizospheres and
compost systems for obtaining antibiotic-producing bacteria was validated. Native isolates
exhibited common traits for Streptomyces; although NCBI’s Blast did not show a resolution
to identification, EzBioCloud 16S-based identification was able to accurately detect the

identity of the isolates down to the species level.

Keywords: Actinobacteria, antibacterial agents, drug resistance, Extended-Spectrum

Beta-Lactamases producers, MRSA, soil microbiology.

Resumen

Introduccion. La bisqueda de microorganismos productores de compuestos antimicro-
bianos representa una estrategia para enfrentar la crisis global de la resistencia a los anti-
bidticos. La identificacion de bacterias del género Streptomyces con actividad antagoénica
contra bacterias multirresistentes es el paso inicial para recuperar metabolitos antibacte-
rianos efectivos para inhibir estos organismos. Objetivos. Reconocer fuentes promisorias
para aislar bacterias filamentosas capaces de inhibir aislamientos clinicos incluyendo En-
terobacteriaceae productoras de BLEES y KPC, y MRSA. Métodos. Se aislaron actino-
bacterias de rizosferas y un sistema de compostaje. Se eligieron aislamientos clinicos de
MRSA, Escherichia coli, and Klebsiella pneumoniae resistentes para realizar las pruebas de
antagonismo. La actividad antibacteriana se registré6 mediante un método de estrias cru-
zadas. Los aislamientos de Streptomyces se caracterizaron segun el Proyecto Internacional
Streptomyces y se identificaron mediante técnicas moleculares. Resultados. Se obtuvieron
nueve aislados de actinobacterias con actividad contra bacterias resistentes, dos de la rizos-
fera de aguacate, cuatro de un cerco vivo y tres de un sistema de compostaje; dos mostra-
ron actividad contra todas las bacterias resistentes evaluadas. La identificacién taxonémica
molecular encontt6 S. jumonjinensis, S. bacillaris, S. prasinus, S. microflavusy S. cadmiisoli
como especies putativas para los aislados nativos. Conclusiones. Se aislaron Streptomyces
antagonicas contra Enterobacterias productoras de BLEE y KPC, y MRSA, validando el
potencial de las rizosferas y los sistemas de compostaje para obtener bacterias productoras
de antibiéticos. Los aislados nativos presentaron caracteristicas de Streptomyces; aunque el
Blast de NCBI no mostré una resolucion suficiente, EzBioCloud detect6 la identidad de

los aislados hasta especie.
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Introduction

The dissemination and the continuous in-
crease of resistance even to last-resort an-
tibiotics is expanding due to the misuse/
overuse of existing antibacterial drugs and
the slow introduction of new antimicrobial
agents to the market. Antimicrobial resistan-
ce in bacteria represents a worldwide public
health challenge because the resulting infec-
tions are associated with high mortality and
morbidity, very limited treatment options,
prolonged hospital stay and entail a cost to
the public health systems up to 1.6 % of the
Gross Domestic Product (1). In 2024, WHO
published the list of bacteria for which new
antibiotics are urgently needed, including
extended-spectrum beta-lactamase (ESBL)
producing Enterobacterales, carbapenem
resistant Enterobacterales (CRE), and me-
thicillin-resistant  Staphylococcus  aureus
(MRSA), and proposed to promote invest-
ment policies for the development of new
antimicrobials as one objective to confront

antibiotic resistance (2).

Many antimicrobial molecules are obtained
from cultures of bacteria of the genus Strep-
tomyces. These actinobacteria are in many
environments but, unlike others, Strep-

tomyces has a complex multicellular develo-

pment growing filaments from its germina-
tive spores leading to a multinuclear aerial
mycelium (3). For instance, tetracyclines
producing species such as Streptomyces ri-
mosus, Streptomyces alboflavus, Streptomyces
aureofaciens and Streptomyces vendagensis
have been isolated from soils in urbanized
and industrialized areas (4). Other species
such as Streptomyces griseus, Streptomyces
clavuligerus, and Streptomyces orientalis that
produce streptomycin, cephalosporins, and
vancomycin, respectively, have also been
found in different soils (5-7). Similarly,
bacteria of the genus Streptomyces with an-
tibacterial activity have been obtained from
the rhizosphere of different plants, agricul-

tural soils, and native forests (8-10).

Most species of the genus Streptomyces pro-
duce extracellular hydrolases that catalyze
the degradation of complex substrates in
soils and composting systems. A number of
these compounds are found in the rhizos-
pheres, zones that constitute environments
of dynamic interactions between plants and
other organisms that harbor a diverse re-
servoir of culturable microorganisms that
can be exploited to benefit mankind (11).
Although rhizosphere-associated soils may
contain almost twice as many actinomycete
isolates as non-rhizospheric soils (12), few

studies have been found on the isolation
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of filamentous bacteria from avocado tree

rhizospheres (13).

Furthermore, the rhizosphere of Swin-
glea glutinosa, a shrub widely used in the
construction of hedges and living fences,
has been scarcely studied. The maintenan-
ce of these plants for ornamental purposes
and delimitation of properties traditionally
is done with the addition of fertilizers or
amendments and regular pruning to main-
tain the shape and density of the bushes
(14). These diverse management practices
to these hedges probably give unique cha-
racteristics to each associated rhizosphere
that allow the establishment of different
microbial communities in these environ-
ments; however, reports of microbiologi-
cal analysis of these soils were not found.
Other promising sites for the isolation of
filamentous bacteria are composting sys-
tems, mainly in a maturation stage; the iso-
lation of bacteria from agro-industrial and
vegetable waste processing systems have
been described (15).

Therefore, the aim of this study was to re-
cognize promising sources to isolate fila-
mentous bacteria with capacity to inhibit
the growth of ESBL and KPC-producing
Enterobacteria and MRSA, and finally, de-
terminate their putative identity. The re-
sults of this work constitute a preliminary
step toward the discovery of antimicrobial
compounds produced by native Colombian

Streptomyces spp. isolates, active against

ESBL and KPC-producing Enterobacteria
and MRSA, and support their registration
as potential candidates for the developing
of new therapeutic agents to control bacte-

rial infections.

Materials and methods

Samples collection

Soils of rhizospheres from an avocado tree
(Persea americana) and a living fence (Swin-
glea glutinosa), were collected from priva-
te land in Santa Elena, a rural district of
Medellin, Colombia (latitude 6°13’N, lon-
gitude 75°29°W, altitude 2200 m). Compost
samples were taken from a one-week-old
artisanal organic solid waste treatment sys-
tem. The collected samples were taken at a
10-20 cm depth, transported in sterile pol-
yethylene bags to the laboratory, and stored
at 4 °C.

Isolation of microorganisms

Actinobacteria were isolated by serial di-
lutions using glucose - yeast extract - malt
extract (GYM) medium (4 g D-glucose, 4 ¢
yeast extract, 10 g malt extract, 2 g CaCO,,
and 12 g agar in 1 L distilled water) (16),
and starch casein nitrate medium (10 g so-
luble starch, 0.3 g casein, 2 g KNO,, 2 g
NaCl, 2 ¢ K HPO,, 0.05 g MgSO,.7H,O,
0.02 g CaCO,, 0.01 g FeSO,.7H,0O, and 15
gagarin 1 L distilled water) (17). Both cul-

ture media were supplemented with 2.5 ug/
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mL rifampicin and the pH was adjusted
at 7.2. The plates were incubated at 28 °C
and individual colonies corresponding to
Gram-positive filamentous bacteria were
subcultured on GYM agar and stored in
Brain Heart Infusion (BHI) broth (Merck)
with 15 % glycerol at =20 °C. All the iso-
lates obtained were labeled and included
in the microorganism collection CEMBIO
of Colegio Mayor de Antioquia, Medellin,
Colombia, under the framework permit for
collection of specimens for non-commer-
cial scientific research No. 1467 of the Au-
toridad Nacional de Licencias Ambientales
with registration numbers 16D4FDOE9C3
and 16D551FC815.

Resistant bacteria

Three resistant bacterial clinical isola-
tes and one reference strain were chosen:
methicillin resistant Staphylococcus aureus
(MRSA), ESBL- and KPC- producing Es-
cherichia coli and Klebsiella pneumoniae,
and E. coli ATCC 700891. The identi-
fication and antimicrobial susceptibili-
ty testing of these microorganisms were
confirmed using the automated Vitek® 2
(bioMérieux, Marcy-I’Etoile, France). Sus-
ceptibilities to antimicrobial agents were
profiled with results of sensitive, interme-
diate, and resistant according to standards
for antimicrobial susceptibility testing
of the Clinical and Laboratory Standards
Institute (CLSI) (18).

and KPC- producing Enterobacteriaceae and MRSA

Antibacterial assays

To select the native isolates with antibac-
terial activity, a cross-streak method was
performed. Plates of Mueller-Hinton agar
(Merck) were prepared and inoculated by a
single streak in the center of the Petri dish
with actinobacteria suspensions obtained
from colonies formed in GYM agar; these
plates were incubated at 30 °C for 10 days.
Test strains MRSA, ESBL- and KPC- pro-
ducing E. coli and K. pneumoniae, and E.
coli ATCC 700891 were incubated on LB
(Miller) agar at 37 °C for 24 h, and bacterial
suspensions equivalent to 0.5 McFarland
standard were prepared from these cultures
in 0.1 % peptone water. The Mueller-Hin-
ton plates with native isolates were seeded
with test organisms by streaking perpendi-
cular to the line of actinobacteria growth
and incubated at 37 °C for 24 h. Antago-
nism was observed based on the inhibitory
interaction between the actinobacteria and
test strains; the width of each test streak
was fixed at 5 mm, regions of growth and
clear/inhibited areas were measured, and
antibiotic activity was calculated using the
equation (AWG/TSA)X100, where, AWG is
the area on the streak without growth and
TSA is the total streak area scored for each
test streak (19).

11
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Characterization of
actinobacteria isolates

The selected isolates that showed promi-
sing antibacterial activity against resistant
bacteria were morphologically and physio-
logically characterized according to Inter-
national Streptomyces Project (ISP) and
Bergey’s Manual of Systematic Bacteriolo-
gy (16, 20). Colonies of actinobacteria were
picked up, sub-cultured on ISP-2 slants and
incubated at 28 °C for 3-4 weeks. Then, the
morphological characteristics were exami-
ned by culturing isolates on different ISP
media (21).

Growth at various temperatures (20-40°C)
and NaCl concentrations (0.2-8 %) were
examined by growing the isolates on starch
casein nitrate medium and checking the cul-
tures 48 and 72 h after inoculation. Urea hy-
drolysis was checked in a basal medium with
2 % urea by change in color from yellow to
red and catalase activity was evaluated by
hydrogen peroxide effervescence (21).

Utilization of different carbon sources
was studied by adding 1 % filter-sterilized
sugars (D-glucose, D-xylose, L-arabino-
se, L-rhamnose, D-fructose, D-mannitol,
I-inositol, and sucrose) to the basal me-
dium ISP-9; D-glucose containing medium
was considered as a positive control while
medium without sugar was negative con-
trol (20). The amylolytic activity was veri-

fied in a medium including soluble starch

(22), cellulolytic activity in a medium with
carboxymethylcellulose (23), proteases pro-
duction using gelatin as substrate (24) and
lipolytic activity in a medium supplemen-
ted with olive oil (25).

Molecular identification

The native isolates with antimicrobial acti-
vity were incubated into BHI broth at 30 °C
until a pellet of vegetative cells was obtai-
ned. The preparation of the total genomic
DNA was carried out with the Wizard®
Genomic DNA Purification Kit (Promega)
according to the manufacturer’s instruc-
tions. PCR amplification of the 16§ rRNA
gene was conducted using primers 27f
(5>-AGAGTTTGATCMTGGCTCAG-3’)
and 1492r (5-TACGGYTACCTTGTTAC-
GACTT-3"). The reaction was carried out
in a 50 pL. reaction volume consisting of
10 ul. 5X polymerase buffer, 4 ul. MgCl,
(25mM), 1 pL. ANTPs (10 mM), 4 uL of
each primer (0.ImM), 4 uL of template
DNA, and 1.25 U of GoTaq® Flexi DNA
Polymerase (Promega), with 30 cycles of 1
min at 94 °C, 1 min at 52 °C, and 1 min at
72 °C, followed by another incubation at
72 °C for 10 min (26). The quality of the
extracted DNA quality and the success of
PCR amplification were confirmed by aga-
rose gel electrophoresis stained with EZ-Vi-
sion® In-Gel Solution 10000X (VWR) and
subsequent visualization under ultraviolet
light. PCR products were purified using the
Wizard® SV Gel and PCR Clean-Up Kit
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(Promega) and sequenced using the same
PCR primers, in an ABI-3500 automated
sequencer using the BigDye™ Terminator
Cycle Sequencing kit (Applied Biosystems),
according to the manufacturer’s instruc-
tions. The quality of forward and reverse
nucleotide sequences was checked using
Geneious software v10.0.9 (27). Alignment
to create consensus sequences were perfor-
med using the embedded algorithm Clustal
W (28). Next, sequences were submitted to
a BLAST search for verification and com-
parison with those available in GenBank,
discarding cross-contamination or the pre-
sence of non-bacterial taxon groups (29).
Isolates sequences were then aligned and
manually edited and trimmed to genera-
te a final dataset for further identification

analysis.

To this purpose, we used the new sequen-
ce analysis tool EzBioCloud, a Bioscience’s
curated public data and analytics portal
focusing on taxonomy, ecology, genomics,
metagenomics, and microbiome of Bacte-
ria and Archaea (https://www.ezbiocloud.
net/identify). The identification algorithm
provides proven similarity-based searches
against quality-controlled and curated data-
bases of 16S rRNA sequences. The top-hit
information for each identification is the
top hit against all prokaryotic names inclu-
ded in the curated database. Hits against
only valid prokaryotic names can be viewed
for a decision about the identity. For native

isolates identification, we consider a thres-

and KPC- producing Enterobacteriaceae and MRSA

hold identity > 97 %. BLASTn (nucleotide)
from NCBI was used as an alternative me-
thod of identification, using equal parame-
ters of threshold identity, and an E-value
of zero. Likewise, when an isolate matched
with multiple species/strains because they
exhibited equal identity scores, the isolate

was identified as “genus + sp”.

Results

Isolation of actinobacteria and
antimicrobial activity

A total of 34 actinobacteria isolates of di-
fferent phenotypes were obtained from
rhizospheres and composting samples (30).
Twelve isolates from the avocado rhizos-
phere, 12 from the living fence rhizosphere,
and 10 from the compost were recovered,
and their antagonistic activities against two
ESBL- and KPC- producing Gram-negati-
ve bacteria, and one methicillin resistant S.
aureus (MRSA), Table 1, were evaluated.

13
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Table 1. Antibiotic sensitivity profiles of clinical isolates used in antagonism tests

Test bacteria

S. aureus (MRSA)

E. coli (ESBL/KPC)

K. pneumoniae(ESBL/KPC)
E. coli (NTCC 700891)

R =
==
=
|
R = |
R A
© R = |

R A

»x = |
2|
»x = |
R R
» v v |
w v w»v =

|

|

|
R R

CR: catbapenem-resistant. Beta-lactam: ampicillin/sulbactam (SAM), pipetacillin/tazobactam (TZP), cefoxitin (FOX), oxacillin
(OX), ceftazidime (CAZ), ceftriaxone (CRO), cephepime (FEP), doripenem (DOR), ertapenem (ETP), imipenem (IPM), mero-
penem (MEM). Aminoglycosides: amikacin (AK), gentamicin (CN). Quinolone: ciprofloxacin (CIP). Macrolide: erythromycin
(B). Glycopeptide: vancomycin (VA). Tetracyclines: tetracycline (TE), tigecycline (TGC). Mixed: trimethoptim/sulfamethoxazole
(SXT). R: resistant. S: susceptible. — : not evaluated.

Antimicrobial activities were proportional
to clear areas for the growth of different
test bacteria. In some cases, it presented a
decrease in growth with faint and translu-
cent streaks for the test bacteria. All an-
tibiotic-resistant bacteria were inhibited by
some native actinobacteria isolates; four
native isolates inhibited ESBL- and KPC-

producing K. pneumoniae, and seven inhi-
bited ESBL- and KPC- producing E. coli.
E. coli (ATCC 700981) was inhibited by
six native isolates; no actinobacteria iso-
lated from avocado rhizosphere and only
one from composting system inhibited the

growth of K. pneumoniae, Table 2.

Table 2. Antimicrobial activity of native actinobacteria isolates

Test bacteria

Native isolate

E. coli (ESBL/ K. pneumoniae E. coli

§. aureus MRSA) | gpc) (ESBL/KPC) ATCC 700891
Avocado rhizosphere
S4E 28 0* 0 0*
S8E 0 100 0 100
Living fence rhizosphere
S1H 100 100 57 100
S4H 17 0 0 0
S10H 0 17 14 100
S13H 0 17 14 0*
Composting system
S34 100 100 23 100
S40 100 100 0 100
S41 63 100 0 100

Antibiotic activity was calculated using the equation (Area without growth) X 100 / (Total streak area). CR: carbapenem-resistant.
*: Faint and translucent streaks.




Isolates S1H and S34 inhibited the grow-
th of all test bacteria. Only two of the 12
native isolates obtained from the avocado
rhizosphere (16.6 %), four of the 12 isola-
tes obtained from living fence rhizosphe-
re (33.3 %), and three of the 10 isolated
from a composting system (30 %) showed
activity against clinical MRSA and ESBL-
and KPC- producing K. pneumoniae and
E. coli.

Morphological and physiological
characteristics of native isolates

Microscopic observations showed
Gram-positive rod-shaped branching fila-
ments for all native isolates. Macroscopic
examinations of cultures indicated that
isolates formed dried, opaque, and raised
colonies with rough surfaces and irregular

margins, Figure 1.

Figure 1. Colonies of native isolates obtained from rhizospheres and composting system. Cultures were made on GYM agar
and incubated for at least 10 days at room temperature. A: STH, B: S8E, C: S4H, D: S40, E: S10H, F: §41, G: S13H, H: S34.
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Colonies of antagonistic isolates had diffe-  white and light olive gray aerial mass, and
rent colors depending on the culture me-  yellowish white and pale greenish yellow

dium, but it was more common yellowish  substrate mycelia, Table 3.

Table 3. Colony color of native actinobacteria isolates with antimicrobial activity

Native Aerial mass color Substrate mycelium color

isolate

S4E YG oG LOG oG LY YW YW YW
S8E YG oG LOG LOG LY YW YW YW
S1H LOY YW YW YW LY MY YW YW
S4H YG oG LOG LOG LY PGY MB YW
S10H W LOG YW LOG MOY PGY PGY YW
S13H LOG LOG PGY YG MOY YW LB YW
S34 PGY YG PGY YG PGY PGY PGY YW
5S40 YW YW YW YW YW YW YW BY
S41 YW YW YW YW MOY YW YW PGY

ISP-2, ISP-3, ISP-4, ISP-5: culture medium according to International Streptomyces Project (20). Colors wete recorded according
to ISCC-NBS Colour System (31-32). BY: brilliant yellow, LB: light brown, LOG: light olive gray, LOY: light orange-yellow,
LY: light yellow, MB: moderate brown, MOY: moderate orange yellow, MY: moderate yellow, OG: olive gray,

PGY: pale greenish-yellow, W: white, YG: yellowish gray, YW yellowish white.

Soluble pigments on ISP-5 medium were  source; besides, two isolates obtained from
observed only for isolates from compost compost system grew at temperatures abo-
system (S34, S40, S41); three isolates did  ve 37 °C and only one did not show growth
not release melanin in ISP-6 or ISP-7 cultu-  above 30°C, Table 4. Hydrolytic enzymes
re media, four isolates hydrolyzed urea, one  production was positive for these isolates,
was catalase-negative and all native isolates ~ and none grew in cultures with NaCl con-

used all the tested sugars as the sole carbon centrations of 8 % or higher.

Table 4. Cultural and physiological characteristics of native actinobacterial isolates.

Isolate
Characteristic
Melanin (ISP-6/ISP-7) -/= e -/- —/+ —/+ +/+ —/+ +/+ +/+
Pigments (ISP-5) - - - - - - Violet Brown Brown
Hydrolysis of urea - - + - + + + - —
Catalase activity + + + + + + + + —
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Isolate
Characteristic
Use of sugars
D-Glucose + + + + + + + + +
D-Xylose + + + + + + + + +
L-Arabinose n " + T + + + + +
L-Rhamnose + i 4 i + + + + +
D-Fructose + + + + + + + + +
D-Mannitol + + + + + + + + +
I-Inositol + + + + + + + + +
Sucrose + + " i 4 + + + +
NaCl tolerance
0.2 % + + + + + + + + +
2% + + + + + + + + +
4% + + * + - + x * *
6% + + + - - + - + -
8 % - - - - - - - - -
Temperature
range (°C) 20-30 20-37 20-37 20-37 20-37 20-37 20-37 20-40 20-40

(+): positive. (+): doubtful. (—): negative. ISP-5, ISP-6, ISP-7: culture medium according to
International Streptomyces Project (20).

Molecular identification of native
actinobacteria submitted to Genbank under the accession

number OM401309-OM401317. Results of
After assembling bidirectional reads of  the molecular identification using the cu-
16S rRNA, we obtained a 1038 bp matrix  rated database EzBioCloud (16S based ID)
containing nine unique haplotypes, one identified five putative species with identi-

per isolate. Sequences of each isolate were  ties ranging from 99.32 to 100%, Table 5.

17
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Table 5. Molecular taxonomic identification of bacterial species isolated from rhizospheres and a composting system, using the
16S rRNA gene against the EzBioCloud curated database for prokaryotic diversity

Isolate aGci:r;]::lr;l:l Top-hit Taxon (ezBiocloud Identity (%)
number curated database)

S40 OM401309 Streptomyces jumonjinensis 99.65
S41 OM401310 Strepromyces bacillaris 99.32
S34 OM401311 Streptomyces prasinus 99.83
S4E OM401312 Streptomyces microflavus 99.59
S8E OM401313 Strepromyces microflavus 100
S1H OM401314 Strepromyces microflavus 99.84
S4H OM401315 Streptomyces microflavus 99.68
S10H OM401316 Streptomyces microflavus 100
S13H OM401317 Strepromyces cadmiisoli 100

After the BLASTn-based identification, all
the nine isolates were identified as Strep-
tomyces sp., because they matched with mul-
tiple species/strains that exhibited equal

identity scores and E-values.

Discussion

This study was undertaken to highlight the
presence of actinobacteria of genus Strep-
tomyces in two rhizospheres and one home
composting system, to select native isola-
tes capable of inhibiting the growth ESBL-
and KPC- producing Enterobacteriaceae
and MRSA, and to explore their identifica-
tion through microbiological and molecu-
lar approaches. The isolation of bioactive
strains from these non-clinical environ-
ments reinforces the potential of underex-
plored ecological niches as reservoirs of
microorganisms with antimicrobial capabi-

lities. The antagonistic activity observed in

some Streptomyces isolates against antibio-
tic resistant clinical strains supports their
relevance as candidates for the discovery of

new antimicrobial agents

Several native Streptomyces isolates were
recovered from sampling sites in compost
and rhizospheres in the district of Santa
Elena, a rural zone of Medellin, Colombia.
Bioecologically, this district is in the low
montane per-humid forest life zone, with
an average annual rainfall of 2500 mm and
temperature of 14.7 °C; this district has
mainly non-flooded soils, with good mois-
ture retention and high fertility indices,
suitable for the development of forestry
and agroforestry systems and isolation of

actinobacteria (33).

Few studies have described the isolation of
actinobacteria from soils associated with
avocado (P. americana) trees and none have

evaluated the activity of these native isola-
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tes against bacteria pathogenic to humans,
being this the first study driving this last
question. For instance, Trinidad-Cruz et
al. (13) showed that of 41 isolates of acti-
nobacteria obtained from the rhizosphe-
re of an avocado tree var. Hass, 12 (29 %)
showed activity against Xanthomonas sp.,
exhibiting similar percentages of isolates
with antimicrobial activity to those obtai-
ned in this study (32 %). Otherwise, isola-
tes of actinobacteria from rhizospheres of
S. glutinosa or other plants that are used as

living fences are not reported.

In this study, the percentage of native iso-
lates from S. glutinosa with activity against
antibiotic-resistant bacteria (33.3 %) was
higher than P. americana (16.6 %), which
could suggest interactions in the soil mi-
crobiota encouraged by the traditional fer-
tilization and the agroforestry management

applied to these living fences (34).

Other soils and rhizospheres have been
more studied to obtain filamentous bacte-
ria with different results on antimicrobial
activity. According to Thakur er al. (8),
110 Streptomyces isolates were recovered
from five soils at protected forest areas,
59 % inhibiting the growth of at least one
tested bacteria; this high percentage may
be due to the assays were carried out using
bacteria with no reported antibiotic-resis-
tance. In the same way, Sharma ez al. (21)
reported the obtention of 134 isolates of

actinobacteria from different soils, and

and KPC- producing Enterobacteriaceae and MRSA

38 % showed antibacterial activity against
strains with some mechanism of resistance

to antibiotics.

This study has demonstrated that organic
waste composting systems are potential si-
tes to obtain filamentous bacteria, achie-
ving up to 30 % of isolates with activity
against antibiotic-resistant bacteria. In the-
se ecosystems, the composition of micro-
bial communities is dynamic and mainly
determined by physical-chemical factors
such as temperature, pH, water content, and
the C/N ratio, and these artificially modu-
lated environments, probably generate eco-
logical pressure to drive the production of
antimicrobial compounds (35). It has been
reported several actinobacteria isolates ob-
tained in the maturation stage greater than
other phases of composting; at this point,
these bacteria decompose natural polymers
producing easily degradable molecules that
other microorganisms can consume and
they will compete for nutrients with other
organisms, many times inhibiting their
growth due to the production of antibio-
tics (36). In a study by Salamoni et al. (37),
25 isolates of the genus Streptomyces were
obtained from the composting of domes-
tic organic waste, and 72 % of them inhi-
bited at least one tested bacteria, some of
them with resistance to antibiotics, even so
the number of native isolates that inhibi-
ted resistant bacteria such MRSA was much
lower (16 %).
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Here, eight of the antagonist native isola-
tes inhibited ESBL- and KPC- producing
Enterobacteriaceae isolates; in addition, six
inhibited the growth of MRSA isolate. Si-
milar results showed that eight Streptomyces
isolates obtained from the soil inhibited the
growth of §. awureus resistant to oxacillin

and six additional antibiotics (9).

It is important highlight that some isola-
tes inhibited the growth of bacteria with
resistance to several antibiotics. For exam-
ple, isolates S4E, S1H, S4H, S34, S40, and
S41 inhibited the growth of one MRSA
isolate resistant to ciprofloxacin. On the
other hand, in this study the isolates S1H,
S10H, S13H and S34 inhibited the growth
of ESBL- and KPC- producing E. coli and
K. pneumoniae isolates, resistant to 10 an-
tibiotics according to their sensitivity pro-
file. An interesting result of this study was
the finding of native isolates, such as S1H
and S34, which inhibited the growth of the
tested Enterobacteriaceae isolates, as well
as MRSA, which emphasize the significan-
ce of these isolate as potential sources of
antimicrobial compounds with the ability
to inhibit the growth of different types of

pathogenic bacteria.

Morphological examinations of native ac-
tinobacteria showed, as expected, colonies
initially with a smooth surface, but five days
later, an aerial mycelium began to develop
that may appear powdery or velvety (10).

Even though colors and morphologies were

too variable, a distinction between Strep-
tomyces species cannot be made according
to these aspects, since some isolates with
similar morphologies showed physiological
traits that differentiate them. Additionally,
in this study some tests carried out such as
sugar assimilation, catalase activities, and
production of hydrolytic enzymes that do
not offer information useful to differentia-

te these isolates.

Besides, species assignment to the genus
Streptomyces based on these and other phe-
notypic characteristics is difficult due to the
high number of species with validly publi-
shed names and the similarity in these traits
between different species. For this reason,
it 1s common to assign a species to nati-
ve filamentous bacteria based on sequence
analysis of the 16S rRNA gene. Since 16S
RNA-based methods do not have sufficient
resolving power to delimit all Streptomyces
phenotypic species in this study, we suggest
these analyses must be complemented with
genomic data, so that much more infor-
mation allows for increased resolution of
differences, in a context of probably very
recent speciation, where the 16S marker is
unable to accompany changes in the pheno-
type, as already observed for Streptomyces
(38).

This pattern of misidentification suggests
some possible explanations. First, the mo-
lecular neutral changes do not accompany

the speciation process in those species of
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Streptomyces for the 16S rRNA gene, spe-
cifically when the speciation occurs by se-
lection (39). Second, an evolutionary con-

vergence for some examined regions of the

16S rRNA gene can be occurring (40).

Although NCBI’s Blast has been a very
good tool for molecular identification of
many higher taxonomic groups, in this
study the results do not show a resolution
that would allow identification down to the
species level, but only to the genus. This
implies, once again, that errors occur du-
ring the identification of bacterial strains in
the labs, and hence, in its derived sequen-
ces being deposited in the web repositories
as GenBank (41-42). Contrary, EzBioCloud
16S-based identification, was able to ac-
curately detect the identity of the isolates
down to the species level, with higher iden-
tity values and easier decision-making, as

already achieved when compared with me-
thods based on GenBank datasets (43).

Despite the high levels of identification
obtained using molecular techniques, the
microbiological characterization of some
isolates does not correspond with that re-
ported in the literature for the identified
species. For example, five isolates named
S. microflavus, all of them obtained from
rhizospheres of avocado and a living fence,
displayed different aerial mass colors, albeit
in the gray and yellow series as reported for
this species; however, two of them showed

melanin production, and all of them tolera-

and KPC- producing Enterobacteriaceae and MRSA

ted salt concentrations above 2.5%, which
contradicts previous characterizations for
S. microflavus (44-45). It has been repot-
ted in other works that S. microflavus inhi-
bits the growth of Gram-positive bacteria
although it does not show activity against
(45-46), which
coincides with observed inhibition for S4E
and S4H isolates in this work; the S8E, STH
and S10H isolates, on the other hand, inhi-
bited E. coli ATCC 700891 and ESBL- and
KPC- producing E. coli.

Gram-negative bacteria

Similarly, the phenotype of S41, nomina-
lly S. bacillaris (according molecular ID),
shares characteristics such as melanin pro-
duction, sugar assimilation and inhibition
of Gram-positive and Gram-negative bac-
teria with those reported for this species
in other studies, although the color of the
aerial mass is predominantly yellow and not
white like S41 (16, 47). Isolate S34, named
S. prasinus, exhibited melanin production
and colonies with morphologies different
from those reported for this species, al-
though its antibacterial activity against S.
aureus strains has been confirmed by other
studies (16, 48). Finally, the phenotypes for
S. cadmiisoli and S13H are similar, but they
differ in melanin production and xylose
and mannitol assimilation; to date, anti-
microbial activity for S. cadmiisoli has not
been reported (49). No morphological as-
pects have been reported in the literature
for the species S. jumonjinensis to verify

traits found for the isolate S40.
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Although all these species are Gram-posi-
tive bacteria that live primarily in soil and
decaying organic matter, playing a crucial
role in the decomposition of animal and
plant waste, none of them have been pre-

viously identified in Colombia.

Conclusions

The inhibition of ESBL- and KPC- produ-
cing Enterobacteriaceae and by antagonis-
tic activity of native Streptomyces spp. was
confirmed, and rhizospheres and compost
systems for obtaining antibiotic-producing
bacteria was validated. Native isolates ex-
hibited common traits for the Streptomyces
genus and identification by EzBioCloud
16S-based algorithms detect S. microflavus,
S. jumonjinensis. S. bacillaris, S. prasinus
and S. cadmiisoli as putative species for na-

tive isolates.
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