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Phylogenentic and enzymatic characterization of psychrophilic
and psychrotolerant marine bacteria belong to y-Proteobacteria
group isolated from the sub-Antarctic Beagle Channel, Argentina
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Abstract The phylogenetic and physiological characteris-
tics of cultivable-dependent approaches were determined
to establish the diversity of marine bacteria associated
with the intestines of benthonic organisms and seawater
samples from the Argentina’s Beagle Channel. A total of
737 isolates were classified as psychrophlic and
psychrotolerant culturable marine bacteria. These cold-
adapted microorganisms are capable of producing cold-
active glycosyl hydrolases, such as (3-glucosidases,
celulases, [3-galactosidases, xylanases, chitinases, and
proteases. These enzymes could have potential biotechno-
logical applications for use in low-temperature
manufacturing processes. According to polymerase chain
reaction-restriction fragment length polymorphism analy-
sis of part of genes encoding 16S ribosomal DNA
(ARDRA) and DNA gyrase subunit B (gyrB-RFLP), 11
operational taxonomic units (OTU) were identified and
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clustered in known genera using InfoStat software. The
50 isolates selected were sequenced based on near full
sequence analysis of 16S rDNA and gyrB sequences and
identified by their nearest neighbors ranging between 96
and 99 % of identities. Phylogenetic analyses using both
genes allowed relationships between members of the cul-
tured marine bacteria belonging to the y-Proteobacteria
group (Aeromonas, Halteromonas, Pseudomonas,
Pseudoalteromonas, Shewanella, Serratia, Colwellia,
Glacielocola, and Psychrobacter) to be evaluated. Our
research reveals a high diversity of hydrolytic bacteria,
and their products actuality has an industrial use in sev-
eral bioprocesses at low-temperature manufacturing.

Introduction

Marine environments can possess enormous microbial
biodiversity and therefore potential for the discovery of
exploitable biotechnological resources. In fact, a wide
range of enzymatic activities have already been obtained
from cultured marine bacteria (Kennedy et al. 2008). In
addition, marine microorganisms can be found as intra-
cellular or extracellular symbionts in marine animals, such
as vertebrates or invertebrates, where must possess a wide
gamma of enzymes for to the requirements of the host
organisms (Trincone 2011). The interest in the diversity of
marine microorganisms and the demand of biocatalysts
adapted to extreme conditions (low or high temperatures,
acidic or basic solutions, and high salt concentration)
have increased in the industry (Alvarenga et al. 2011).
Therefore, isolation of biotechnologically relevant en-
zymes from extremophilic microbes has become a chal-
lenging task in recent years. The search for novel biolog-
ical products, such as enzymes, dyes, antibiotics, and
metabolites, has been spurred by with high potential to

@ Springer


http://dx.doi.org/10.1007/s12223-014-0351-1

Folia Microbiol

be used in biotechnological development (Garcia-Echauri
et al. 2011). Nowadays, many research institutes and
companies have established collections of organisms from
a variety of common and extreme environments (e.g.,
soils, seawater, hot springs, Antarctic ice, and alkaline
lakes), yielding a variety of enzymes that catalyze reac-
tions under normal or extreme conditions (Lee et al.
2010). Current applications of cold-active enzymes pro-
duced by psychrophilic microorganisms are economically
important in numerous industrial applications (Cavicchioli
et al. 2002; Cristobal et al. 2011a), including the manu-
facture of cheese, animal feed, leather, indigo and linen,
vinegar, beer, wine and fruit juice, chemicals, and bio-
polymers (Egorova and Antranikian 2005).

The enzyme industry worldwide is valued at US$5.1 bil-
lion and is predicted to show an annual increase in demand of
63 %:; specialty enzymes used for animal feed processing and
ethanol production are envisaged to have increased demand
(Sarethy et al. 2011). Singh (2010) estimated value for en-
zymes in the global market is about US$2.3 billion/year, a
value in which food enzymes constitute the major market
share. On these bases of applications, enzymes are distributed
to food (45 %), detergent (34 %), agriculture and feeds (16 %),
textiles (11 %), leather (3 %), and pulp and paper (1.2 %)
industries (Singh 2010; Demain and Dana 2007). Actually,
many industrial microbial enzymes play important roles in
modern biotechnology, improving or even replacing previous-
ly existing processes (Cristobal et al. 2009, 2011b). Various
companies, such as Novozymes and Genencor, utilize cold-
active celluloses, xylanases, lipases, proteases, and other en-
zymes derived from bacteria in their products, including foods
and detergents (Wang et al. 2008).

Phylogenetic systematic analyses based on 16S rDNA
sequences have been widely used to characterize communities
of microorganisms found in a variety of marine environments
(Hagstrom et al. 2002) and have elucidated novel relationships
between unknown microorganisms and existing bacterial taxa,
e.g., Proteobacteria and Cytophaga-Flexibacter-Bacteroides
(Junge et al. 2002). Studies of 16S rDNA sequences from
bacteria-like 'y-Proteobacteria have revealed the presence of
specific mutations visible in the secondary structure of the
molecule and have required polyphasic classification strate-
gies (Hao et al. 2010). Therefore, for accurate classification
of closely related organisms, use of other housekeeping
genes such as gyrB and rpo becomes necessary and can
also increase resolution to that provided by traditional
taxonomy (Yamamoto et al. 2000). The 16S rDNA and
gyrB genes can be used to established the degree of intra-
or inter-relationship between species of marine microor-
ganisms (Sanchez et al. 2008; Cristobal et al. 2008). In the
studies reported here, we characterize the cold-active gly-
cosyl hydrolases produced by cultivable marine bacteria
isolated from Argentina’s Beagle Channel.
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Materials and methods
Sampling area

Samples were collected in July 2001 and February 2002 in
Tierra del Fuego, Argentina. Subsurface (20 m) seawater
samples were taken from various coastal areas in the Beagle
Channel (55° S, 67° W): Ushuaia Bay (54° 50’ 01" S, 68° 15’
48" W), Ensenada Bay (54° 51’ 11" S, 68° 29’ 59" W), and
Punta Segunda (54° 51" 27" S, 68° 27" 41" W). At the same
locations, additional samples were taken from the intestines of
the following benthonic organisms: Munida subrugosa,
Paralomis granulosa, Pseudoechinus magellanicus, and
Nacella deaurata (Fig. 1) (Cristobal et al. 2011a).

Enrichment and isolation of marine microorganisms

To determine the size of the cultivable bacterial populations,
100 puL from a pool of each sample (seawater and intestines)
were enriched in medium R2A liquid as was described by
Reasoner and Geldreich (1985). Serial sixfold dilutions of
these cultures were placed in seawater and physiological
solution for seawater and intestine samples, respectively.
The number of colony-forming units per milliliter (CFU/mL)
for each sample was determined by spreading 100 pL sub-
samples onto agar R2A plates (agar, 15 g/L) and incubated at
28 °C, and CFU were counted for each sample after 72 h in
triplicate.

Microorganism’s isolation assays were carried out by en-
richment of seawater and intestine samples in liquid R2A and
modified Luria-Bertani (LB), descried previously by Cristobal
et al. (2008), and incubated at 4 and 20 °C in an orbital shaker
(200 rpm) for 5 and 3 days, respectively. After turbidity
indicated growth, 100 uL of each thus enriched culture were
diluted in sterile distilled water and spread onto LB plates and
R2A plates and both media incubated at 4 and 20 °C. The LB
medium was supplemented separately with the following
substrates in the final concentration of 10 g/L: cellobiose
(LBC), lactose (LBL), xylan (LBX) or hemicellulose (bagasse
from sugarcane, LBHm), chitin (LBCh), rhamnose (LBR),
cellulose (LBCe, paper Whatman no. 1), and carboxymethyl
cellulose (CMC). Proteolytic microorganisms were deter-
mined in two media: liquid milk and starch casein agar
(SCA) as were described previously by Cristobal et al.
(2011b).

Basic characterizations and qualitative methods for microbial
enzyme determinations

Isolates were selected based on their hydrolytic activity, dif-
ferent colony morphology, Gram staining, and biochemical
characterization, which were evaluated after grown in R2A at
20 °C by APIs (BioMérieux) strips. APIs identification strips
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Fig. 1 Benthonic organisms: a Nacella deaurata, b Pseudoechinus magallanicus, ¢ Munida subrrugosa, and d Paralomis granulosa

(ZYM, 20NE and Coryne) tests were set up as manufacturer
instructions and incubated at 20 °C for 72 h.

The (3-glucosidase, celullase, and xylanase activities were
evaluated on agar LBC, LBCe, and LBX or LBHm media
plates, respectively. Enzymatic activities were made visible
around of colonies with Congo red staining (0.1 % w/v),
incubated for 40 min and washed with a 1 mol/L sodium
chloride for 10 min. [3-Galactosidase activity was evaluated
on agar LBL media plates sprayed with 40 puL of 5-bromo-4-
chloro-3-indoyl-3-D-galactopyranoside (X-gal, 20 mg/mL)
and 4 uL of isopropyl-{3-pD-thiogalactopyranoside (IPTG,
100 mg/mL). The chitinase and protease activities were eval-
uated on agar LBCh and on agar milk media plates, respec-

tively. All assays were carried out in triplicate at 4 and 20 °C.

Molecular characterizations

Total genomic DNA (gDNA) extraction was based on a proto-
col described by Weisburg et al. (1991). PCR amplifications of
the 16S rDNA and gyrB genes were performed using an
automated thermal cycler (Perkin-Elmer, model 9700,
Applied Biosystems). A final volume of 25 uL was adjusted
with distilled water, and the reaction mixtures contained 1 pL
gDNA as template, 5 L PCR buffer GoTaq (Promega), 0.2 L
of bovine serum albumin (BSA, 10 mg/mL), 0.5 uL. dNTPs
(10 umol/L), 0.5 uL of forward and reverse primers (33 pmol/
L), and 0.1 pL of GoTaq (2.5 U). PCR products were resolved

Table 1 Universal primers sequences used for different assay PCR reactions

by electrophoresis in 1 % (w/v) agarose gel in 1x TAE buffer
and stained with ethidium bromide. All primers used in this
study for different PCR assay are shown in Table 1.

Amplified 16S rDNA (ARDRA) and gyrB (RFLP-gyrB)
were independently digested for 12 h at 37 °C in a total
volume of 15 pL containing 12 puL each PCR product,
2.3 uL of buffer 1x, 0.2 uLL BSA, and 0.5 uL of Haelll or
Hpall (Promega).

The restriction treatments were resolved by electropho-
resis in 2.0 % (w/v) agarose gel in 1% TAE buffer at 50 V
for 2.5 h and stained with ethidium bromide using 1 kb
DNA Ladder (Promega) molecular weight markers for
size comparisons. The images were visualized and digita-
lized as TIFF images using an Image Analyzer Gel Doc
BIO-RAD. The banding patterns were analyzed and stan-
dardized with Quantity One (Bio Rad) software and con-
verted to a two-dimensional binary matrix (1=presence of
a band; O=absence of a band) in each treatment. Cluster
analyses of similarity matrices were performed using ar-
ithmetic averages with minimum variance criteria (Ward)
and Euclidean distance according to Albuquerque et al.
(2006). Dendrograms were obtained after cluster analyses
for individual band patterns were statistically analyzed
using a professional version of Infostat software. The
procedure (DNA isolation, PCR amplification, and restric-
tion analysis) was performed twice to assess reproducibil-
ity of the method.

Primer’s name  Nucleotide sequence 53’

Target gene (positions)* Reference

27f AGAGTTTGATCMTGGCTCAG 16S rDNA (8-27) Weisburg et al. (1991)
1492r GGTTACCTTGTTACGACTT 16S rDNA (1495-1510)

518r CGTATTACCGCGGCTGCTGG 16S rDNA (518-536) Schmidt et al. (1991)
63f CAGGCCTAACACATGCAAGTC 16S rDNA (63-83) Cristobal et al. (2008)
1387r GGGCGGWGTGTACAAGGC 16S rDNA (1387-1404)

UP-1 GAAGTCATCATGACCGTTCTGCAY GCNGGNGGNAARTTYGA grB Yamamoto et al. (2000)
UP-2r AGCAGGTACGGATGTGCGAGCCRTCNACRTCNGCRTCNGTCAT  gyrB

fforward primer, 7 reverse primer, /6S rDNA 16S subunit ribosomal DNA, gyrB gyrase subunit B

* Escherischia coli numbering positions on 16S rDNA
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Phylogenetic analyses, based upon 16S rDNA and gyrB
sequences, were compared with sequences belonging to the
same genus or validly published closely related species avail-
able in public databases Ribosomal Database Project Il and
GenBank using the basic local alignment search tool (BLAST)
program within the NCBI Web site (Thompson et al. 1994)
were aligned, and a similarity matrix were calculated. The
sequences closely related to studied genes were extracted and
then aligned multiple sequences by ClustalW program from
MEGA software version 5.0 (Tamura et al. 2011). Phylogenetic
trees were inferred by the maximum likelihood method based
on the Tamura-Nei model and constructed with MEGA soft-
ware version 5.0. The bootstrap consensus trees were inferred
from 1,000 replicates (Felsenstein 1985) to represent the evo-
lutionary history of the taxa analyzed.

Nucleotide sequence accession numbers

In the database of the NCBI (http://www.ncbi.nlm.nih.gov/
nucleotide), 16S rDNA and gyrB sequences from isolates
identified in this study were reported and accession numbers
are shown in the Table 2.

Results

Isolation of marine bacteria based upon production of cold
enzymes

The total counting of bacterial isolates in R2A medium from
seawater and intestine samples is shown in Table 2, where
CFU values from winter-collected samples were superior for
intestine and seawater with an average 0f 2.53x 10% and 1.32 %
10° CFU, respectively. The use of LB medium supplemented
with different carbon sources allowed a higher diversity of
isolation, suggesting that microorganisms were nutritionally
favored. From a total of 737 isolates, 488 were obtained from
seawater and 249 isolates from the intestines of benthonic
organisms (Table 2). In addition, according to grown incuba-
tion at 4 and 20 °C, the isolated microorganisms were classi-
fied as moderate psychrophilic and psychrotolerant, respec-
tively. The highest CFU values were observed in winter-
collected samples taken from the intestines of P. granulosa,
P. magellanicus, and M. subrugosa. On the other hand,
summer-collected samples showed an inferior number of col-
onies in all cases, being Ushuaia Bay and N. deaurata the
richest ones (Table 2).

Phenotypic analyses revealed many morphological differ-
ences. The majority of the bacteria were cocci (72 %) and
bacilli (26 %), with a wide variety of colony morphologies.
Most of the isolates were Gram negatives, both motile and
non-motile. Colonies were cream, beige, white, and yellow,
with a few red morphotypes. The results of biochemistry
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characteristics (API tests) of representative isolates of each
genus are shown in the Supplementary Table 3.

Identification of cold-active enzymes from marine bacteria
and their applications for commercial products

Enzyme activities were detected by substrate degradations
clearing zone/color-diffusion or hydrolysis halo around of
the colonies after grown at 4 or 20 °C; therefore, percentages
of positive colonies were determined for (3-galactosidases, [3-
glucosidases, xylanases, celulases, proteases, and chitinases
(Fig. 2). Of the 249 isolates from intestines, 33 % of chitinases
and 52 % of cellulases were from Placopecten magallenicus,
while from N. deaurata, (3-glucosidases (77 %) and (3-
galactosidases (95 %) were the most frequent enzymatic ac-
tivities. P. granulosa and M. subrrugosa produced 95 % of
proteolytic and 68 % of xylanolytic activities. For the total of
448 isolates from seawater, 55 and 58 % of the colonies
showed cellulase activity from Ushuaia Bay and Punta
Segunda, respectively. The latter location showed a 25, 42,
55, and 90 % of colonies exhibiting chitinases, (3-glucosi-
dases, proteases, and (3-galactosidase activities, respectively.
Only a few isolates displayed enzymatic activity against xylan
from all seawater samples (Fig. 2).

Cellulases and carboxymethyl cellulase (EC 3.2.1.4 or EC
3.2.1.91) Of 60 positive isolates, 17 exhibited hydrolysis
halos from 10 to 20+2 mm in diameter, and 11 (P8, P5, P2,
B2, B3, B4, 48X, 48XR, 48P, PSC1, and EnC3) exhibited
hydrolysis halos from 20 to 30+1 mm in diameter (Fig. 3a).

Xylanases (EC 3.2.1.8) A total of 40 isolates were selected on
the basis of their hydrolytic ability to degrade xylan and
hemicellulose. This property was detected with an assay uti-
lizing Congo red, which caused the formation of hydrolysis
halos between 10 and 27 mm in diameter around the colonies
(Fig. 3b). The isolates labeled P8, 33, 34, 48, and 50 had
hydrolysis halos between 10 and 24 mm.

B-Glucosidases ($Gs, EC 3.2.1.21) Of 132 isolates, 87
displayed hydrolysis halos between 9 and 25 mm in
diameter at 4 and 20 °C. Of these 87 colonies, 32
displayed hydrolysis halos between 15 and 25 mm in
diameter (Fig. 3c¢).

B-Galactosidases (3.2.1.23) In our study, 44 positive colonies
were selected based upon their blue color (Fig. 3d), due by
degradation to X-gal substrate.

Proteases (EC 3.4.21.11) A total of 48 isolates were select-
ed on the basis of their hydrolytic capacity (Fig. 3e),
which were inoculated on sterile membrane filters of
0.22 um on agar milk plates and 29 isolates excreting
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Fig. 2 Enzymatic Activities: percentage of positive colonies from a total of 409 colonies from seawater and benthonic organisms: a) () celluloses
activity, b) (£3) xylanases activity, c) (B) [3-glucosidase activity, d) (&) [3-galactosidases activity, e) (&) proteases activity, f) (&) chitinase activity

neutral cold-active protease producer’s halos between 27
and 30+2 mm of diameter. The pore size of these mem-
branes does not allow passage of cells, thus allowing only
enzymes to take nutrients from the medium to microor-
ganism’s growth (Cristobal et al. 2011Db).

Chitinase (EC 3.2.1.14) A total of 35 colonies were selected
on the basis of exhibiting hydrolysis halos between 10 and
24 mm in diameter (Fig. 3f).

Molecular and phylogenetic analyses

ARDRA-16S rDNA (Fig. 4a) and RFLP-gyrB (Fig. 4c) anal-
yses allowed grouping cultured marine bacteria into 11 OTUs,
which was defined as a cluster establishing a clear taxonomic
group. One or more microorganisms from each representative
group were selected for 16S rDNA and gyrB sequencing in
order to elucidate the phylogenetic relationships between
them. Statistical analyses based on all band patterns allowed
establishment of the first branching between the isolates in the
dendrograms using InfoStat software. In our study, the first
tree was produced based on ARDRA analysis, allowing dif-
ferentiation of microorganisms belonging to the genera
Pseudoalteromonas, Pseudomonas, Halomonas, and
Psycrobacter. However, isolates related to the genera
Serratia, Shewanella, Aeromonas, and Halomonas, which
had been previously incorporated into different OTUs
(Fig. 4b). The second dendrogram was constructed based on
RFLP-gyrB data analysis, which revealed a higher resolution
and differentiation between relationships of isolates in the
majority of the OTU (Fig. 4d).

Results established a predominance of cultured marine
bacteria belonged to the gamma (y) subgroup of the

phylum Proteobacteria. Our broad phylogenetic analysis,
based on 16S rDNA and gyrB sequences, confirmed that 50
of the strains studied belong to this robust, well-defined
monophyletic taxon, with results separated into 11 clusters,
defined in clusters I to XI (Fig. 5). Phylogenetic positioning of
the first seven clusters allowed establishment of relationships
with the following genera: Halomonas (cluster I),
Psychrobacter (cluster 1I), Pseudomonas (cluster III),
Aeromona (cluster 1V), Serratia (cluster V),
Pseudoalteromonas (cluster V1), and Shewanella (cluster
VII). These seven clusters were established from 31 strains
based upon sequencing of nearly full-length segments of 16S
rDNA (Fig. 5a). The other clusters (VIII to XI) were
established using only the first 500 bp of 16S rDNA se-
quences from 19 strains (Fig. 5b), an approach based upon
that of Schmidt et al. (1991). The identified microorganisms in
these remaining clusters showed relationships with the fol-
lowing genera: Arthrobacter (cluster VIII), Colwellia (cluster
IX), Vibrio (cluster X), and Glaciecola (cluster XI).
Phylogenetic analysis based on approximately 1,200 nucleo-
tides of gyrB sequences allowed corroboration of the relation-
ships of 15 strains belong to the clusters I, II, and VII (Fig. 5c).

Fig. 3 Qualitative methods for identification of microbial enzymes at 4 P>
and 20 °C on agar LB plates: a activity of celluloses from the P8 and P5
strains on agar LBCe plate, exhibiting hydrolysis halos of 30 mm in
diameter; b bacteria shown on agar LBX plate with activity of xylanases
indicated by hydrolysis halos on hemicellulose; ¢ bacteria with (3-
glucosidase activity capable of hydrolyzing cellobiose on agar LBC
plate; d blue-colored colonies from Punta Segunda showing the activity
of 3-galactosidases on agar LBL plate sprayed with 4 mL of X-gal and 20
mL of IPTG; e extracellular proteases obtained from 29 selected strains
on agar milk plate; and f chitinase activity from 48x strains on agar LBCh
plate, exhibiting a hydrolysis halo of 24 mm in diameter
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Gel 1: 1- A3, 2- A4, 3- A5, 4- A7, 5- B2, 6- B3, 7- B4, 8- B8, 9- B6, 10- C6, 11- CsQ2, 12- CsQ5, 13- D1, 14- D2, 15- D3, 16- D4, 17- D5, 18- D6, 19-

D8, 20- D10, 21- D13, 22- 48xA, 23- 48xR, 24- P2, 25- P5, 26- P8, 27- E2 Y 28- E3. Gel 2: 1- Lac1, 2- Lac4, 3- Lac5, 4- LasQ1, 5- LasQ3, 6-
LasQ7, 7- L1, 8- L38, 9- LnsQ2, 10- D11, 11- D12, 12- D15, 13- E4, 14- EB, 15- E8, 16- En11, 17- En13, 18- En18, 19- En38, 20- En40, 21- G1, 22-
G2, 23- G3, 24-B5, 25- B7, 26- C3, 27- CsQ3 Y 28- D7. Gel 3: 1- F2, 2- F3, 3- F4, 4- F5, 5- F6, 6- F7, 7- F8, 8- G5 Y 9- G8. Gel 4: 1- A3, 2- A4, 3-
A5, 4- A7, 5- B2, 6- B3, 7- B4, 8- B8, 9- B6, 10- C6, 11- CsQ2, 12- CsQ5, 13- D1, 14- D2, 15- D3, 16- D4, 17- D5, 18- D6, 19- D8, 20- D10, 21- D13,
22- 48xA, 23- 48xR, 24- P2, 25- P5, 26- P8, 27- E2 Y 28- E3. Gel 5: 1- Lac1, 2- Lac4, 3- Lac5, 4- LasQ1, 5- LasQ3, 6- LasQ7, 7- L1, 8- L38, 9-
LnsQ2, 10- D11, 11- D12, 12- D15, 13- E4, 14- E6, 15- E8, 16- En11, 17- En13, 18- En18, 19- En38, 20- En40, 21- G1, 22- G2, 23- G3, 24- B5, 25-
B7, 26- C3, 27- CsQ3 Y 28- D7. Gel 6: 1- F2, 2- F3, 3- F4, 4- F5, 5- F6, 6- F7, 7- F8, 8- G5 Y 9- G8. B5, 25- B7, 26- C3, 27- CsQ3 Y 28- D7.

Fig. 4 Restriction analysis patterns obtained by digestion with the en-
zymes Haelll and Hpal separated in 2 % agarose gels: a ARDRA
analysis and ¢ gyrB-RFLP analysis. Dendrograms based on data from

In cluster 1, Shewanella sp. LasQ1 was strongly related to
Shewanella arctica 40-3" (99 % of identities according to the
BLAST analysis), but also associated to Shewanella
putrefaciens ACAM-576" (98 %) and Shewanella baltica
NCTC 10735 (97 %). All Shewanella related isolates such
as G5, CSQ3, CSQ2, LasQ3, LasQ7, and Lacl were closely
related to S. baltica NCTC 107357 with 98-99 % of identities:
but those strains were also associated to S. arctica 40-3" and
S. putrefaciens ACAM-576" between 96 and 98 %.
Pseudoalteromonas sp. 48X from cluster Il was associated to
P, arctica A-37" (98 %), while Pseudoalteromonas sp. P8 was
associated to P. citrea CIP105339" (99 %) and
Pseudoalteromonas sp. P2, B4, and B2 to
Pseudoalteromonas elyakovii IAM 14594 (99 %) and
Pseudoalteromonas paragorgicola KMM 35487 (99, 98, and
99 %). In cluster III, Aeromonas sp. D6 was closely related to
Aeromonas encheleia A1881" (99 %), and Aeromonas sp. D2
was closely associated to Aeromonas molluscorum LMG
22214 (99 %). Serratia sp. 48P, contained by cluster IV, was
related to Serratia nematodiphila DZ0503SBS1T (98 %);
Serratia sp. Lac4 and Lac5 were related to S erratia grimesii
DSM 30063" (98 and 99 %, respectively); and Serratia sp. F2,
F6, A7, D3, D1, D5 were closely related to Serratia
proteomaculans LMG 78877 (98-99 %). In cluster V,

ARDRA and gyrB-RFLP fingerprints, followed by cluster analysis with
Ward distance through InfoStat software: b based on ARDRA analysis
and e based on gyrB-RFLP analysis

Cobetia sp. AS and Al were strictly related to Cobetia
crustatorum JO1T (both with 99 %). Halomonas sp. CSQ5
and Enl8 were very close to Halomonas variabilis DSM
30517 (98 and 99 %) and Halomonas bolivoensis LC1" (97
and 98 %), respectively. Psychrobacter sp. En38 was closely
related to Psychrobacter pulmonis CECT 5989" (99 %) and
Psychrobacter sp. PS5 was associated with an identity of 97 % to
Psychrobacter namhaensis SW-242". Within this cluster,
Psychrobacter sp. En40 and C2 were closely associated to
Psychrobacter proteolyticus 116" (99 %) and Psychrobacter
cibarius JG-219" (99 %), respectively. Members of cluster
VIII, Pseudomonas sp. E3 was found to be close to
Pseudomonas meridiana CMS 38" (99 %) and Pseudomonas
antarctica CMS 35" (98 %), Pseudomonas sp. 48XA to
Pseudomonas veronii CIP 104664 (98 %) and Pseudomonas
sp. G33, G8, and B3 were found to be close to Pseudomonas
proteolytica CMS64" and Pseudomonas fulvagene AJ2129"
(98 and 97 %), respectively. In the cluster IX, Arthrobacter
encompassing Arthrobacter sp. CSQS related to Arthrobacter
sulfireus DSM 201677 (98 %) and Arthrobacter kerguelensis
KGN15" (97 %). Cluster X included Colwellia sp. U27
displaying 98 % of identities with Colwellia polaris
BSi20537". Strain U7 and Ul were found to be related to
Colwellia genus when the RDP database was used for sequence
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Fig. 4 (continued)

alignments, particularly associated to C. polaris BSi20537" (97
and 98 % respectively), but through the methods employed for
phylogenetic analysis were grouped outside of this group.
Regrettably, gyrB amplification was unsuccessful for these
strains and can be seen in Fig. 4c that Colwiella sp. A1 grouped
with Halomonas spp., pointing out the need of further analyses
to identify them. Aliivibrio sp. LnSQ6, cluster XI, was closely
related to Aliivibrio logei NCIMB 22527 (99 %) and Aliivibrio
salmonicida NCIMB 22627 (98 %) and Glacielocola sp. L52,
cluster XII, was closely associated to G. polaris LMG 21857"
(98 %).

Phylogenetic analyses based on gyrB gene are shown in
Fig. 5c. Sewanella sp. G5 (cluster I) was highly associated
to S. baltica NCTC 10357 (98 % of identity);
Psychrobacter sp. F5 (cluster II) related to Psychrobacter
okhotskensis MD17" (98 %); Cobetia sp. Al (Cluster III)
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associated to Cobetia marina DSM 4741 (99 %);
Pseudomonas sp. G8 and E3 (Cluster IV) related to
P. proteolytica CIP 108464", 98 and 97 % of identities,
respectively. Aeromonas sp. D6 and D2 (cluster V) were
associated to A. molluscorum MDC20" (97 and 98 %,
respectively), and isolates grouped in cluster VI, Serratia
sp. F2, A7, A6, E6, A3, D3, D1, and D5, were all linked to
S. proteomaculans ATCC 19323" (98-99 %).

Discussion

Our studies were focused on the role of the bacterial commu-
nity as a whole in heterotrophic production and on the enzy-
matic activities that determine the importance of the bacterial
flora in the food web as a resource of metabolites with
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Gel 1: 1- A1, 2- A3, 3- A4, 4- A5, 5- A7, 6- B2, 7- B3, 8- B4, 9- B5, 10- B7, 11- B8, 12- C3, 13- C8, 14- CsQ2, 15- CsQ3, 16- CsQ5, 17- D1, 18-
D2, 19- D4, 20- D5, 21- D6, 22- D7, 23- D8, 24- D10, 25- D11, 26- D12, 27- D13 Y 28- D3. Gel 2: 1- Lac1, 2- Lac4, 3- Lac5, 4- LasQ1, 5- LasQ3,
6- LasQ7, 7- L1, 8- L38, 9- LnsQ2, 10- 48xA, 11- 48xR, 12- P2, 13- P5, 14- P8, 15- D15, 16- E2, 17- E3, 18- E4, 19- E6, 20- E8, 21- En11, 22-
En13, 23- En18, 24- En38, 25- En40, 26- G1, 27- G2 Y 28- G3. Gel 3: 1- F2, 2- F3, 3- F4, 4- F5, 5- F6, 6- F7, 7- F8, 8- G5 Y 9- G8. Gel 4: 1- A1,
2- A3, 3- A4, 4- A5, 5- A7, 6- B2, 7- B3, 8- B4, 9- B5, 10- B7, 11- B8, 12- C3, 13- C6, 14- CsQ2, 15- CsQ3, 16- CsQ5, 17- D1, 18- D2, 19- D3, 20-
D4, 21- D5, 22- D6, 23- D7, 24- D8, 25- D10, 26- D11, 27- D12 'Y 28- D13. Gel 5: 1- Lac1, 2- Lac4, 3- Lac5, 4- LasQ1, 5- LasQ3, 6- LasQ7, 7-
L1, 8- L38, 9- LnsQ2, 10- 48xA, 11- 48xR, 12- P2, 13- P5, 14- P8, 15- D15, 16- E2, 17- E3, 18- E6, 19- E8, 20- En11, 21- En13, 22- En18, 23-
En38, 24- En40, 25- G1, 26- G2 Y 27- G3. Gel 6: 1- F2, 2- F3, 3- F4, 4- F5, 5- F6, 6- F7,7- F8, 8- G5 Y 9- G8.

Fig. 4 (continued)

biotechnological potential. In our work, 737 cultural marine
bacteria were isolated from the sub-Antarctic environment
Beagle Channel as a potential to isolate novel enzymes.
Therefore, seawater and intestines of invertebrate’s samples
are a great source of cold-adapted microorganisms able to
produce enzymes with high activity at low temperatures.
While our assays were carried out at 4 and 20 °C, the most
microorganisms isolated were classified as psychrotolerant,
which can grow on the widely range of temperatures (4 to
37 °C). Our result are consistent with those of Trincone (2011)
and Olivera et al. (2007), who reported on bacteria that were
isolated from crustaceans and mollusks and which produced
several hydrolytic enzymes, mainly proteases. Marine micro-
organisms are of great interest to explain its function as key
factors in the recycling of organic matter and a source of novel
enzymes, metabolites, or compounds with potential biotech-
nological applications (Kennedy et al. 2008). Olivera et al.
(2007) reported that the coast of Tierra del Fuego (Argentina)
as a cold environment (with temperatures from 9.7 °C in
summer to 4.5 °C in winter) is a very suitable environment
for isolation of psychrophilic microorganisms. In addition,
Garcia-Echauri et al. (2011) reported the isolated of 260
culturable psychrophilic bacteria obtained from Antarctic en-
vironmental; these bacteria were capable to growth at 4 °C in

different culture media and visualized as a potential source for
biotechnology products, such as cold-active enzymes and
metabolites.

The wide variations in the expression of genes that regulate
a diversity of enzyme-producing bacteria could be linked to
the ingestion or presence of particular nutrients in the ecosys-
tem of the Beagle Channel (Ledn et al. 2000; Cristobal et al.
2011a, b). Therefore, this effect was observed in previous
studies by the assimilation of several carbon source establish-
ments’ symbiosis mechanisms between several clusters of
bacteria and benthonic organisms (Fig. 1) (Trincone 2011;
Cristobal et al. 2011b). A possible hypothesis could be ex-
plained by a certain mechanism of adaptation that could be a
horizontal gene transfer (HGT) that proposes that the plasmids
play a main role on the gene transfer that could be acquired
between some bacteria (Ochman et al. 2000; Thomas and
Nielsen 2005). In other studies, different plasmid profiles were
observed from microorganisms belonging to several Bacteria
phylum isolated from benthonic organisms and seawater.
These strains exhibited various enzymatic activities, however,
were described as proteolitic bacteria. The presence of plas-
mid banding profiles may be indicating HGT among these
bacteria (Cristobal et al. 2011b). Numerous reports on HGT
show high incidences in naturally occurring microbial
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Fig. 4 (continued)

communities and indicate that genetic exchange plays a sig-
nificant role in the evolution and ecological impact of terres-
trial and aquatic microorganisms (Ochman et al. 2000;
Thomas and Nielsen 2005).

The number of heterotrophic bacteria in seawater was
reported to be in the order of 1x10° to 1x10* cells per
milliliter (Boniek et al. 2010). Expectedly, the number of total
CFU in our work was 1 x10? in seawater samples (Table 1). It
was continually reported that in many environments, only a
small fraction (<1 %) of cells observed by direct microscopy
can be recovered as CFU on laboratory conditions (Hagstrom
et al. 2002). Sanchez et al. (2008) reported that 8,000 CFU/g
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of bacteriocin producers isolated from soil of Isla de los
Estados, Argentina. Our approach resulted in a major popula-
tion retrieved from enrichments in R2A medium from intes-
tines collected during winter and summer. Seawater samples
did not produce marked differences in the CFU/mL between
winter and summer (Fig. 2). Even when a correlation between
the bacterial content of the samples is not possible, the results
obtained are explained by the fact that intestine samples carry
a higher microbial concentration.

According to the API tests, Supplementary Table 3, the
characterization of marine bacteria was rapid and effective in
supporting the biochemical and physiology makeup with
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other studies. Vogel et al. (2005) and Cristobal et al. (2009)
described a simple phenotypic scheme derived from various
biochemical tests, which were used in the classification of
several strains, as belonging to the genus Shewanella. The
report of Sanchez et al. (2008), though the use of APIs, tests
the characteristic of members of Serratia group. Our results
allowed us to identify members of Pseudomonas,
Pseudoalteromonas, Serratia, Shewanella, Alteromonas, and
Colwellia genera.

Several cultivable marine bacteria were able to survive the
selection imposed by the presence of a carbon source and
metabolically efficient to produce enzyme which hydrolyses
the substrates (Table 2). In this approach, we select the best
bacteria able to produce [3-glucosidases, celulases, (3-galacto-
sidases, 3-xylanases, proteases, and chitinases (Fig. 2). These
enzymes are employed in a wide range of industrial processes
(Satyanarayana et al. 2005; Cavicchioli et al. 2002).
Furthermore, there is today an expanding demand for novel
enzymes useful for degrading natural polymers, including
starch, cellulose, and proteins, or useful for the chemical and
pharmaceutical industries (Trincone 2011; Kennedy et al.
2008; Lee et al. 2010). The products of Antarctic microorgan-
isms including enzymes, metabolic cofactors, light-harvesting
complexes, and ether-linked lipids have potential biotechno-
logical applications (Satyanarayana et al. 2005).

In our enzymatic assay, 11 isolates were able to produce
cellulases and carboxymethyl cellulose by hydrolysis of paper
and CMC, respectively, and exhibit the best hydrolysis halos (20
to 30+1 mm in diameter, Fig. 3a); these important enzymes are
in demand for a variety of applications including alcohol pro-
duction, improvement of juice yield, extraction of color from
juices, improves color brightening in detergents, softening and
soil particle removal, etc. (Egorova and Antranikian 2005).
Commercial products have been developed by Novozymes
include Celluzyme®, a cellulase capable of efficient hydrolysis
at 15 °C (Wang et al. 2008). While with xylanase activity, 40
isolates were capable to hydrolyze the xylan and bagasse from
sugarcane, leaving a clear zone by substrate degradations
(Fig. 3b); this enzyme has a substantial market value of
US$200 million (Sarethy et al. 2011). Commercial interest in
developing applications for xylanases, which degrade hemicel-
lulose from the plant cell wall fraction, is based on their ability to
play a key role as quality- and yield-improving agents in the
food, feed, pulp, baking, and paper industries (Wang et al.
2008). For [3-glucosidase activity, 32 best isolates could hydro-
lyze the cellobiose, revealing with Congo red dye its degradation
(Fig. 3c). The Congo red dye allowed disclose enzymatic activ-
ity, which is capable of binding to the polymeric compounds
(e.g., cellulose, xylan, and cellobiose), leaving a clear zone due
to the presence of a monomeric compound (e.g., glucose).
Several (3-glucosidases from microbial sources have been deter-
mined to have a commercial application in increasing the aroma
of wine (Palmieri and Spagna 2007; Cristobal et al. 2008). In the

case of (3-galactosidase activity, the isolates were able to gown
on lactose and revealing with blue colonies by X-gal degrada-
tion (Fig. 3d). The importance of cold-adapted (3-galactosidases
operating at neutral pH levels can improve the digestibility of
dairy products for lactose-intolerant consumers and also en-
hance sweetness at temperatures where contamination can be
minimized (Cristobal et al. 2009). It is an important remark that
the protease activity in agar milk was observed by the casein
degradation as source of carbon (Fig. 3e). For this enzyme,
constitute an important group among industrial enzymes, and
their global sales amount on the order of 60 % of total enzyme
market (Sarethy et al. 2011). In addition, commercial applica-
tions have been developed by Novozymes (Kannase® and
Properase®) and Kao Corporation include the use of cold-
active proteases in the production of detergents that are capable
of efficiently removing stains in wash at 10-20 °C (Wang et al.
2008). The chitinase play a role in the recycle to maintain
carbon-nitrogen balance in the environment (Sarethy et al.
2011), for our activity assay was observed in 35 isolates by
colloidal chitin degradation and hydrolysis halo formation
(Fig. 3f). Some types of enzymes, e.g., lipases and chitinases,
isolated from environments with biological value, are increas-
ingly in demand for use as more efficient and less costly
alternatives in several industrial processes (Kennedy et al. 2008).
Data of genetic fingerprints from both analyses can be seen
in the two dendrograms generated from y-Proteobacteria iso-
lates. It is clear that gy»B-RFLP fingerprints were more dis-
criminative than 16S-ARDRA ones (Fig. 4). Actually, the
gyrB-RFLP dendrogram retrieved and clearly grouped most
of the genera isolated separately, while Serratia, Shewanella,
and Halomonas were grouped together when fingerprints
from 16S-ARDRA fingerprints were analyzed. These results
agree with previous studies, which have demonstrated the
discriminative power of gyrB gene sequence, even when
closely related organisms are analyzed (Albuquerque et al.
2006; Yin et al. 2008). This shows the close relationship
between organisms of different genera, as well as the high
level of genetic heterogeneity among members of the phylum
Proteobacteria reported by several authors (Hagstrom et al.
2002; Junge et al. 2002; Cristobal et al. 2011a). In addition,
marine bacteria isolated from the Ross Sea (Pini et al. 2007),
Isla de los Estados (Sanchez et al. 2008), and Beagle Channel
(Cristobal et al. 2008, 2011b) were then characterized by
ARDRA and gyrB-RFLP analyses, establishing the degree
of intra- or inter-relationship between the species studied.
The overall phylogenetic distribution of the strains isolated
in this study concurs with several earlier reports obtained by
analysis of the Arctic sea ice, seawater, and Antarctic research
(Junge et al. 2002; Sanchez et al. 2008; Vazquez et al. 2008;
Yu et al. 2009; Mwirichia et al. 2010; Trincone 2011). In terms
of phylogenetic diversity, most of the selected isolates on the
basis of their enzymatic activity belonged to the -
Proteobacteria class of the proposed phylum Proteobacteria,
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<« Fig. 5 The sequences of full-length or nearly full-length genes were
sequenced with an ABI Prism 3100 Genetic Analyzer System following
the manufacturer’s recommendations. Phylogenetic trees are based on
16S rDNA and gyrB sequences and constructed using neighbor-joining
and maximum parsimony methods. The reproduction of each branch in
1,000 bootstrap analyses is indicated by the absence of marks at
branching points. The representative isolates identified in this study are
shown in bold type, and the accession number for all strains is given in
parentheses. The 16S rDNA and gyrB sequences were submitted to the
NCBI (http://www.ncbi.org.com) database. a Phylogenetic tree based on
full-length 16S rDNA sequences (approximately 1,500 bp), members of
[3- and o6-Proteobacteria were included as an outgroup; scale bar
represents 0.02 Knuc. b Phylogenetic tree based on partial 16S rDNA
sequences (500 bp), members of (3- and &-Proteobacteria were included
as an outgroup; scale bar represents 0.05 Knuc. ¢ Phylogenetic tree based
on full-length gyrB sequences (approximately 1,200 bp); scale bar
represents 0.05 Knuc. The black points in the diagram represent the
strains sequenced in the present study

which is consistent with previous reports (Junge et al. 2002;
Lee et al. 2010; Ohnishi et al. 2011; Cristobal et al. 2011b). In
this work, numerous members of 12 genera of y-
Proteobacteria class were identified and classified as belong-
ing to Alteromonadales order: Shewanella, Alteromonas,
Colwellia, and Pseudoalteromonas (Fig. 5a—c). As we ob-
served and previously reported, the prevalence in aquatic
habitats, marine sediments, and intestines of the species of
these genera and species of Psychrobacter (Pseudomonadales
order), which are readily cultured, reflects their ability to
successfully grow under heterotrophic conditions (Yu et al.
2009). The strains related closely to typical aquatic bacteria
belonging to the genus Aeromonas are widespread in fresh-
water and have been implicated as pathogens in human and
animal diseases. Species belonging to the family
Halomonadaceae are ubiquitous and have been isolated from
seawater and bodies of hypersaline water as moderate halo-
philes from the Halomonas/Cobetia groups (Mwirichia et al.
2010). Considered as psychrotolerant, species from the
Serratia group are ubiquitous and have been isolated from
marine sediments, soil, and seawater as we also previously
reported (Sanchez et al. 2008). Pseudomonas species are also
easily cultivable and widely isolated from clean and contam-
inated soils, in freshwater, and seawater (Olivera et al. 2007).
The strain collection being studied are able to produce a
variety of bioactive compounds, including metabolic cofac-
tors, light-harvesting complexes, ether-linked lipids
(Satyanarayana et al. 2005), extracellular enzymes (Cristobal
etal. 2011b), exopolysaccharides (Mwirichia et al. 2010), and
compounds with antimicrobial activities (Sanchez et al. 2008)
from Antarctic microorganisms. Various pharmaceutically rel-
evant activities and members of Halomonadaceae family and
Alteromonadales order have been shown to be of importance
in the use in environmental bioremediation processes
(Mwirichia et al. 2010).

Schmidt et al. (1991) reports that a phylogenetic tree con-
structed based upon only 200 bp of 16S rDNA genes was

congruent with one calculated by using full sequences for the
major bacterial phyla, with diverging lineages established at
the level of genus. Therefore, in our study using 500 bp of 16S
rDNA sequences, we identified microorganisms belonging to
clusters V, VI, and VII (Fig. 5b). This region contains se-
quence variability in conserved secondary structure and is
therefore useful for rapid comparison of sequences. Junge
et al. (2002) reported close relationships with known marine
psychrophiles within the genera Alteromonas, Colwellia,
Glacielocola, Octadecabacter, Pseudoalteromona, and
Shewanella. Yamamoto et al. (2000) reported that 7poB and
gyrB genes show a greater degree of evolutionary divergence
and proposed their use as markers for taxonomic analyses.
The difference in the base substitution frequencies for 16S
rDNA and gyrB genes may be due to the difference in the
number of sites available for neutral base substitutions
(Cristobal et al. 2008). We observed the correct taxonomy
within each genus, with the exception that the E3 strain
(Pseudomonas sp.) was classified inside of Serratia genus.
Phylogenetic studies based on culture collections from
Antarctic regions and sea ice has been indicated close rela-
tionships with known marine psychrophiles (Cristobal et al.
2011b; Sanchez et al. 2008).

Conclusions

The seawater and benthonic organism samples from the
Beagle Channel, Argentina, showed high levels of diversity
in terms of microbes and varieties of cold-active enzymes.
This work is an attempt to describe their diversity, as well as
the production of biocatalyzer with potential for biotechno-
logical processes. This study also confirms that 16S rDNA
and gyrB genes can serve as powerful markers for elucidating
phylogenetic relationships between marine bacteria. These
approaches have the potential to contribute to research involv-
ing new bacterial strains that exhibit unusual properties.
Further efforts are clearly needed to generate culture collec-
tions from cold habitats, by applying a wide range of culturing
methods. Such efforts will provide avenues for high-
throughput screening of new cold-active products and micro-
bial industrial processes.
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