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Abstract
Microorganisms dominate most of Antarctic ecosystems and play a crucial role in their functioning. They are called extremo-
philic microorganisms with unique and versatile metabolic properties with possible biotechnological applications in several 
areas. The aim of the present study was to identify psychrotolerant microorganisms from Antarctic continent samples and to 
screen them for antimicrobial effects. Phylogenetic analyses revealed that most isolates were closely related to recognized 
species, including those recovered previously from Antarctica, which belonged to the major phyla Firmicutes, Bacteroi-
detes, Actinobacteria, and Proteobacteria (classes Alpha, Beta, and Gammaproteobacteria). A total of 326 bacterial isolates, 
distributed in 39 different genera, were recovered and identified based on sequencing of the 16S rRNA gene. The main 
representative genera were Arthrobacter, Psychrobacter, Pseudoalteromonas, and Rhodococcus. Antimicrobial screening 
revealed fifteen isolates capable of inhibiting growth of at least one of the indicator strains: Escherichia coli, Micrococcus 
luteus, Staphylococcus aureus, Bacillus subtilis, and Candida albicans. One psychrotolerant bacterium, Pseudomonas sp. 
isolate 99, showed a broad antimicrobial range, in addition to antiproliferative and antiparasitic activity. Overall, the small 
number of antibiotic-producing isolates obtained and the weakness of their inhibition halos corroborated previous findings 
suggesting that cold-loving bacteria from Antarctica are not as good as their relatives from mesophilic environments for anti-
microbial prospecting. Nonetheless, antiproliferative and antiparasitic results observed are promising and suggest that there 
is an untapped wealth in Antarctic environments for bioprospecting compounds with pharmaceutical potential application.
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Introduction

Antarctica is located south of the Antarctic Polar circle 
and is called the continent of extremes. It has the most 
extreme weather conditions, including low temperatures 
which may reach up to − 89 °C, high incidence of UV 
radiation, and water and nutrient deficit (Margesin et al. 
2008; Margesin and Miteva 2011). It has the highest aver-
age altitude and is the most isolated of all continents. This 
geographic isolation probably resulted in the selection/
speciation of unusual microorganisms, and also prevented 
their spread to other continents. That unique biome means 
that much of its biological heritage cannot be found any-
where else on the planet (Nichols et al. 1999).

Without human colonization, the continent still preserves 
the records of historical processes by which the earth passed 
in the last millennia. Thus, there is a possibility of confronta-
tion and comparison, past and present, between environmen-
tal conditions, both biological and climatic (Wilmotte et al. 
2012). So, an effort to provide a “database” on microbial 
composition is necessary to forecast possible future changes 
in diversity and taxonomic composition, as a result of varia-
tions in the ecosystem and/or human introductions.

Microorganisms dominate most Antarctic ecosystems 
and play a crucial role in their functioning and primary 
productivity. Several studies have shown that there is great 
biodiversity in the polar regions and different types of bio-
logical activities (Graumann et al. 1996; Morita et al. 1999; 
Deming 2002b; Bowman 2004). Cultivable bacteria from 
Antarctica have been studied by several authors (Bowman 
et al. 1997; Van Trappen et al. 2002; Webster and Bourne 
2007; Chong et al. 2012; Huang et al. 2013; Shivaji et al. 
2013). The main representative bacterial groups isolated 
belonged to four major phyla: Actinobacteria, Bacteroidetes, 
Proteobacteria, and Firmicutes. However, compared to the 
temperate and tropical regions, and despite their ecological 
importance, little is known about diversity of microbes and 
their geographical distribution in Antarctic systems (Taton 
et al. 2003; Vyverman et al. 2010).

Physiological adaptations allowed microorganisms to 
thrive in Polar Regions. Cold-shock proteins empower 
specific activities as the temperature drops. Cold active 
enzyme tends to reduce activation energy leading to high 
catalytic efficiency (Gerday et al. 1997). Expression of 
antifreeze-nucleating proteins and exopolysaccharide 
promotes survival at subzero temperature (Nichols et al. 
1999; Muryoi et al. 2004; Nichols et al. 2005). In addi-
tion, increase in the proportion of unsaturated fatty acids 
in the cellular membranes helps to maintain a semifluid 
state at low temperatures (Deming 2002a; Häggblom and 
Margesin 2005; Newman and Hill 2006; Margesin et al. 
2007, 2008; Shivaji and Prakash 2010).

These particular traits and unique adaptations already 
revealed suggest that the Antarctic environment represents a 
huge pool of microbial biodiversity and exploitable biotech-
nology. This untapped diversity has resulted in increasing 
interest in the study of cold-adapted microorganisms exploit-
ing their ability to produce novel metabolites/compounds 
with potential biotechnological applications (Kennedy et al. 
2008); for example, antimicrobial compounds have already 
been identified (Bruntner et al. 2005; Shekh et al. 2011; Liu 
et al. 2013) as well as antiproliferative molecules (Mojib 
et al. 2010, 2011), which could be used as anticancer drugs.

The evolution of antibiotic resistance by major human 
pathogens has made the first antibiotics, and most of their 
successors, mostly ineffective (Spellberg et al. 2004; 2013). 
Despite the significant efforts in the search for new antibiot-
ics, bacteria are getting resistant faster than the appearance 
of new drugs to the market.

The search for new drugs is therefore of great importance 
to modern society and a promising alternative is to explore 
biodiversity in environments with unique characteristics, 
which contain microorganisms with particular physiologi-
cal and metabolic properties that allow them to adapt and 
survive in inhospitable conditions, such as the Antarctic 
continent.

This work aimed to identify a broad collection of psy-
chrotolerant bacteria isolated from diverse Antarctic sam-
ples and evaluate their potential for producing antimicrobial, 
antiproliferative, and antiparasitic compounds.

Materials and methods

Sampling

Samples used in this study were collected during an expedi-
tion to Antarctica in the austral summer (2013 and 2015) 
by the MycoAntar—Brazilian Antarctic Program team. The 
sources and places from which samples were obtained are 
detailed in Table 1 and Fig. 1. Samples were collected asep-
tically and placed in sterile plastic bags. Terrestrial samples 
as soil, penguin soil, sediment, and biofilm were frozen right 
after sampling and lichen, sponges, sea star, and other bryo-
zoans were kept refrigerated at 4 °C and transported to the 
Division of Microbial Resources (DRM), Campinas, Brazil, 
for further processing. A flowchart depicting the methodo-
logical strategy adopted in this work for screening the bioac-
tive compounds is shown in Fig. 2.  

Bacterial isolation and identification

Isolation of bacteria was carried out on R2A agar (Yeast 
extract 0.5 g, Proteose Peptone 0.5 g, Casamino acids 0.5 g, 
Glucose 0.5 g, Soluble starch 0.5 g, Na-pyruvate 0.3 g, 
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K2HPO4 0.3 g, MgSO4 × 7 H2O 0.05 g, Agar 15 g; Reasoner 
and Geldreich 1985), NA (Nutrient agar: Beef Extract 3 g, 
Peptone 5 g, Agar 15 g), and TSA (Trypticase soy agar: tryp-
tone 15 g, soya peptone 5 g, sodium chloride 5 g, Agar 15 g). 
Artificial seawater (ASW) was used for isolation of bacte-
ria from marine samples and distillated water for terrestrial 
samples, both supplemented with cycloheximide (300 µg.
mL−1). R2A medium was used aiming to recover slow-grow-
ing bacterial species that would quickly be suppressed by 
fast-growing species on a richer culture medium (Margesin 
et al. 2012). Samples were pre-washed with sterile seawa-
ter to avoid the isolation of surface microorganisms and cut 
into small fragments, which were placed onto the culture 
media cited above. The plates were kept at 5 and 15 °C for 
10 days. Bacterial growth was monitored every 24 h and 
colonies were transferred to the same medium used for isola-
tion. All purified bacteria were preserved at − 80 °C in 20% 
glycerol in the research holding of the Brazilian Collection 
of Environmental and Industrial Microorganisms (CBMAI) 
at Chemical, Biological and Agricultural Pluridisciplinary 
Research Center (CPQBA) at the Campinas State Univer-
sity (UNICAMP). For bacterial identification, genomic DNA 

from the pure cultures was obtained according to the pro-
tocol described by (Pitcher et al. 1989). PCR amplification 
with 10f and 1100r primers (Lane 1991), sequencing and 
phylogenetic analyses of partial 16S rRNA gene fragments 
were carried out as described previously by Belgini et al. 
(2014). The Ribosomal Database Project (RDP) was used 
to select the most related species for further phylogenetic 
reconstruction.

Antimicrobial activity assay

Bacterial isolates obtained from Antarctica were tested as 
antimicrobial substance (AMS) producers using the agar 
diffusion method described by (Anthony et al. 1972). Bac-
teria were spot on NA-ASW agar and incubated at 15 °C for 
7 days. After that, bacterial cells were killed by exposure 
to chloroform vapor during 15 min. After evaporation of 
residual chloroform, the plates were covered with a layer of 
semi-solid medium (0.5% agar) inoculated with one of the 
indicator strains: E. coli ATCC 11775, Micrococcus luteus 
ATCC 4698, Staphylococcus aureus ATCC 6538, Bacillus 
subtilis ATCC 6051, and Candida albicans ATCC 10231. 

Table 1   Data related to marine 
and terrestrial Antarctic samples

Sample Site GPS data

Marine sediment
 Deception sediment Deception Island S 62°58′788″ W 60°33′464″
 Martel Bay sediment Martel Bay, King George Island S 62°08′862″ W 58°29′267″
 Punta Hannah sediment Punta Hannah Livingston Island S 62°39′149″ W 60°38′230″
 Rei George sediment King George Island S 62°05′948″ W 58°23′622″

Biofilm
 Soil—biofilm 3 Half Moon Island S 62°35′511″ W 59°54′095″
 Whalers Bay soil biofilm Whalers bay (WB) Deception Island S 62°58′788″ W 60°33′464″

Penguin´s Nest Barrientos S 62°24′392″ W 59°44′404″
Soil
 Waterlogged soil (1) 1.6 °C King George Island—Punta Turret S 62°05′092″ W 57°56′763″
 Waterlogged soil (2) 4 °C King George Island—Punta Turret S 62°05′092″ W 57°56′763″

Sponge
 Sponge Punta Hannah—Livingston Island S 62°39′149″ W 60°38′230″
 Sponge1 Punta Hannah—Livingston Island S 62°39′149″W 60°38′230″
 Sponge2 Punta Hannah—Livingston Island S 62°39′149″ W 60°38′230″

Sea Star Half Moon Island S 62°35′511″ W 59°54′095″
Nacella concinna Robert Island S 62°22′725″ W 59°41′802″
Marine invertebrate
 Invertebrate BRHM Half Moon Island S 62°35′511″ W 59°54′095″
 Invertebrate 16 Punta Hannah—Livingston island S 62°39′149″ W 60°38′230″
 Invertebrate 14 Half Moon Island S 62°35′511″ W 59°54′095″

Lichen and seaweed
 Palmaria decipiens Deception Island S 62°58′788″ W 60°33′ 464″
 Ramalina terebrata Punta Hannah—Livingston Island S 62°39´248″ W 60°36´701″
 Usnea aurantiacoatra Half Moon Island S 62°35′511″ W 59°54′095″

Shells on bird´s nest King George Island S 62°05′948″ W 58°23′622″
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Inhibition halo around the colony indicated the production 
of AMS.

Cultivation of AMS‑producing bacteria

The selected AMS-producing bacterial isolate was grown 
in 5 L of TSB-ASW (Tryptic Soy Broth) for 72 h at 15 °C 
to produce biomass for subsequent chemical analyses. Cells 
were collected by successive centrifugations at 8.000×g 
(Eppendorf 5410) for 10 min at 4 °C and stored at 5 °C. 
Considering a possible accumulation of antimicrobial sub-
stance in the culture medium, the supernatant fraction was 
also separated for chemical analyses.

Soxhlet extraction

Soxhlet is a continuous solid/liquid extractor that allows 
an unmanaged and unmonitored operation while efficiently 
recycling a small amount of solvent (Jensen 2007; Luque de 
Castro and Priego-Capote 2010; Schmidt et al. 2014). Cell 
biomass from each pellet underwent a successive soxhlet 
extraction using an increasing polar gradient. First, around 
25 g of cells were extracted with 200 mL of hexane until 
exhaustion (24 h). The crude hexane extract was removed 
from the soxhlet system and reserved in an Erlenmeyer flask. 
Cells were then subjected to another extraction with 200 mL 
of methanol for 24 h until completion. Crude extracts were 
concentrated under vacuum in a rotary evaporator at 40 °C 
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Fig. 1   Geographic location of sampling sites (•) in South Shetland Islands (Antarctica). (Color figure online)

Fig. 2   Flowchart depicting the methodological strategy adopted in 
this work
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until complete dryness and weighed to calculate the yield 
of each extraction.

Liquid–liquid partition extraction

Partition is a method that separates compounds based on 
their relative solubility in two different immiscible liq-
uids, the culture broth (polar) and ethyl acetate (non-polar) 
(Rezaee et al. 2006; Sant’Anna et al. 2016). Each portion of 
the microbial culture broth (1000 mL) was transferred to 
a 2000 mL separating funnel to be partitioned with Ethyl 
Acetate (500 mL, 3 times). After shaking, the organic phase 
was collected and treated with anhydrous sodium sulfate, 
followed by filtration. The extracts were then concentrated 
under vacuum and weighed for yield calculations (Harder 
et al. 2002).

Pharmacological assays for determining in vitro 
antiproliferative activity

This assay aimed to detect anticancer activities by evaluat-
ing antiproliferative action in human tumor cells (Monks 
et al. 1991). In vitro tests were performed with the crude 
extract of Pseudomonas sp. 99 on human tumor cell lines 
of different origins and characteristics, as follows: breast 
cancer (MCF-7), lung cancer (NCI-H460), and glioblas-
toma (U251) provided by the National Cancer Institute 
at Frederick MA-USA. Stock cultures were grown in 
complete medium [RPMI 1640 (GIBCO) supplemented 
with 5% fetal bovine serum (FBS, GIBCO) and 1% (v/v) 
penicillin:streptomycin (Nutricell, 1000 U/mL:1000 g/mL)] 
in a humidified atmosphere with 5% CO2, at 37 °C. For the 
experiments, cell lines were used between passages 4–12. 
Cells in 96-well plates (100 µL cells/well) were exposed 
to different bacterial extract concentrations in dimethyl sul-
foxide (DMSO)/RPMI (0.25, 2.5, 25, and 250 μg/mL) and 
incubated at 37 °C with 5% of CO2 for 48 h. Final DMSO 
concentration did not affect cell viability. Doxorubicin chlo-
ride (Europharma, 0.025, 0.25, 2.5, and 25 μg/mL) was used 
as a positive control. Before (T0 plate) and after sample 
addition (T1 plates), cells were fixed with 50% trichloro-
acetic acid and cell growth determined by spectrophoto-
metric quantification (540 nm) of cellular protein content 
using sulforhodamine B (SRB) assay. Three measurements 
were obtained: 1) time zero (T0, at the beginning of incu-
bation); 2) 48 h post-incubation for compound free (C), 
and 3) tested (T) cells. Cell proliferation was determined 
according to the equation 100 ×

[

(T − T0)∕C − T0
]

 , for 
T0 < T ≤ C, and 100 ×

[

(T − T0)∕T0
]

 , for T ≤ T0. A concen-
tration–response curve for each cell line was plotted using 
the software Origin 8.0 (OriginLab Corporation). From the 
concentration–response curve for each cell line, TGI (total 
growth inhibition or cytostatic effect) value was determined 

by non-linear regression analysis using the software Origin 
8.0® (OriginLab Corporation) (Shoemaker 2006).

Antimicrobial activity by disk diffusion test 
and minimum inhibitory concentration (MIC)

The hexane extract of Pseudomonas sp. 99 (the selected 
AMS-producing bacterial isolate) was solubilized in 5% 
DMSO solution. Petri dishes containing Mueller Hinton 
medium were seeded with 100 μL of the indicator strain 
culture at 108 cells/mL, by the spread plate technique. Then 
3 μL (1 mg) of the extract sample was spot shaped on the 
disk, followed by incubation at 35 °C. The absence of the 
indicator strain growth indicated the antimicrobial activity. 
MIC tests were carried out using a tissue culture test plate 
(96 wells) against the following strains: Escherichia coli 
ATCC 11775, Micrococcus luteus ATCC 4698, Staphylo-
coccus aureus ATCC 6538, Bacillus subtilis ATCC 6051, 
Candida albicans ATCC 10231. The stock solution of the 
extract was diluted and transferred into the first well, and 
serial dilutions were performed in order to obtain the con-
centration range of 1.6–0.012 mg/mL. The microbial inocu-
lum was added to all wells and the plates were incubated at 
37 °C during 24 h (bacteria) or at 30 °C for 48 h (yeast). 
Antimicrobial activity was detected by adding 20 µL of 
0.5% TTC (triphenyl tetrazolium chloride, Merck) aqueous 
solution. MIC was defined as the lowest concentration that 
inhibited visible growth, as indicated by the TTC staining 
(Eloff 1998).

Antiparasitic assay

Trypanosoma cruzi assay was performed as described else-
where (Moraes et al. 2014), using the Y strain. For the sin-
gle-concentration primary screening, samples were tested at 
10 µg/mL; 100 µg/mL was the highest concentration in the 
confirmatory dose–response assay, with ten 2-fold dilution 
points, and 104 µg/mL was the highest concentration for 
reference compound benznidazole. The Operetta high-con-
tent automated imaging system (Perkin Elmer) was used to 
acquire and analyze images. The analysis output was based 
on several parameters: host cell number, ratio of infected 
cells, and number of parasites per infected cell. The ratio 
of infected to total number of cells was then calculated, and 
defined as the Infection Ratio (IR). The raw data for IR val-
ues were normalized to negative—DMSO (mock)-treated 
infected cells—and positive (non-infected cells) controls to 
determine the normalized antiparasitic activity, expressed 
as a percentage of activity in comparison to wells. Sample 
cytotoxicity was determined by the cell ratio (number of 
cells in the test well divided by the average number of cells 
in negative control wells).
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Results

Bacterial identification

From 600 bacterial isolates recovered from the Antarc-
tic samples, 326 were identified based on the sequencing 
and phylogenetic analysis of the 16S rRNA gene. Marine 
sediments yielded a higher number of strains (n = 109), 
followed by biofilms (n = 68), bryozoans (n = 48), sponge 
(n = 47), soil (n = 43), penguin soil (n = 7), and lichen 
(n = 4) (Table  2). They were distributed in four phyla 
Actinobacteria (115 isolates, 35%), Proteobacteria (153 
isolates, 47%), Bacteroidetes (31 isolates, 10%), and Fir-
micutes (28 isolates, 8%) (Table 2).

Phylogenetic analysis, using the RDP tool and Bayes-
ian classifier to select the closest related strains, permit-
ted the identification of many bacterial isolates at the 
species level as shown in the phylogenetic trees (Elec-
tronic Supplementary Material—ESM). Species of the 
Alphaproteobacteria class (Online Resource 1) were 
identified as Sulfitobacter litoralis (n = 8), Sulfitobacter 
donghicola (n = 4), and Loktanella salsilacus (n = 2). The 
Betaproteobacteria class accounted with only one species, 
Polaromonas hydrogenivorans (n = 1). The Gammapro-
teobacteria group (Online Resource 2) was the most rep-
resented among the bacteria cultivated from the Antarctic 
samples, and thus isolates were identified based on three 
different phylogenetic trees: one for Pseudoalteromonas 
genus (Online Resource 3), one for Psychrobacter genus 
(Online Resource 4), and one for the other genera. Mem-
bers of Psychrobacter genus were identified as follows: 
P. urativorans (n = 1), P. cibarius (n = 4), P. cryohalolen-
tis (n = 4), and P. maritimus (n = 2). Pseudoalteromonas 
members could not be identified at the species level, prob-
ably because the 16S rRNA gene is not an appropriate 
phylogenetic marker for this group. The other Gammapro-
teobacteria species recovered were Pseudomonas frederik-
bergensis (n = 1), Marinomonas primoryensis (n = 10), 
Marinobacterium rhizophilum (n = 1), Marinobacter psy-
chrophilus (n = 1), and Psychromonas arctica (n = 11).

Actinobacteria members were identified based on two 
phylogenetic trees: one for Arthrobacter genus (Online 
Resource 5) and one for the remaining genera (Online 
Resource 6). The Actinobacteria species recovered (boot-
strap > 97%) were Leifsonia Antarctica (n = 3), Microbac-
terium testaceum (n = 5), Williamsia maris (n = 1), and 
Tomitella biformata (n = 1). Arthrobacter species recov-
ered were Arthrobacter cryotolerans (n = 4) and Arthro-
bacter agilis (n = 2).

Species belonging to Firmicutes (Online Resource 
7) (bootstrap > 72%) were Sporosarcina newyorkensis 

(n = 2), Sporosarcina aquimarina (n = 1), Planococcus 
kocurii (n = 1), Brevibacillus agri (n = 1), and Paenibacil-
lus lautus (n = 1). Bacteroidetes species recovered (Online 
Resource 8) (bootstrap > 88%) were Maribacter arcticus 
(n = 3), Cellulophaga fucicola (n = 4), Cellulophaga algi-
cola (n = 1), Bizionia argentinensis (n = 2), Psychroser-
pens mesophilus (n = 1), Polaribacter sejongensis (n = 2), 
Winogradskyella damuponensis (n = 2), Winogradskyella 
eximia (n = 1), and Cyclobacterium qasimii (n = 2).

Screening for antimicrobial activities

Bacterial isolates were tested in an antagonism assay 
against Gram-negative, Gram-positive, and yeast indicator 
strains: Escherichia coli ATCC 11775, Micrococcus luteus 
ATCC 4698, Staphylococcus aureus ATCC 6538, Bacillus 
subtilis ATCC 6051, and Candida albicans ATCC 10231. 
Among the 600 bacterial strains recovered from the Ant-
arctic samples, 15 were positive against, at least, one indi-
cator strain. The antimicrobial activity, taxonomic affili-
ation, and inhibition halo size of isolates are provided in 
Table 3. Bacillus safensis SG-32 and Streptomyces B-131, 
previously known as antimicrobial-producing strains, were 
used as positive controls (C +). Seven strains (Bacillus 
safensis H12, Sulfitobacter litoralis 103, Pseudomonas 
sp. 99, Bacillus sp. 98, Tsukamurella sp. 216, Cyclobac-
terium qasimii 172, and Pseudomonas frederiksbergensis 
631) showed broad antibacterial spectrum activity against 
Gram-negative and Gram-positive target bacteria. Only 
three bacterial strains (Cellulophaga fucicola 418, Arthro-
bacter sp. 423, and Pseudoalteromonas sp. 485) showed 
inhibitory activity against Candida albicans. 

Bacteria which presented the largest inhibition halos 
(++ or +++) had the inhibitory activity confirmed in 
another antagonism assay. Five of them (Bacillus sp. 98, 
Bacillus safensis H12, Pseudomonas sp. 99, Cyclobac-
terium qasimii 172, and Pseudomonas frederiksbergen-
sis 631) presented a significant inhibitory halo and were 
selected for further MIC experiment (Table 4).

Three strains (H12, 99, and 631) presented satisfactory 
MIC activity. B. safensis H12 showed MIC of 1.6 mg/
mL against E. coli and M. luteus, 0.4 mg/mL against S. 
aureus, and 0.8 mg/mL against B. subtilis. Pseudomonas 
sp. 99 showed the lowest values of MIC, 0.1  mg/mL 
against E. coli, and 0.2 mg/mL against S. aureus. Finally, 
P. frederiksbergensis 631 presented MIC of 0.25 mg/mL 
against S. aureus. No extract exhibited inhibition against 
C. albicans. Due to the lowest values observed in the MIC 
experiment, Pseudomonas sp. 99 was selected for extract 
preparation and further biological assays.
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Pseudomonas sp. 99 extract preparation 
and biological activity evaluation

After proliferation, Pseudomonas sp. 99 biomass was sepa-
rated by centrifugation from culture broth for further extrac-
tion. Biomass (25 g) extraction provided hexane (99 Hex, 
99.8 mg) and methanol (99 Met, 386 mg) extracts while an 
ethyl acetate (99 Acet, 484 mg) extract was obtained from 
the culture broth (5 L). Results from the disk diffusion anti-
microbial assay showed that all extracts inhibited S. aureus 
growth while 99 Acet and 99 Hex also inhibited M. luteus 
(Table 5).

The antiproliferative activity of the three extracts 
against three human tumor cell lines was expressed as 

Table 3   Inhibition results 
exhibited by Antarctic isolates 
against the indicator strains 
tested

The absence of inhibition is represented by (−), (+) represents a slight/translucent inhibition halo of 
4–10 mm diameter, (++) represents a moderate inhibition halo of 11–14 mm, and (+++) represents strong 
inhibition halos larger than 14 mm
*SG-32 and B-131 represent positive controls of the experiment

AMS producer isolates Indicator strains

M. luteus E. coli B. subtilis S. aureus C. albicans

H12 Bacillus safensis ++ +++ − +++ −
201 Marinobacter psychrophilus ++ − − − −
103 Sulfitobacter litoralis + + − ++ −
117 Sulfitobacter litoralis + − − + −
127 Sulfitobacter litoralis + − − ++ −
99 Pseudomonas sp. ++ ++ − +++ −
98 Bacillus sp. +++ +++ + +++ −
132 Flavobacterium sp. − − + − −
165 Flavobacterium sp. − − + − −
216 Tsukamurella sp. − + − + −
172 Cyclobacterium qasimii ++ ++ + + −
418 Cellulophaga fucicola − − − − +
423 Arthrobacter sp. −− − − − +
485 Pseudoalteromonas sp. − − − − ++
631 Pseudomonas frederiksbergensis + ++ − ++ −
*SG-32 Bacillus safensis (C +) +++ +++ + +++ −
*B-131 Streptomyces sp. (C +) − + − − +++

Table 4   Minimum inhibitory 
concentration (MIC) of 
bacterial extracts

The absence of inhibition is represented by (–)

Indicator strain Producer isolates (mg/mL)

Bacillus sp. 98 Bacillus 
safensis 
H12

Pseu-
domonas 
sp. 99

Cyclobacte-
rium qasimii 
172

Pseudomonas 
frederiksbergensis 
631

E coli ATCC 11775 – 1.6 0.1 – –
M. luteus ATCC 4698 – 1.6 – – –
S. aureus ATCC6538 – 0.4 0.2 – 0.25
B. subtilis ATCC 6051 1.3 0.8 – – –
C. albicans ATCC 10231 – – – – –

Table 5   Evaluation of antimicrobial activity of Pseudomonas sp. 99 
extracts by disk diffusion assay

99 Hex Pseudomonas sp. 99 biomass hexane extract, 99 Met Pseu-
domonas sp. 99 biomass methanol extract, 99 Acet Pseudomonas sp. 
99 broth ethyl acetate extract

Microorganism Sample Extract Antibiogram

Micro-
coccus 
luteus

Staphy-
lococcus 
aureus

Pseudomonas sp. 99 Culture broth 99 Acet + +
Biomass 99 Hex + +

99 Met − +
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TGI (Total growth inhibition—concentration that inhib-
ited cell growth by 100%) (Table 6). According to Fouche 
et al. (2008), TGI values higher than 50 µg/mL repre-
sent inactive samples. This way, all extracts should be 
considered inactive however Pseudomonas sp. 99 hex-
ane extract (99 Hex) seemed to contain antiproliferative 
substances in lower concentration as 99 Hex was able to 
slightly inhibit U251 (TGI = 81.24 µg/mL) and NCI-H460 
(TGI = 98.29 µg/mL).

The three Pseudomonas sp. 99 extracts, at the single 
concentration of 10  µg/mL, were evaluated against T. 
cruzi Y strain, while the reference drug (positive control) 
benznidazole was tested at 104 µg/mL (400 µM) (Fig. 3). 
Again, Pseudomonas sp. 99 Hex was considered suffi-
ciently active for further testing in dose–response as it 
presented normalized antiparasitic activity superior to 
50% and host cell toxicity lower than 50%, while the other 
extracts 99 Met and 99 Acet were inactive. When tested in 
dose–response, sample 99-Hex presented only moderate 
anti-T. cruzi activity, with a maximum activity of 23.4%.

Discussion

Cultivated bacterial diversity from Antarctic 
samples

The psychrophilic bacteria isolated from different sites 
from the South Shetland Islands in Antarctica were 
taxonomically characterized based on 16S rRNA gene 
sequencing and phylogenetic analysis. Results showed that 
isolates were assigned to the major phylogenetic groups: 
Gammaproteobacteria (40%), Actinobacteria (35%), Bac-
teroidetes (10%), Firmicutes (8%), and Alphaproteobacte-
ria and Betaproteobacteria (6%). The results obtained are 
corroborated by previous studies on microbial communi-
ties from various Antarctic habitats regardless of whether 
molecular or cultivation-based approaches were applied 
(Bowman et al. 1997; Van Trappen et al. 2002; Wilmotte 
et al. 2012; Carr et al. 2013).

Thirty-nine bacterial genera were identified out of 326 
isolates. Most of the strains were closely related to other 
known cultured bacteria.

Phylogenetic analyses showed that 45 strains remained 
unaffiliated (Online Resource), possibly representing new 
species, as follows: isolates 128 (closely related with 
Antarctobacter heliothermus), 629 (closely related with 
Pseudomonas lutea), 163 and 436 (Pseudomonas sp.), 
445, 108, 111, 276, 148, 188, and 219 (closely related 
with Psychrobacter luti), 409, 424-2, 245, 79, 212, 269, 
281, 514, 567, 270, 561, 283, 514, r2a27, 60, and 258 
(closely related with Psychrobacter cryohalolentis), 594 
(closely related with Leifsonia rubeus), 595, 583, 493, 
491, 228, 226, and 264 (Arthrobacter sp.), 171, 509, and 
397 (Arenibacter sp.), 465, 118, 120, 168, 224, 395, and 
457 (Zobellia sp). Four genera were shown to be predom-
inant among the bacteria recovered from the Antarctic 
samples: Arthrobacter (n = 82), Psychrobacter (n = 62), 
Pseudoalteromonas (n = 38), and Rhodococcus (n = 13).

The genus Arthrobacter belongs to the Actinobacteria 
phylum and includes bacteria that are mostly mesophilic, 
with optimum growth below 30 °C, but some strains iso-
lated from cold environments (Arctic, Antarctica, glaciers) 
are psychrotolerant or even psychrophilic (White et al. 
2000; Pindi et al. 2010; Ganzert et al. 2011; Dsouza et al. 
2015). Numerous Arthrobacter strains have been studied 
for the ability to degrade toxic compounds, such as 4-chlo-
rophenol, 4-fluorophenol, 4-nitrophenol, or phenanthrene 
(Busse and Wieser 2014). Some strains were identified as 
a source of cold-adapted enzymes, such as chitinases and 
β-galactosidases (Lonhienne et al. 2001; Białkowska et al. 
2009), and emulsifying agents (Rosenberg et al. 1979; 
Rosenberg et al. 2014). In this work 22 Arthrobacter sp. 
strains, more closely related to A. psychrochitiniphilus/A. 

Table 6   Antiproliferative activity of Pseudomonas sp. 99 extracts 
against human tumor cell lines

Human tumor cell lines: U251 (glioma), MCF-7 (breast), NCI-H460 
(lung)
99 Hex Pseudomonas sp. 99 biomass hexane extract, 99 Met Pseu-
domonas sp. 99 biomass methanol extract, 99 Acet Pseudomonas sp. 
99 broth ethyl acetate extract
a Doxorubicin used as positive control
b Concentration that totally inhibited cell growth

Sample TGI (µg/mL)b

U251 MCF7 NCI-H460

aDoxorubicin 2.46 6.11 < 0.025
99 Hex 81.24 206.88 98.29
99 Met > 250 > 250 > 250
99 Acet > 250 > 250 > 250

Fig. 3   Sample activity profile against U2OS cells infected with T. 
cruzi amastigotes: normalized activity (in %—black columns) and 
cell ratio (red columns). Error bar indicates standard deviation from 
two independent experiments. (Color figure online)
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alpinus, were accessed. A. psychrochitiniphilus strains are 
supposed to degrade chitin (Wang et al. 2009). Two strains 
were related to Arthrobacter agilis, a species associated 
with red carotenoid (bacterioruberin) production (Fong 
et al. 2001). A. psychrophenolicus has been described as 
degrading high phenol concentrations at low temperatures 
(Margesin et al. 2003).

Psychrobacter is an aerobic, osmotolerant, oxidase-posi-
tive, psychrophilic, or psychrotolerant bacterium. They occur 
in a wide range of wet, saline, and cold habitats (Dworkin 
2006; Kim et al. 2012) but also in warm and slightly salty 
habitats. They have been studied for the production of cold-
adapted enzymes such as β-lactamases (Feller et al. 1997). 
Isolation procedures used herein allowed the recovery of 62 
isolates belonging to the Psychrobacter genus from Ant-
arctic samples. However, identification of these isolates at 
the species level was not possible. According to Bakermans 
et al. (2006), gyrB gene represents a more reliable phylo-
genetic marker for the taxonomy of Psychrobacter species.

Pseudoalteromonas are marine bacteria, separated from 
the Alteromonas group in 1995 (Gauthier et al., 1995). They 
can be found in association with marine eukaryotes and may 
present antibacterial, bacteriolytic, agarolytic, and algicidal 
activities (Holmström et al. 1999). Taxonomic studies of 
Pseudoalteromonas group have revealed that 16S rRNA 
gene is highly conserved among the members of this taxon, 
not offering resolution for discriminating them at the spe-
cies level. Romanenko et al. (2003) showed that Pseudoalte-
romonas agarivorans shared 99.9% 16S rRNA sequence 
similarity with Pseudoalteromonas distincta, Pseudoalte-
romonas elyakovii, Pseudoalteromonas atlantica, and Pseu-
doalteromonas espejiana. These reports are in accordance 
with the results observed in the phylogenetic reconstruction 
of the 38 isolates from Antarctic samples identified as Pseu-
doalteromonas sp.

Members of Rhodococcus genus are Gram-positive, aero-
bic, do not produce spore, and are closely related to Myco-
bacterium and Corynebacterium. Although some species 
are pathogenic, most are benign. They are found in many 
environments, including soil, water, and in association with 
eukaryotic cells (Finnerty 1992). The Rhodococcus members 
obtained in this study were mainly isolated from Antarctic 
biofilm and soil samples. Two species identified among the 
isolates, R. kyotonensis and R. yunnanensis, are associated 
to naphthalene-degrading activity (Anan`ina et al. 2011).

Antimicrobial‑producing bacterial isolates

Biodiversity screenings, seeking for therapeutic and 
anti-tumor drugs from natural products, concentrates on 
metabolites with unusual properties. Consequently, extre-
mophiles, which developed biomolecules to thrive in par-
ticular living conditions, have been viewed as valuable 

sources of novel bioproducts, including antimicrobials 
(Cavicchioli et al. 2002; Sánchez et al. 2009). The anti-
biotic production of cold-loving organisms has not been 
investigated as extensively as those of the mesophiles 
(O’Brien et al. 2004). One reason may be the difficulty 
to detect psychrophilic microorganisms that produce 
antibiotics in cold environments. For example, Sánchez 
et al. (2009) recovered only 0.16% from 8,000 bacteria 
screened for antimicrobial activities, and O’Brien et al. 
(2004) detected 0.29% on their screening. However, stud-
ies focused on obtaining bacteria with antimicrobial activi-
ties from mesophilic environments identified much higher 
rates. For example, Romanenko et al. (2013) isolated 177 
bacteria from deep-sea sediment in Japan and found that 
13% of them were antimicrobial-producing bacteria when 
cultivated at 28 °C. Kennedy et al. (2009) isolated over 52 
bacteria from a sponge at 28 °C and found that 50% had 
antimicrobial activity. In this study, 15 out of 600 (2.5%) 
bacterial isolates tested at 15 °C had the ability to inhibit 
the growth of the indicator strains used.

Some of the AMS-producing strains isolated in this work 
have been previously described in Antarctica, such as the 
genera Arthrobacter, Pseudomonas (Lo Giudice et al. 2007), 
Flavobacterium, Marinobacter, Cyclobacterium, and Bacil-
lus (Rojas et al. 2009). Members of the genus Tsukamurella 
have been isolated from hydrothermal vents and reported as 
AMS producer (Eythorsdottir et al. 2016). Romanenko et al. 
(2013) described two Sulfitobacter strains that displayed 
antimicrobial activity, but no reports were found specifically 
for Sulfitobacter litoralis, that exhibited herein an antimicro-
bial inhibition against the Gram-positive bacteria M. luteus 
and S. aureus. Similarly, no reports were found about Cel-
lulophaga fucicola as AMS producer.

Five strains (Bacillus sp. 98, B. safensis H12, Pseu-
domonas sp. 99, Cyclobacterium qasimii 172, and P. fred-
eriksbergensis 631) stood out for the size and/or sharpness 
of the inhibition halo. It is worth noting that two other 
assays were previously performed, according to the methods 
described by (Engelhardt et al. 2010) and (Ichikawa et al. 
1971) for the screening of antibiotic-producing bacteria. 
None of the two methodologies, however, resulted in clearly 
visible inhibition halos. The method that best suited was the 
one described by Anthony et al. (1972), in which colonies 
were first exposed to chloroform vapor prior to testing the 
growth of indicator strains.

The capacity of Bacillus species to produce substances 
with antimicrobial activity against a wide variety of micro-
organisms is well documented (Walker and Abraham 1970; 
Nakano and Zuber 1990; Leifert et al. 1995). Similarly, anti-
microbial production by Pseudomonas sp. has been reported, 
including P. frederiksbergensis (Prasad et al. 2011; Melo 
et al. 2016). Pseudomonas sp. has already been described 
as cold active enzyme producer (Im et al. 2013), larvicidal 
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activity (Mageswari et al. 2015), and poly-β-hydroxybutyrate 
producer (Li et al. 2013).

Pseudomonas sp. 99 was selected for further evaluation 
of its antiproliferative and antiparasitic potential due to a 
broad spectrum activity in MIC tests. Its extract (99 Hex) 
promoted growth inhibition of two tumor cell lines in con-
centration lower than 100 μg/mL. A pure extract compound 
of Microbispora aerate, isolated from penguin excrements 
in Antarctic Livingston Island, presented a low antiprolifera-
tive and cytotoxic effect in L-929 mouse fibroblast cells and 
K-562 human leukemia cells (GI50 > 50 μg/mL) (Ivanova 
et al. 2007; Ivanova et al. 2013). These results may sug-
gest that Pseudomonas sp. 99-Hex extract could contain 
the active component of antiproliferative substances in low 
concentration, pointing out that a pure extract could be more 
effective against tumor cells. Changes in the culture param-
eters should afford better conditions for the production of 
antiproliferative compounds.

Little is known about the activity of antimicrobials 
against protozoan parasites (Vizioli and Salzet 2002). Assays 
indicate that antimicrobials could represent an effective 
appliance for the development of novel drugs to fight the 
parasite in the vertebrate host (Hancock 2000; Zasloff 2002). 
The antiparasitic test was performed against T. cruzi, the 
causative agent of Chagas disease or American trypanosomi-
asis, which is a chronic tropical infectious disease endemic 
in Latin America (World Health Organization 2013). The 
protozoan parasite T. cruzi occurs throughout the American 
continent and is transmitted by the triatomine bug insect 
vector, infecting a variety of mammals, including humans 
(Coura 2015). Antiparasitic activity of Pseudomonas sp. 
99-Hex extract was sufficiently promising in primary screen-
ing at single concentration; however more studies are neces-
sary for further confirmation.

Pseudomonas sp. 99 is closely related to Pseudomonas 
sp. BTN1 (Online Resource 9), isolated from Ross Sea sedi-
ment, Antarctica (Tedesco et al. 2016). This strain showed 
an antibacterial activity against different strains of the Bur-
kholderia cepacia complex (Bcc) and Minimal Bactericidal 
Concentration (MBC) of 100 μg/mL against S. aureus, 
roughly similar to our result of 200 μg/mL in MIC test, con-
sidering that we tested the crude extract while Tedesco and 
co-workers tested the pure compound. Moreover, the authors 
achieved the isolation and identification of the antimicro-
bial compounds from Pseudomonas sp. BTN1, which cor-
responded to three rhamnolipids. Although the active com-
pound in this study may not be same as the ones produced 
by Pseudomonas sp. BTN1, these results give us a clue on 
how to start the identification of the molecule (Tedesco et al. 
2016).

Despite the great potential that cold environments hold 
for revealing diverse products and processes which may 
have numerous industrial applications, our knowledge from 

cold-adapted organisms remains limited. Moreover, as phar-
maceutical concerns for new products arise, biological tools 
are increasingly replacing old means of processing materials 
and even show promise to meet societal needs. It is impera-
tive that we continue investigating ways in which natural 
products can offer economic alternatives to the traditional 
processes (Margesin 2008).

In the present study, 326 bacteria were identified by 16S 
rRNA gene sequencing and 45 may represent unknown 
species. A deeper taxonomic survey is further necessary 
to fully characterize those isolates that were not clustered 
with recognized species in the phylogenetic trees (ESM). 
Results of antimicrobial, antiproliferative, and antiparasitic 
substance screening demonstrated that there is an untapped 
wealth in Antarctic environments for bioprospecting com-
pounds with pharmaceutical potential application (O’Brien 
et al. 2004; Rojas et al. 2009). However, the small number 
of antibiotic-producing isolates obtained and the weakness 
of their inhibition halos corroborated previous findings sug-
gesting that cold-loving bacteria from Antarctica are not as 
good as their relatives from mesophilic environments for 
antimicrobial prospecting (Kennedy et al. 2009; Romanenko 
et al. 2013). Nonetheless, antiproliferative and antiparasitic 
results observed are promising and further work is needed 
to elucidate the structure of the bioactive molecule produced 
by Pseudomonas sp. 99.
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