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Abstract

Background: Fungi are one of the microorganisms that cause most damage to fruits worldwide, affecting their
quality and consumption. Chemical controls with pesticides are used to diminish postharvest losses of fruits.
However, biological control with microorganisms or natural compounds is an increasing alternative to protect fruits
and vegetables. In this study, the antifungal effect of Streptomyces sp. CACIS-1.5CA on phytopathogenic fungi that
cause postharvest tropical fruit rot was investigated.

Main body: Antagonistic activity was evaluated in vitro by the dual confrontation over fungal isolates obtained
from grape, mango, tomato, habanero pepper, papaya, sweet orange, and banana. The results showed that
antagonistic activity of the isolate CACIS-1.5CA was similar to the commercial strain Streptomyces lydicus WYEC 108
against the pathogenic fungi Colletotrichum sp., Alternaria sp., Aspergillus sp., Botrytis sp., Rhizoctonia sp., and
Rhizopus sp. with percentages ranging from 30 to 63%. The bioactive extract obtained from CACIS-1.5 showed a
strong inhibition of fungal spore germination, with percentages ranging from 92 to 100%. Morphological effects as
irregular membrane border, deformation, shrinkage, and collapsed conidia were observed on the conidia.
Molecularly, the biosynthetic clusters of genes for the polyketide synthase (PKS) type I, PKS type II, and NRPS were
detected in the genome of Streptomyces sp. CACIS-1.5CA.

Conclusions: This study presented a novel Streptomyces strain as a natural alternative to the use of synthetic
fungicides or other commercial products having antagonistic microorganisms that were used in the postharvest
control of phytopathogenic fungi affecting fruits.
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Background
Postharvest losses of fresh fruits and vegetables refer to
the damages that occur along the food supply chain due
to pathogen infection, handling, storage, transportation,
and processing, thereby resulting in the reduction in
quality, quantity, and market value of horticultural per-
ishables (Kadder 2005). The Food and Agriculture

Organization (FAO) reported that in developing coun-
tries, more than 40% of the food losses occurred at post-
harvest and processing levels (FAO 2011). Fruit decay
caused by bacteria and fungi has important repercus-
sions in nutrimental and physicochemical quality and
more important changes in appearance, texture, odor,
and flavor. Among fungal pathogens, the most outstand-
ing were Colletotrichum, Alternaria, Aspergillus, Botrytis,
Rhizoctonia, and Rhizopus (FAO 2011, and Shafiee-Jood
and Cai 2016).
The application of synthetic fungicides to the fruits in

their postharvest stage has been applied systematically in
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a large number of products, with the aim of reducing
the incidence of pathogenic fungi and prolonging their
shelf life. However, the indiscriminate use of these prod-
ucts has led to the emergence of pathogenic strains re-
sistant to the products, in addition to causing serious
damage to human health, animals, and the environment
(Rodríguez et al. 2014). To reduce the impact by syn-
thetic fungicides, the use of bioactive compounds of nat-
ural origin has been evaluated, such as extracts and
vegetable essential oils, chitosan, and jasmonate, among
others, as well as antagonistic micro-organisms; all of
them are considered less harmful to humans and the en-
vironment (Tripathi and Dubey 2004; Reyes-Díaz et al.
2016). Sustainable agriculture has been highlighted as a
strategy for the biological management of fruit diseases
in the postharvest stage. This strategy was based on the
growing demand for fruits and vegetables free of chem-
ical pesticides (Di Francesco et al. 2016).
The use of antagonistic microorganisms or their metab-

olites is a natural alternative to the use of synthetic fungi-
cides to control fruit rot during the postharvest stage. For
the control of postharvest rot in citrus by Penicillium itali-
cum and in grapes by Botrytis cinerea, the yeast Kloeckera
apiculata was used, showing growth inhibition due to
competition for nutrients (Long et al. 2005). In another
study, endophytic microorganisms isolated from guarana
seeds showed an antagonistic effect in vitro against
anthracnose-causing C. gloeosporioides in guarana fruits
(Silva et al. 2016). Pseudomonas fluorescens was observed
to be effective in controlling green mold in citrus caused
by Penicillium digitatum. The possible modes of action
may include inhibiting spore germination and mycelial
growth, competition for nutrient and space sites, and in-
ducing disease resistance (Wang et al. 2018). VOCs pro-
duced by Bacillus velezensis (diacetyl and benzaldehyde)
have been identified as promising compounds to apply in
active packaging during the postharvest commercialization
of fruits, in particular antifungal volatiles against B. cinerea
in grapes (Calvo et al. 2020).
The importance of bacterium of the genus Streptomy-

ces is widely recognized for their ability to produce anti-
biotics, antifungals, enzymes (chitinases, glucanases,
proteinases), and other bioactive metabolites that inhib-
ited the growth of plant pathogenic microorganisms and
naturally safety of fruits and vegetables (Chen et al.
2018). There were commercial products comprised of
Streptomyces species, such as Actinovate® (Natural In-
dustries, Inc.) and Mycostop ® (Verdara Oy), both used
for the control of foliar and root diseases of various
crops (Yuan and Crawford 1995). On the other hand,
secondary metabolites produced by Streptomyces have
been evaluated to control gray mold (B. cinerea) in to-
mato fruits, in particular a polyene macrolide was able
to reduce the incidence of the disease (Kim et al. 2019).

The CACIS-1.16CA strain produced a yellow water-
soluble metabolite that accumulated in culture medium
and correlated with an inhibitory effect on fungal
growth. This bacterium has shown antagonistic activity
against the phytopathogenic fungi, Curvularia sp., As-
pergillus niger, Helminthosporium sp., Fusarium sp.,
Alternaria sp., Phytophthora capsici, Colletotrichum sp.,
and Rhizoctonia sp., all isolated from diseased plants
(Evangelista-Martínez 2014a).
In the present study, the antagonistic activity of Strep-

tomyces sp. CACIS-1.5CA against pathogenic fungi that
cause diseases in fruits at the postharvest stage was eval-
uated. In addition, the inhibition of conidial germination
by means of a bioactive extract produced by the CACIS-
1.5CA strain was evaluated.

Main text
Materials and methods
Microorganisms and cultures
Pure culture from strain CACIS-1.5CA was obtained
from the Germplasm Bank of Actinomycetes conserved
at − 20 °C. Repeated streaking onto fresh International
Streptomyces Project 2 (ISP2) media was used to reacti-
vate the strain. Culture of Streptomyces lydicus strain
WYEC 108 was maintained as above and was used as
comparison for antagonism analysis. A general working
inoculum (GI) of spores was prepared to obtain a turbid
suspension of 108 CFU/ml.

Isolation of phytopathogenic fungi
All fruits with symptoms of fungal diseases were col-
lected in local supermarkets. Tissues with symptoms of
rot or disease were washed with distilled water, disin-
fected in 1% NaOCl for 2 min and washed 3 times with
sterile distilled water to remove any residual chlorine.
These tissues were placed on sterile filter paper in a
Petri dish and kept at 25 °C in the dark to induce spore
production (Krug 2004). The monosporic cultures of the
fungi were obtained from harvesting the conidia of each
of them to perform serial dilutions up to 10−7. A 1/10 of
each of these dilutions was distributed in Petri dishes
with potato dextrose agar (PDA) and incubated for 24 h.
With the help of a stereoscopic microscope, individual
germinating conidia were located, which were reseeded
with the help of a sterile needle in Petri dishes with PDA
medium. These strains were allowed to grow for 15 days.
In the case of the Rhizoctonia fungus, the purification of
the strain was carried out by the hyphal tip method as
described by Leyronas et al. (2012). The fungi were iden-
tified, using a polyphasic approach by combining mor-
phological characteristics and disease symptoms of
infected fruits. For all cases, the isolates were verified to
infect healthy fruits (Table 1). The conidial and mycelia
suspensions were prepared from cultures with 12–14
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days of growth in plates with PDA. To obtain the fungal
conidial suspension, 5 ml of a 0.5% Tween 80 solution
was added to each Petri dish with the culture and with
the support of a Drigalsky loop. The suspension was fil-
tered through several layers of cotton to discard myce-
lium from the fungus and then centrifuged at 6000 rpm
for 10 min at 25 °C. The conidial pellet was washed twice
with sterile distilled water and suspension was adjusted
to 1 × 105 spores/ml. The Rhizoctonia mycelial suspen-
sion was prepared from a 12-day growth culture in PDA
medium. Five milliliters of sterile distilled water was
added to the Petri dish and the mycelium was removed
from the agar using the Drigalsky loop. This suspension
was centrifuged and washed as previously mentioned.
The suspension with the mycelium was adjusted to a
turbidity of approximately 0.5 of the McFarland scale.

Evaluation of antagonistic activity against phytopathogenic
fungi
Evaluation of the antagonistic activity of the CACIS-
1.5CA strain on the growth of phytopathogenic fungi
was carried out by dual confrontation in a Petri dish
using ISP2 agar (Bredholdt et al. 2007). From a culture
of Streptomyces of 15 days of growth, an inoculum was
taken from the spores with a toothpick which was dis-
persed in an area of approximately 7 × 14mm, located
1.5 cm from the edge of the Petri dish. Later, at the op-
posite end of the plate, a 6-mm-diameter agar disk cov-
ered with active fungal mycelium for 10–12 days of
growth was deposited and kept in incubator at 29 °C.
Plates inoculated only with the fungus were used as
growth control. The growth of each species of fungi was
recorded when the mycelium grew near the opposite
edge in the control Petri dish. All experiments were per-
formed in triplicate. The percentage of inhibition (PI)
was determined according to the formula: PI (%) = (FR
− AR)/FR × 100, where FR represents the radial growth
of the fungus (millimeters) of a control culture and AR
represents the radial growth (millimeters) in the direc-
tion of the actinobacteria (Yuan and Crawford 1995).

For this study, the Streptomyces lydicus strain WYEC
108 was chosen as the reference strain.

Preparation of the bioactive extract
The metabolites that spread to the culture medium were
obtained based on the procedure described by Córdova-
Dávalos et al. (2018). The production consisted of dis-
tributing a suspension of spores in 10 Petri dishes with
ISP2 agar medium at the edge of the Petri dish, leaving a
square space without the bacteria of approximately 3
cm2 in the center of the plates. The inoculated plates
were kept in an incubator for 14 days at 29 °C. Subse-
quently, with a stainless-steel spatula the quadrant was
separated and macerated and mixed with 150 ml of ab-
solute methanol. The mixture was refrigerated for 24 h
at 4 °C. The methanol was evaporated by a Buchi R-100
rotary evaporator at 60 °C and the obtained precipitate
was dissolved with 5 ml of methanol to have a concen-
tration of 258 mg/ml of the bioactive extract (BE).

Antifungal activity of BE on conidial germination
The conidial germination assay was implemented on 96-
well micro plates, wherein 50 μl of the BE (stock at 258
mg/ml in methanol) was deposited per well under an air
cabinet, and open the lid for 5 min for evaporation of
methanol. After that, 200 μl of potato dextrose broth
(PDB) was added and mixed to dissolve the precipitated
BE. Finally, 5 μl of a conidia suspension (1 × 106 cell/ml)
was mixed and incubated. The same procedure was car-
ried out to the control assay by adding 50 μl of metha-
nol. Chemical control with carbendazim was also
implemented. Microplates were maintained at 29 °C in
the dark. Effect on conidia germination was registered at
6 and 22 h after the treatments application. Conidia ger-
mination was observed by optical microscopy (magnifi-
cation = × 40 lens). For each treatment, one hundred
conidia were examined, and the extent of spore germin-
ation was assessed by looking for germ tube emergence.
The percentage of inhibition of conidial germination
(PIG) was then calculated, where PIG = (no control

Table 1 List of postharvest fungal pathogens used in the study

Fungi Host Disease Infective test

Colletotrichum musae Banana (Musa paradisiaca) Anthracnosis +

Alternaria sp. Tomato (Solanum lycopersicum) Black spot +

Colletotrichum sp. M 2.1 Habanero pepper (Capsicum chinense) Anthracnosis +

Colletotrichum sp. M 1.2 Habanero pepper Anthracnosis +

C. gloeosporioides Papaya (Carica papaya) Anthracnosis +

Botrytis sp. Tomato Gray mold +

Aspergillus sp. Sweet orange (Citrus sinensis) Postharvest rot +

Rhizopus sp. Grapes (Vitis vinifera) Soft rot +

Rhizoctonia sp. Mango (Mangifera indica) Rot mango fruit +
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conidia—no treatment conidia/no control conidia) × 100,
wherein n° control conidia = number of conidia of con-
trol treatment and n° control treatment = number of co-
nidia of treatment (Catão et al. 2013).

Molecular identification
The identity of CACIS-1.5CA strain was determined
based on partial length 16S rRNA gene sequence ana-
lysis. The genomic DNA used as a template for PCR was
prepared from 100 μl of a spore suspension using the
Puregene Yeast/Bact Kit B (QIAGEN). The DNA purifi-
cation protocol and PCR conditions were implemented
as stated by Evangelista-Martínez (2014a). The complete
16S rRNA fragment was prepared by PCR amplification,
using Platinum Taq DNA polymerase (Invitrogen) and
oligonucleotides fD1 (5′ CCGAATTCGTCGACAACA
GAGTTT GATCCTGGCTCAG 3′) and rD1 (5′
CCCGGGATCCAA GCTTAAGGAGGTGATCCAGCC
3′) (Weisburg et al. 1991). The amplified fragment was
directly verified by nucleotide sequence determination of
both strands at LANGEBIO (National Laboratory of
Genomics for Biodiversity, CINVESTAV Irapuato,
Mexico). Sequences were assembled and trimmed using
CLC Main Workbench 6 (CLC Bio). The sequence ana-
lyzed for homology, using the Blastn Suite program and
homologs 16S rDNA gene sequences, were retrieved
from the non-redundant GeneBank database (http://
blast.ncbi.nlm.nih.gov/). Phylogenetic analysis was car-
ried out at Phylogeny.fr (http://www.phylogeny.fr). The
selected sequences were aligned with MUSCLE (v3.7)
configured for highest accuracy. After alignment, am-
biguous were removed with Gblocks (v 0.91b). The
phylogenetic tree was reconstructed, using the BioNJ
program. The K2P substitution model was selected for
the analysis. The confidence of the grouping was verified
by bootstrap analysis (1000 replications). Partial se-
quence of 16S rDNA gene of Streptomyces sp. strain
CACIS-1.5CA was deposited in GenBank database under
accession number MT322980.

Screening for antibiotic biosynthetic genetic clusters
PCR screening for the biosynthetic genes involved in the
production of antimicrobial molecules by Streptomyces
sp. CACIS-1.5CA was based on amplifications with spe-
cific primers. Polyketide synthase (PKS) type I gene frag-
ments were amplified using the following degenerate
primers: K1F 5′-TSAAGTCSAACATCCGBCA-3′ and
M6R 5′-CGCAGGTTSCSG TACCAGTA-3′. Non-
ribosomal peptide synthetase (NRPS) genetic fragments
were amplified using the following degenerate primers:
A3F 5′-GCSTACSYSATSTACACSTCSGG-3′ and A7R
5′-SASGTCVCCSGTSCGGTAS-3′ (Ayuso-Sacido and
Genilloud 2005). Gene fragments of PKS type II gene
were amplified using the degenerate primers KSα 5′-

TSGRCTACRTCAACGGSCACGG-3′ and KSβ 5′-
TACSAGTCSWTCGCCTGGTTC-3′ (González et al.
2005). Each reaction mixture (25 μl final volume) con-
sisted of 50 ng of DNA template, 1X colorless GoTaq
Flexi buffer, 2 mM MgCl2, 0.2 mM of each dNTP (Invi-
trogen), 0.4 μΜ of each primer, 1.25 U GoTaq Hot Start
polymerase (Promega), and 10% dimethyl sulfoxide
(DMSO). The PCR amplification program was as previ-
ously stated (Ayuso-Sacido and Genilloud 2005). All
amplification products were visualized on 1.5% (w/v)
agarose gels prepared in 1X Tris-Borate-EDTA (TBE)
buffer (Invitrogen) and stained with ethidium bromide.

Characterization of the strain CACIS-1.5CA
Phenotypic characterization of the CACIS-1.5CA iso-
late morphological and biochemical characterization
of the bioactive isolate was assessed according to
Shirling and Gottlieb (1966) with slight modifications.
For growth characterization, 2 μl of GI were inocu-
lated in 24-well culture plates containing different
complex substrates, such as International Streptomyces
Project medium 2 and 9 (ISP2 and 9), nutrient agar
(NA), Simmons citrate agar (SCA), Oatmeal agar
(OA), iron agar (IA), and PDA to evaluate the growth
response on the diverse culture media. Carbon source
assimilation was maintained with 1% (w/v) D-glucose,
D-xylose, D-arabinose, D-raffinose, D-cellobiose, D-fruc-
tose, L-raffinose, L-xylose, D-mannose, Mannitol, Myo-
inositol, and glycerol. Susceptibility or resistance to
antimicrobials was studied by the disk diffusion
method. Briefly, 0.1 ml of CACIS-1.5CA spore suspen-
sion was evenly distributed onto Petri plates contain-
ing ISP 2 media as triplicate. Once the solution was
absorbed, an antibiotic multidisc for Gram-positive
bacteria II (Bio-Rad®, Hercule, CA, USA) was placed
on the media’s surface and was kept at 29 ± 2 °C for
15 days. For all the tests, the differentiation steps,
which included growth of mycelia substrate and spore
production, were observed after a 14-day incubation
period at 29 °C.

Scanning electron microscopy of isolate, CACIS-1.5CA
An agar block of 14 × 14mm with an active culture of
CACIS-1.5CA from ISP2 media maintained at 29 °C/14
d was placed into 2% glutaraldehyde in 0.2 M phosphate
buffer (PBS, pH 7.2), and left 48 h (24 h at 25 °C and 24 h
at 4 °C). The next day, the agar pieces were washed in 3
30-min changes of PBS buffer, followed by a 60-min
change in 30% ethanol, a 60-min change in 50% ethanol,
and a 60-min change in 70% ethanol. The samples were
analyzed with an electronic microscope EVO-50 (Carl
Zeiss) at the Science Faculty from Autonomous Univer-
sity of Querétaro, México.
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Data analysis
The antagonism activity was expressed as means ±
standard deviation (SD). The means were compared
using an analysis of variance (ANOVA one-way),
followed by the Fisher test (P = 0.05). The statistical ana-
lyses were performed with the MiniTab v18 program
(Minitab, LLC).

Results and discussion
Morphological, biochemical, and physiological
characterization of CACIS-1.5CA isolate
The isolate CACIS-1.5CA was selected considering a
previous study, wherein it showed its antagonism over
fungal phytopathogens from genera Fusarium, Curvu-
laria, Helminthosporium, and Aspergillus niger. Add-
itionally, the strain was partially characterized
(Evangelista-Martínez, 2014a). Morphologically, the col-
onies of the CACIS-1.5CA displayed orange-red sub-
strate mycelia, white to cream aerial mycelia, and a
white spore mass. In addition, some biochemical and
physiological features were observed (data not shown).
The sporulation morphology of the aerial hyphae was
flexous with a rectiflexibiles spore chains type (Fig. 1) (Li
et al. 2016).

Molecular characterization
The analysis of the partial 16S rRNA gene sequence
(1462 bp) from the CACIS-1.5CA revealed a high simi-
larity (98%) with some Streptomyces sequences previ-
ously deposited in the GenBank. Considering its
phenotypic features and the close relation to other Strep-
tomyces species confirmed that the CACIS-1.5CA isolate
belonged to the Streptomyces genus. The phylogenetic
tree based on the neighbor-joining method showed that
the CACIS-1.5CA strain was related to some Streptomy-
ces species that were able to produce antimicrobial

metabolites, e.g., S. alboflavus, S. variegatus, S. flavofun-
gini and S. fulvissimus (Fig. 2). S. alboflavus produces
volatile organic compounds with strong inhibitory activ-
ity of mycelial growth, sporulation, and conidial germin-
ation over Aspergillus flavus (Yang et al. 2019). S.
variegatus (emended as Streptomyces flavovariabilis)
produced alpha-hydroxyketopentaenes, an antibiotic ac-
tive against gram-positive bacteria, yeasts, and fungi be-
longing to Penicillium species (Javoreková et al. 2019). S.
flavofungini produced flavofungin, a macrolide antifun-
gal antibiotic (Bognár et al. 1972), and S. fulvissimus pro-
duced valinomycin, a naturally occurring
cyclodepsipeptide with a wide range of bioactivity
(Zhang et al. 2020).

Detection of biosynthetic gene clusters of secondary
metabolites
The biosynthetic clusters of genes for the PKS type I,
PKS type II, and NRPS in the genome of Streptomyces
sp. CACIS-1.5CA were detected by PCR. The amplified
fragments corresponded to ~ 1400 bp for PKS-I, 1600 bp
for PKS-II, and to ~ 700 bp for NRPS. The members of
Streptomyces species were a widely recognized group of
antibiotic producers, with genomes containing more
than 20 biosynthetic gene clusters for secondary metabo-
lites, representing 5% of their genome (Challis and Hop-
wood, 2003). These results indicated a potential for the
strain as a producer of compounds with antifungal
activity.

Antagonistic activity of Streptomyces sp. CACIS-1.5CA
The antagonistic activities of Streptomyces sp. CACIS-1.5CA
against postharvest fungal phytopathogens were given in
Table 2. It was shown that the PI was over fungal growth,
wherein significantly differences were observed (P < 0.05).
The bacterial-fungal confrontation assays revealed that
CACIS-1.5CA inhibited the fungal mycelium at least by
30%; the highest inhibitory activity on C. musae (62.73%)
and Alternaria sp. (53.2%) was obtained. Similar PI results
with S. lydicus WYEC 108 were obtained (P < 0.05). As
above, WYEC 108 strain inhibited the mycelial growth of C.
musae (> 60%) and maintained inhibitory growth activity in
the range of 43 to 47%, except for Rhizopus sp. and Rhizoc-
tonia sp. fungi with values were below 30%. In general, non-
significant statistical differences were observed for PI
between Streptomyces sp. CACIS-1.5CA and S. lydicus
WYEC 108 (P > 0.5). However, it was noticed that CACIS-
1.5CA showed superior antagonisms against Alternaria sp.
and Rhizoctonia sp. pathogens from tomato and mango
fruits, respectively, than S. lydicus (Fig. 3). In a previous
work, it was shown that strain CACIS-1.5CA inhibited the
mycelium growth of Curvularia sp. by 44%, Helminthospor-
ium sp. by 37%, A. niger by 40%, and Fusarium sp. by 42%
(Evangelista-Martínez 2014a). The above results strongly

Fig. 1 Scanning electron micrograph showing spore morphology of
Streptonyces sp. CACIS-1.5CA
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suggested that CACIS-1.5CA could be considered a poten-
tial control agent to prevent and/or reduce plant diseases
caused by fungal pathogens. Many researchers have studied
the potential of several Streptomyces species to control plant
pathogens. Streptomyces sp. strain CACIA-1.46HGO dem-
onstrated the production of secondary metabolites and
extracellular enzymes that possibly acted in combination to
inhibit the mycelial growth of some fungal pathogens (Evan-
gelista-Martínez 2014b). Volatile substances from Strepto-
myces globisporus JK-1 exerted antifungal activity over spore
germination and mycelial growth against Penicillium itali-
cum in vitro and in planta (Li et al. 2010). Also, Streptomyces
alboflavus strain TD-1 produced volatiles that inhibited
in vitro the storage fungi Fusarium moniliforme, Aspergillus
flavus, A. ochraceus, A. niger, and Penicillium citrinum
(Wang et al. 2013). An indigenous soil isolate, Streptomyces
violascens MT7 was assessed for its biocontrol potential
under both in vitro and in vivo against various pathogenic

postharvest fungi of citrus and papaya, Colletotrichum
gloeosporioides, and A. niger (Choudhary et al. 2015). Inhib-
ition of mycelial growth of Botrytis cinerea, a major causal
fungus of postharvest root rot of ginseng and strawberry
gray mold disease, was induced by Streptomyces sp. BS062
(Kim et al. 2015).

Inhibition of spore germination by the bioactive extract
A preliminary study to evaluate the effects of the
crude extract of Streptomyces sp. CACIS-1.5CA on
conidial germination of some pathogenic fungi was
implemented. Results of PIG were based on a final
concentration of 12.9 mg/ml for BE (in gray). As con-
trols for germ growth of conidia, distillated water and
carbendazim as inhibitory germ control at final con-
centration of 3.3 μg/ml (in black) were used (Fig. 4).
The results showed that spore germination of all the
fungal conidia were inhibited by the BE (P < 0.05).

Fig. 2 Phylogenetic relationship among Streptomyces sp. CACIS-1.5CA and other Streptomyces species. The numbers at the nodes representing
percentage values that indicated bootstrap support levels (n = 1000 resamplings). The scale bar represented 0.03 nucleotide substitutions per site

Table 2 Antagonism activity of Streptomyces sp. strain CACIS-1.5CA against fungal phytopathogens

Pathogen Streptomyces lydicus WYEC 108* Streptomyces sp., CACIS-1.5CA*

Colletotrichum musae 60.71 ± 3.55a 62.73 ± 1.84a

C. gloeosporioides 47.12 ± 2.58b 42.09 ± 1.91c

Colletotrichum sp. M 2.1 46.75 ± 0.95b,c 45.21 ± 2.71c

Colletotrichum sp. M 1.2 44.49 ± 0.16b,c 42.21 ± 0.49c

Alternaria sp. 43.81 ± 1.68b,c 53.20 ± 1.37b

Botrytis sp. 46.44 ± 0.59b,c 43.59 ± 0.53c

Aspergillus sp. 44.32 ± 0.87b,c 39.36 ± 1.0c

Rhizopus sp. 27.44 ± 0.42d 31.56 ± 1.81d

Rhizoctonia sp. 16.9 ± 4.12e 30.75 ± 1.08d

*Means with different letter(s) are significantly different (p < 0.05)
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The concentration used was effective against conidia
germination; the minimum PIG was 92% for Alter-
naria sp. In contrast, carbendazim, at the concentra-
tion used, does not affect the germination process for
C. gloeosporioides, Alternaria sp., and Rhizopus sp.
For Colletotrichum sp. M1.2, the PIG was 50%, and
solely for Aspergillus sp., C. musae, and for Botrytis
sp. PIG was superior to 70%. Cell-free culture filtrates
from Streptomyces katrae strain NB 20 showed sig-
nificant inhibitory effects on mycelial growth and co-
nidial germination of C. musae; for conidial
germination, the inhibitory effects were 97.7 ± 0.9%
and 95.0 ± 0.6% (Shu et al. 2017). Recently, a second-
ary metabolite purified from Streptomyces rectiviola-
ceus DY46 reduced the incidence of gray mold of
tomato fruits by 80% in tomatoes treated with the cell
extract compared with the control tomatoes (Kim
et al. 2019).
The effect of BE on conidial morphology of C.

musae was followed at 6 and 22 h after the exposition
to the extract and observed by optical microscopy
(Fig. 5). It was observed in control germination ex-
periment, a germ tube formation in at least 70% of
conidia, 6 h after the initiation of incubation, in-
creased to 100% after 22 h (Fig. 5a, c). In contrast, no
conidial germination was detected in the first 6 h of
incubation with an extremely low germination rate
after 22 h (Fig. 5b, d). It was observed that morpho-
logical changes in the majority of conidia treated with
the BE, including irregular membrane border, deform-
ation, and shrinkage, collapsed compared to conidia
in the control (red arrows); some conidia appeared
bigger than control (green arrows). These bigger co-
nidia possibly survived in the BE treatment since it
was observed growing hyphae with chlamydospore-
like cells at 22 h post-treatment (black arrows). The
antibiotics produced by Streptomyces have been pro-
posed as alternative fungicides to replace synthetic
chemical compounds and controlling fungal diseases.
It has been reported that Streptomyces violaceusniger
YCED9 produced nigericin, a guanidylfungin A-like
compound, and geldanamycin that inhibit Pythium,
Fusarium, and Phytophthora sp. (Trejo-Estrada et al.
1998). Soil samples previously treated with a culture
filtrate that enriched with azalomycin produced by S.
malaysiensis decreased fungal growth of Fusarium
oxysporum, Rhizoctonia solani, Cladosporium clados-
porioides, Fusarium chlamydosporum, Colletotrichum
gloeosporioides, Alternaria mali, and Pestalotia spp.
(Cheng et al. 2010). Polyketides reveromycins A and
B from Streptomyces sp. 3–10 demonstrated a high
antifungal activity against Botrytis cinerea, Mucor hie-
mails, Rhizopus stolonifer, and Sclerotinia sclerotiorum
and suppressed strawberry fruit rot caused by the

Fig. 3 Antagonist assay by dual confrontation. (A) Colletotrichum
musae, (B) Alternaria sp., (C) Colletotrichum sp. M2.1, (D)
Colletotrichum sp. M1.2, (E) C. gloeosporioides, (F) Botrytis sp., (G)
Aspergillus sp., (H) Rhizoctonia sp., and (I) Rhizopus sp. (1) Control
growth, (2) S. lydicus WYEC 108 antagonism, and (3) Streptomyces sp.
CACIS-1.5CA antagonism
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abovementioned four pathogens (Lyu et al. 2017).
Furthermore, the crude extract of Streptomyces sp.
CB-75 significantly inhibited spore germination of C.
musae and C. gloeosporioides, wherein the conidia’s
showed deformation, shrinkage, collapse, and tortuos-
ity morphology (Chen et al. 2018). The consequences
of incorrect handling and storage conditions of fruits
and vegetables after their harvest, represented global
losses during the year estimated to be 40–50% for
root crops, fruits, and vegetables (Sawicka 2019). Sev-
eral fungal and bacterial microorganisms caused

several principal postharvest decays of fruits. Chem-
ical treatment with fungicide has been used as the
first line of defense to control fungal diseases. How-
ever, an increased interest to use biological methods
to postharvest control of fruit decay represented a
public concern for food safety.

Conclusion
Streptomyces sp. CACIS-1.5CA has a wide antagonistic
and inhibitory capacity for the inhibition of phytopatho-
genic fungi that affected fruits in the postharvest stage,

Fig. 4 Effects of BE on percentage of inhibition germination (PIG) of conidia. The germination was registered after 22 h of extract application. Cm,
C. musae; C M1.2, Colletotrichum sp., M1.2; Cg, C. gloeosporioides; Al, Alternaria sp.; Bo, Botrytis sp.; As, Aspergillus sp.; Rz, Rhizopus sp.

Fig. 5 Morphological effects of BE on germination of Colletotrichum musae conidia. a, c Conidial germination of control assay after 6 and 22 h,
respectively; yellow arrows showed germ tube formation. b, d Conidial germination of BE assay after 6 and 22 h, respectively; red arrows showed
damages in conidia, green arrows showed unaffected conidia by BE treatment, and black arrows showed chlamydospore-like cells
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including Colletotrichum, Alternaria, Aspergillus, Botr-
itys, Rhizoctonia, and Rhizopus. The metabolites pro-
duced by this Streptomyces represented a viable and
natural alternative for the control of a wide range of
phytopathogenic fungi.
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