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ABSTRACT

The extreme weather conditions in the Antarctic have exerted selective pressures favoring differential features in bacteria to survive
this untapped environment (i.e., antibiotic molecules). Notably, higher chances of antibiotic discovery from extremophiles have
been proposed recently. Although new organic and environmentally friendly sources for helping in the control of plant pathogenic
fungi are necessary, the information about anti-phytopathogenic applications of extremophile microorganisms from untapped
environments is limited. In this study, we determined the antifungal effect of actinobacterial strains isolated from Antarctic soils
and sediments. Co-culture inhibition assays and Minimum Inhibitory Concentration (MIC) determination revealed that all Antarctic
strains (x28) can inhibit the growth of at least one phytopathogenic fungi including Fusarium oxysporum, Rhizoctonia solani, Botrytis
sp. and Phytophthora infestans. Additionally, new novel antagonistic relationships are reported. Our work establishes a precedent on
Antarctic actinobacteria strains with the capacity to produce antifungal compounds, and its potential for developing new fungicides
or biocontrol agents solving current agriculture problems.
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RESUMEN

Las condiciones climdticas extremas en la Antdrtica han ejercido presiones selectivas en las bacterias, de forma que éstas poseen
caracteristicas diferenciales (ej. moléculas antibidticas) que les permiten sobrevivir a este entorno poco explorado. Recientemente se
ha propuesto que pueden existir mayores posibilidades para el descubrimiento de antibiéticos a partir de extreméfilos. A pesar de
que son necesarias nuevas fuentes organicas y amigables con el medio ambiente para controlar los hongos patégenos en plantas,
la informacién sobre las aplicaciones anti-fitopatogénicas de microorganismos extremdfilos, de ambientes poco explorados, es
limitada. En este estudio, se determind el efecto antifiingico de actinobacterias aisladas de suelos y sedimentos antdrticos. Mediante
ensayos de inhibicién en co-cultivo y determinacién de la concentracién minima inhibitoria (CIM) se revel6 que todas las cepas
antdrticas (x28) tienen la capacidad de inhibir el crecimiento de al menos un hongo fitopatégeno, incluyendo Fusarium oxysporum,
Rhizoctonia solani, Botrytis sp. y Phytophthora infestans. Adicionalmente, se reportan nuevas relaciones antagénicas. Nuestro trabajo
establece un precedente sobre cepas de actinobacterias antérticas con capacidad para la produccién de compuestos antiftingicos
y su potencial para el desarrollo de nuevos fungicidas o agentes de control biolégico con el fin de resolver problemas actuales de la
agricultura.
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Antarctica is an isolated ice-bound continent; only 0.34
% of its area is ice-free with terrestrial ecosystems such as
exposed nunataks and cliffs (Conveyetal., 2009). Biodiversity
is simple compared with other regions of the Earth, due to
the severe climatic conditions and the scarcity of suitable
habitats. Higher taxonomic groups are not represented in
this environment; however in terms of biomass and diversity,
microorganisms dominate both (Convey et al., 2009). The
Actinobacteria phylum has been reported as one of
the more abundant microbial groups in different Antarctic
regions (Cary et al., 2010; Pearce et al., 2012). This phylum
is recognized as a producer of a wide variety of secondary
metabolites with different activities including herbicides,
antifungals, antitumor or immunosuppressant compounds,
and anthelmintic agents (Manivasagan etal., 2014).

Bacteria inhabiting Antarctica have adopted peculiar
survival strategies to achieve competitive advantages
(Nufiez-Montero and Barrientos, 2018). Particularly,
antagonistic activity may contribute to the adaptation of
Antarctic bacteria to permanently low temperatures by
reducing the presence of competitive microorganisms (Lo
Giudice et al., 2007). Therefore, we hypothesized that our
collection of Antarctic psychrophilic Actinobacteria might
represent an unexplored source of antifungal compounds
for the biocontrol of phytopathogenic fungi, helping to
cover an essential need in agriculture.

Plant-fungal pathogens cause most of the diseases
occurring in agricultural and horticultural industries, leading
to annual economic losses that exceed 200 billion US dollars
(Shuping and Eloff, 2017). Fungi species such as Phytophthora
infestans, Fusarium oxysporum, Botrytis sp., and Rhizoctonia solani
are probably some of the most essential plant pathogens
currently described. P. infestans is a foliar pathogen and
causes severe losses to potato and tomato crops worldwide,
while some pathogenic strains of F. oxysporum are responsible
for wilt in various plant species (Son et al., 2008). Botrytis sp.
is the causal agent of gray mold disease in a broad range of
dicotyledonous plants, with a large impact on wine grapes
(Plesken et al., 2015). Finally, R. solani is known as the cause
of rice sheath blight, black scurf on potatoes, bare patch on
cereals, and root on soybean, among many other diseases
(Wibbergetal., 2016).

It is extremely important to find new organic and
environmentally friendly sources to help control plant
pathogenic fungi, considering that the indiscriminate and
excessive use of fungicides owing to reduced efficacy of
this products has led to environmental pollution and high
residual toxicity (Son et al., 2008). This study aimed to
determine the antifungal effect of actinobacteria strains
isolated from the Antarctic against phytopathogenic fungi
of agricultural interest.

A total of 28 Antarctic Actinobacteria strains previously
isolated from soil, marine sediment and seawater were used
(Lamilla et al., 2017) to evaluate the antagonistic effect
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against four phytopathogenic fungi: Fusarium oxysporum,
Rhizoctonia solani, Botrytis sp., and Phytophthora infestans,
kindly facilitated by the INIA-Chile collection (National
Institute for Agricultural Research, Chile). To this aim,
an in vitro antagonism assay by dual culture method was
used to select the strains with potential for biocontrol, as
previously described in similar works (Quecine et al., 2008;
Costa et al., 2013; Law et al., 2017). Briefly, fungi inocula
were cultivated in potato dextrose agar (PDA, Difco),
except for P. infestans performed in V8 agar (CaCO, 3 g/L,
agar 20 g/L, 16 % commercial V8 Campbell’s juice) or
OA (Oatmeal Agar: oatmeal 60 g/L, agar 15 g/L, pH 7.2).
Actinobacteria inoculum was grown in M1 broth (peptone
2.0 g/L, yeast extract 4.0 g/L, starch 10.0 g/L; agar 18.0
g/L, pH 7.0) at 150 rpm, 15 °C for five days. Bacterial
suspensions equivalent to 0.5 McFarland were prepared for
each Actinobacteria strain and cultivated in half of PDA,
M1 or OA plates, which were incubated at 15 °C for eight
days. Agar discs from each fungus were placed in the middle
of the remaining agar plate (approximately 2 cm from the
actinobacteria culture). The co-cultures were incubated
at 20 °C, and inhibitory zones were evaluated after 48 h.
Supernatants from active actinobacterial strains (30 ml
from M1 cultures) were used to determine the Minimum
Inhibitory Concentration (MIC) at 75, 50, 25, 12.5, 6.25,
3.3 and 1.56 % for each supernatant following the Clinical
and Laboratory Standards Institute (Weinstein et al., 2012)
recommended protocol in microdilution plate. Negative
controls were performed using media without bacteria. All
experiments were performed in triplicate.

Our results showed a high rate of antifungal activity
among our Antarctic actinobacteria isolates (Table 1,
Fig.1). All the strains showed antifungal activity for at least
one of the fungi studied, most of them belonging to genus
Arthrobacter (53 %), Streptomyces (17 %) and Rhodococcus (3.5
%). These genera are recognized for its capacity to produce
antibiotic molecules: Streptomyces is a genus characterized by
the ability to produce secondary metabolites, representing
70-80 % of the antibiotics produced by Actinobacteria
(Jackson et al., 2018; Nufiez-Montero et al., 2019);
antifungal tetrapeptides and antimycobacterial molecules
have been characterized from Rhodococcus sp. (Chiba et al.,
1999; lwatsuki et al., 2007); and Arthrobacter is a common
genus of Actinobacteria present in soil, capable of producing
antibiotics such as arthrobacillin type A, B and C (Wietz et
al., 2010). Results showed that particularly strain Se18.01
(Arthrobacter polychromogenes) was capable of inhibiting the
growth of all tested fungi; therefore, these bacteria could be
secreting one or multiple bioactive metabolites with activity
against phytopathogenic fungi, which have a pronounced
and broad antifungal effect.

MIC determination showed that 13 of the strains (48 %)
were able to inhibit the growth of F. oxysporum; these strains
corresponded to Streptomyces sp. (So1) and Arthrobacter sp.



Anti-phytopathogenic activity from Antarctic bacteria

Table 1. Antagonistic effect and MIC determination of 28 actinobacteria strains isolated from Antarctic against four phytopathogenic fungi.

Fusarium . Rhizoctonia Phytophthora
oxysporum Botrytis sp. solani infestans
Sampling site Strain ID  Nearest taxa (16SrARN) * Antagonism Antagonism Antagonism Antagonism
— MIC MiIC MIC —————— MIC
PDA M1 PDA M1 PDA M1 OA M1

Hannah point Se4.02  Janibacter limosus + - - + + - - + 25% + NG -
Hannah point Se5.02  Arthrobacter oxydans NG - - NG - - NG + 1.56% - NG -
Armonfa point Se 14.01  Curtobacterium flaccumfaciens + - - - + - - + 25% - NG -
Fildes Bay* Se 18.01  Arthrobacter polychromogenes NG + 75% NG + 75% NG+ 156% - NG 25%
Dee-Greenwich Island*  Se 28.01  Arthrobacter phenanthrenivorans - - - - + - - +  313% - NG  25%
Robert-Nelson Island* Se32.01  Arthrobacter globiformis NG - - NG +  50% NG + 25% - NG -
Robert-Nelson Island *  Se 32.02  Arthrobacter phenanthrenivorans - + 75% - +  50% - + 156% + NG -
Armonia point Se41.02  Thermoleophilum minutum + + - - + - + + 25% + NG -
Fildes Bay* Se63.02  Knoellia aerolata + + 75% - - - - + 25% - NG -
Fildes Bay* So13.3  Streptomyces sp. + + - + +  75% - +  625% + NG  25%
Ardley Island So 64.1  Arthrobacter oryzae NG - 75% NG +  50% NG+ - + NG -
Ardley Island So64.3  Arthrobacter scleromae + + 75% - + 75% - +  313% - NG -
Ardley Island So 64.6  Streptomyces beijiangensis NG - - NG +  50% NG+ 125% - NG -
Ardley Island So 64.7  Streptomyces fildesensis NG - 75% NG + - NG - - - NG 75%
Fildes Bay* So 1 Streptomyces sp. + + 1.56%  + +  75% - + - + NG 75%
Collins Glacier So5b  Arthrobacter psychrolactophilus - - - + +  50% - +  1.56% - NG -
Collins Glacier So 6b Rhodococcus luteus - - - - + 0 25% - - - - NG 50%
Collins Glacier So9b  Arthrobacter psychrolactophilus - + - - +  75% - + 50 % - NG -
Collins Glacier So10b  Arthrobacter scleromae - + - + +  75% - - 50 % + NG -
Collins Glacier So11b  Arthrobacter sp. - - - - - - - - - + NG 75%
Collins Glacier So 1c Streptomyces thermospinosisporus NG - 75% NG +  50% NG - - - NG -
Collins Glacier So2c  Arthrobacter sp. + + 0 313%  + + - + - - - NG -
Collins Glacier So3c Arthrobacter sulfonivorans + - 75% - + 50% - + 50 % - NG -
Collins Glacier SoSc  Arthrobacter sp. + - - + +  75% - + 50 % - NG -
Collins Glacier Sod 1 Brevibacterium antarcticum + + 50 % + + 75% o+ +  156% - NG -
Collins Glacier Sod9 Rhodococcus sp. - - - - + - - - - + NG 25%
Armonia point Wa 41.01  Arthrobacter sp. NG +  625% NG + - NG + - - NG -
Fildes Bay* Dwa 41.01  Rhodococcus cercidiphylli + + 75% - + - - + 25% - NG -

*Area with human presence

* Based on (Lamilla etal., 2017)

+:inhibition of mycelial growth of the fungus is observed

-: No inhibition of mycelial growth of the fungus is observed

NG: No suitable growth of the actinobacteria strain or fungi in the media tested
PDA: Potato Dextrose Agar

M1: M1 Agar

OA: Oatmeal Agar

MIC: Minimal Inhibitory Concentration
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Adwe Antarctic strains
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Figure 1. Different actinobacteria Antarctic strains inhibiting the growth of phytopathogenic fungi on agar plate antagonism assay.

(So2cand Dwa41.01), which inhibited at low concentrations
(1.56%; 3.13 %; and 6.25 %, respectively). Coincidently, other
reports have shown the antifungal activity of Streptomyces
sp. and Arthrobacter sp. against Fusarium sp. (Legrand et al.,
2017; Rashad et al., 2017), however, there are no reports of
cold-adapted members of these genera with activity against
F. oxysporum.

On the other hand, Rhodococcus sp. (So6b) showed the
lowest MIC (25 %) against Botrytis sp. among other 16 active
strains with MIC values between 50 % and 75 %. To the
best of our knowledge, this is the first report addressing the
antifungal activity of an Antarctic Rhodococcus strain against
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Botrytis sp. Other authors have reported the antimicrobial
activity from a marine Rhodococcus strain (Yellamanda
et al., 2016), highlighting the potential of this genus
for exploration of biological activities, and particularly,
antifungal compounds. Similarly, four Arthrobacter strains
(Arthrobacter oxydans Se5.02, Arthrobacter polychromogenes
Se18.01, Arthrobacter phenanthrenivorans Se32.02, Arthrobacter
psychrolactophilus So5b) were able to inhibit the growth of
Rhizoctonia solani at the lowest concentration tested (1.56
%), antagonistic relationships that have not been reported
to date. Additionally, Phytophthora infestans was inhibited
by eight out of 28 strains (26 %) with a lowest MIC of 25



% for Arthrobacter polychromogenes (Se18.01), Arthrobacter
phenanthrenivorans ~ (Se28.01),  Streptomyces sp.(S013.3),
and Rhodococcus sp. (Sod9), being the first description of
antagonistic activity of these strains against P. infestans. The
new antifungal potential activities described here suggest that
Antarctic -and other extreme environments- could provide a
new source for the discovery of active molecules due to the
differential evolutionary attributes of its microbial life.

Antagonism on agar plates also showed that most of
the actinobacteria strains change their activity dependently
of the culture media composition. As previously reported,
this could be explained because different
conditions will activate distinct biosynthetic pathways for
secondary metabolites production, since actinobacteria
can have multiple silent biosynthetic gene clusters,
which can be expressed under specific conditions (Rosen
and Seyedsayamdost, 2017). Therefore, the nutritional
differences between the tested culture media (M1, PDA or
OA) allowed or suppressed the production of the antifungal
bioactive metabolites. Consequently, in a further analysis it
should be possible to design an optimized culture condition
increasing the efficiency of Antarctic actinobacteria activity
and production of antifungal compounds.

Antibiotic ~ molecules by  psychrophiles  and
psychrotolerant organisms has been poorly studied in
comparison with mesophilic organisms (O’Brien et al.,
2004); particularly, actinobacteria have been proposed
as unexplored microorganisms for biocontrol in vegetable
crops, nonetheless anti-phytopathogenic activity derived
from Antarctic actinobacteria have been previously reported
only for some bacterial plant pathogens (i.e. Xhanthomonas
sp. and Erwinia sp.) (Nufiez-Montero and Barrientos, 2018).
Some other works have described anti-phytopathogenic
fungi effects and biocontrol potential from Antarctic yeast
strains (Vero etal., 2013; Sangorrin et al., 2014) and fungus
(Fenice and Gooday, 2006), and cold-adapted chitinolytic
microorganisms have been described as an attractive
source for potential biocontrol of phytopathogens in cold
environments and the biocontrol of microbial spoilage of
refrigerated food (Park et al., 2009; Ramli et al., 2011). Our
work provides valuable data on Antarctic actinobacteria
strains with the capacity to produce antifungal compounds
against phytopathogenic fungi and has a real potential to
become a fungicide or antifungal source for biocontrol in
multiple crops. Also, we should note the importance of
performing the chemical analyzes to determine the novelty
of the metabolites being produced by these Antarctic strains
and field trials for the promising actinobacterial strains will
be undertaken to validate their possible role as biocontrol
agents. It is noteworthy that cold-adapted actinobacteria
might represent an interest biocontrol source, protecting
crops with higher efficiency even at low temperatures during
winter and in temperate climate zones.
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