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Abstract Deschampsia antarctica is the only hair grass
that has been able to successfully colonize the Antarctic
continent. However, there is little research on the role of
microorganisms associated with the rhizosphere that may
participate in its growth and development. The objective of
this research was to characterize a psychrotolerant bacterial
strain isolated from the rhizosphere of D. antarctica. Bio-
chemical and molecular studies were performed to char-
acterize this bacterium. It was determined that this strain
secretes a neutral polysaccharide that presents different
compositions at different temperatures (4 and 20 °C).
Based on biochemical and phylogenetic analyses, the
Antarctic rhizobacterium could be a new species of Pseu-
domonas. To determine their ability to solubilize different
sources of inorganic phosphate, qualitative and quantitative
analyses were conducted to determine P released at 4 °C.

G. Berrios - A. Gutiérrez-Moraga (D<)

Laboratorio de Fisiologia y Biologia Molecular Vegetal,
Departamento de Produccion Agropecuaria, Facultad de
Ciencias Agropecuarias y Forestales, Universidad de La
Frontera, Casilla 54-D, Temuco, Chile

e-mail: hgutier @ufro.cl

G. Berrios - A. Gutiérrez-Moraga

Center of Plant, Soil Interaction and Natural Resources
Biotechnology, Scientific and Technological Bioresource
Nucleus, Universidad de La Frontera, Casilla 54-D,
Temuco, Chile

G. Cabrera

Insumos Organicos y Naturales para Agricultura y Jardineria
(IONA), Carretera General San Martin km 24, Colina,
Santiago, Chile

M. Gidekel
Vicerrectoria de Investigacién y Postgrado,
Universidad de La Frontera, Casilla 54-D, Temuco, Chile

The Antarctic strain of Pseudomonas sp. was able to
solubilize all sources of phosphates, and 34.2 mg P/L was
released from rock phosphate. Growth physiological
parameters were evaluated for seedlings of D. antarctica
inoculated with the rhizobacteria. It was found that the
bacterial inoculation promoted plant root development.
SEM analysis of the roots showed that the bacterium is
mainly located in the root hairs of D. antarctica.
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Introduction

The Antarctic continent is a place where climate and soil
present extreme characteristics; nevertheless, it is full of
life, and its unique features still allow species of plants and
animals to adapt to harsh environments. D. antarctica Desv
is one of the most studied plant species in Antarctica
because it is one of the two vascular plants able to with-
stand the extreme conditions (Alberdi et al. 2002).

Most of the research done on D. antarctica has been
devoted to studying the adaptation of this plant to the cold
environment and to understand its physiological and
molecular mechanisms of tolerance to UV radiation and
high salinity (Ruhland et al. 2005; Parnikoza et al. 2011;
Chew et al. 2012). However, there are few reports on
external factors that may facilitate the adaptation and dis-
semination of this plant in the Antarctic (Gielwanowska
et al. 2011; Chew et al. 2012).

The ability of plants to adapt to adverse environmen-
tal conditions defines their long-term survival and geo-
graphical and environmental distribution. Sometimes, such
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adaptations are the result of interactions between roots and
soil microorganisms. Furthermore, it has been determined
that rhizosphere microorganisms play an important role in
the biogeochemical cycle of macronutrients important for
plant development. In particular, P is an essential element
for the growth and development of plants and microor-
ganisms. Although P is abundant in soils, in both organic
and inorganic forms, plants are only able to absorb it from
the soil solution as phosphate anions, and often, available P
is a limiting factor for plant growth. This is due mainly to
the fact that phosphate anions are extremely reactive and
can be immobilized by precipitations with cations such as
Ca’™, Mg2+, Fe’T, and Al T, reducing its availability to
plants (Gyaneshwar et al. 2002). This can be a serious
problem in soil fertility, especially those derived from
volcanic ash, such as the case in Antarctic soils.

Some species of microorganisms, especially those
associated with the plant roots, have the ability to solubi-
lize P from the soil, making it readily available for plant
uptake (Cakmakci et al. 2006). The insoluble inorganic
phosphate may be converted into P available through
metabolic activities, for example, through organic acid
secretion which in turn dissolves phosphate rock, and
forming highly stable calcium chelates, originating from
the phosphate salts, thereby releasing the soluble P into the
soil solution (Chung et al. 2005). The production of
microbial metabolites results in a decrease in soil pH,
which probably plays an important role in P solubilization
(Stevenson 2005). Most studies on phosphate solubilizing
bacteria are limited to mesophilic temperatures (Chung
et al. 2005; Chen et al. 2006). A few species of bacteria
such as Pseudomonas corrugata (Trivedi and Sa 2008) and
Pseudomonas fluorescens (Katiyar and Goel 2003), both
mutant strains, and native psychrotolerant bacteria such as
Pantoea dispersa (Selvakumar et al. 2008), Pseudomonas
fragi (Selvakumar et al. 2009), and Pseudomonas lurida
M2RH3 (Selvakumar et al. 2011) are known to solubilize
phosphates at low temperature. However, the inorganic
phosphate solubilization activity at low temperature has not
been previously reported for bacterial strains isolated from
Antarctic soil or from the rhizosphere of D. antarctica.
In addition, there is no information in previous work that
had been published about the interaction at the physio-
logical level of phosphate solubilizing bacteria with
D. antarctica. In an earlier study (Barrientos et al. 2008),
several bacterial strains from the rhizospheric soil D. ant-
arctica were isolated and characterized. A wide range of
psychrotolerant bacteria were found in Antarctic soil
samples, and they were found to be resistant to antibiotics
and tolerant to heavy metals. Based on strain identification
using the 16S rRNA gene, most of the bacterial isolates
appeared to be Pseudomonas species, and some also
belonged to the genera Flavobacterium and Arthrobacter.
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The aim of the present research was to conduct a
molecular and biochemical characterization of one of the
bacterial strains isolated from the rhizosphere of D. Ant-
arctica and to determine their ability to solubilize inorganic
phosphate from different sources, at low temperature.
Specifically, we tested whether the strain might be classi-
fied as Plant Growth-Promoting Rhizobacteria (PGPR). In
addition, we will be using D. antarctica and the bacterial
strain on a plant—microbe interaction study at physiological
level. In this regard, we want to understand the role of
Antarctic soil microorganisms associated with of D. ant-
arctica rthizosphere and if they are able to help this plant in
its adaptation and survival in extreme environmental con-
ditions of Antarctica.

Materials and methods

Biological material. The organism used in this study cor-
responds to the Antarctic strain Pseudomonas sp. Da-bac
TI-8 PTA 8990. Its 16S rRNA gene sequence has been
deposited in GenBank under accession number JQ598792.
1. This strain was isolated from rhizosphere soil samples of
D. antarctica, in the work carried out by Barrientos et al.
(2008). Prior evaluation showed that it was a psychrotol-
erant bacterium, having an optimum growth at temperature
around 20 °C. Because of this, subsequent analyses were
performed with two different incubation temperatures
(4 and 20 °C).

Growth at different temperatures. Strain Da-bac TI-8
was grown in triplicate in liquid medium at 4 and 20 °C.
The LB (Luria—Bertani) culture medium was used, con-
sisting of 10 g tryptone, 10 g NaCl, and 5 g of yeast extract
in 1,000 mL of distilled water. The medium pH was
adjusted to 7 before being sterilized by autoclaving. The
experiment was conducted in shake flasks with a capacity
of 1,000 mL with constant stirring, containing 250 mL of
LB medium and an initial inoculum of 1 mL of the bac-
terial strain removed from a culture during logarithmic
phase of growth at 20 °C. To quantitate the bacteria,
aliquots of 1 mL were periodically taken in the case of
incubation at 20 °C, sampling times were every 3 h and for
incubation at 4 °C, the sampling intervals were every 24 h.
Measuring the absorbance was performed spectrophoto-
metrically MBA 2000 (Perkin Elmer) at a wavelength of
520 nm, in triplicate, and the results were expressed as
mean values. The technique used to estimate biomass was
dry weight. This technique was supplemented by indirect
measurement of medium turbidity by measuring absor-
bance. In addition, we analyzed the following bacterial
growth parameters such as specific growth rate (p), gen-
eration time (g) according to the methodology described by
Nedwell and Rutfer (1994).
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Fatty acid analysis. The analysis of methyl esters fatty
acid was performed by GLC according to the instructions
of the Microbial Identification System (MIDI). Fatty acids
were analyzed and determined with a GC—Clarus 500
equipment (Perkin Elmer) equipped with a FID (Flame
Tonization Detector) and a specific column for fatty acids
SP™ Fused Silica Capillary Column 2380 (60 m x
0.25 mm x 0.2 pm film thickness, SUPELCO) using a
temperature program of 150 °C for 1 min, then increased
at 1 °C/min to 168 °C held there for 11 min, increase at
6 °C/min to 230 °C and held for 8 min. Fatty acids were
identified and quantified by comparison of the methyl
esters fatty acids (FAME Mix C4—C24 and octadecadienoic
acid, methyl conjugates).

Phenotypic characterization. Test using carbon sources
was determined by the method API 50 CH (BioMerieux,
France). Samples were incubated 48 h at 20 °C and 72 h at
4 °C. Furthermore, the enzymatic activities of this strain
were determined by using the semiquantitative method API
ZYM (BioMerieux SA, France), incubating the samples at
20° and 4 °C for 16 h. Subsequently, the readings were
performed according to manufacturer’s instructions.

16S rDNA sequence analysis of. The 16S rRNA gene
fragment from the Antarctic strain Da-bac TI-8 was
amplified by PCR with primers F8 (forward) 5'-AGAGTT
TGATCCTGGCTCAG-3' and R1492 (reverse) 5'-GGTTA
CCTTGTTACGACTT-3’, which amplified a product of
1,500 bp (Weisburg et al. 1991; Baker et al. 2003). The
PCR was performed according to the method described by
Barrientos et al. (2008). Subsequently, these samples were
sequenced with an ABI 3730XL (Applied Biosystems)
sequencer by the company Macrogen (Korea). The
sequence was analyzed and identified through the data-
base “Living Tree Project” (LTP http://www.arb-silva.de/
projects/living-tree) with the collaboration of Dr. Ramon
Rossello-Mora “from the Mediterranean Institute for
Advanced Studies” (IMEA).

Estimate of the production of exopolysaccharide (EPS)

The EPS extraction process was performed according to the
methodology described by Quezada et al. (1993). We star-
ted with a 5 ml preinoculum of Da-bac TI-8 strain in LB
medium, obtained after 24 h of growth at 20 °C, from this
culture, 1 mL was removed for inoculation of 500 mL
Erlenmeyer flasks containing 250 mL of LB medium. From
these flasks, some were incubated at 20 °C and others at
4 °C. Every 24 h, 50 mL of bacterial culture was removed
and centrifuged at 10,000 rpm for 60 min (Beckman Cen-
trifuge). Three volumes of cold ethanol 96 % (v/v) were
added to the supernatant and then stored at 4 °C during
12 h. Then, the white precipitate of extracellular material
(EPS) was collected by centrifugation at 7,000 rpm for

10 min. The precipitate was washed two times with abso-
lute ethanol and then dried at room temperature. The
remaining solid was dissolved in distilled water and then
dialyzed using a Midicell dialysis membrane pore size
12-14,000 Dalton, for 72 h in distilled water, and finally,
it was lyophilized and weighed to determine yields.

Characterization EPS

Colorimetric analysis. Protein content in the EPS was
determined by the Bradford method (1976), with bovine
albumin serum as a standard, and the total neutral sugar
content was determined by the method described by
Dubois et al. (1956), using glucose as a standard.

Monosaccharide analysis. All samples were analyzed by
high performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) (Taboada
et al. 2010). Total monosaccharide compositions were
determined after one step hydrolysis using 72 % (v/v)
H,SO, at 120 °C for 60 min. The hydrolyzed samples were
filtered, and 100 pL samples were made to 5 mL with water
UP (ultra pure). Samples of 4 mL were used for injection in
the HPAEC-PAD system. Chromatography of the samples
was performed using a Dionex LC system coupled to an AS
50 autosampler. The HPAEC system was equipped with a
CarboPac PA10 column (4 x 250 mm) in combination
with a CarboPac guard column and run at 30 °C. Separation
was performed with a flow rate of 0.7 mL/min in the col-
umn and a total flow rate of 1 mL/min in the post-column
using a combined gradient of two eluents prepared using
degassed distilled HPLC grade water (Fisher Chemical):
eluent A, 0.17 M sodium acetate in 0.2 M NaOH solution;
eluent B, distilled water. Gradients of A and B were used in
sequence to elute monosaccharides. This resulted in the
following gradient: A 0-5 min, 100 %; B 6-31.5 min.
Samples (5 pL) were injected at 15.5 min. NaOH (0.3 M)
was used post-column at a flow rate of 0.3 mL/min. The
effluent was monitored using a pulsed-electrochemical
detector in the pulse-amperometric mode with a gold
working electrode and a Ag/AgCl reference electrode to
which potentials of E1 =0.1V, E2=-20V, E3 =
0.6 V, and E4 = —0.1 V were applied for duration times
t1=04s, 2=0.02s, 3=0.01s, and 4 = 0.07 s,
respectively. Quantification of the samples was performed
using the response factors calculated from the peak areas of
the mixed standard solutions for six sugars (glucose, man-
nose, rhamnose, galactose, arabinose, and xylose). Fucose
was used as internal standard.

Analysis of mineral phosphate solubilization

The strain solubilizing phosphate activity was deter-
mined according to the protocol of Pikovskaya (1948).
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In summary, the bacterial strain was grown in PVK agar
medium. The utilized phosphate sources were tricalcium
phosphate [Ca3(PO,4),], monobasic calcium phosphate
[Ca(HPO,) 2H,0], and rock phosphate (Gafsa). During the
evaluation of phosphate rock solubilization, a pH indicator
(bromophenol blue) was added to the culture medium
(to improve visibility of the halo produced). The amount of
P applied was equivalent to 400 mg P/L for each of the
sources used. The inoculation was accomplished with an
aliquot (5 pL) of the bacterial suspension of a known
concentration (1 x 10° CFU/mL). Subsequently, the plates
were incubated at 15 °C for 120 h and analyzed visually.
Using as a criterion for phosphate solubilization, a halo
formation (solubilization) around the colony (Das 1989;
Singal et al. 1991), the ratio between the diameter of the
halo and the diameter of the colony was calculated.

Quantitative analysis of phosphate solubilization

Quantitative estimation of solubilized phosphorus was
carried out by growing the bacteria in 25 mL of PVK liquid
medium, supplemented with phosphate rock (400 mg P/L)
in 125 mL Erlenmeyer flasks on a rotary shaker (125 rpm)
at 4 °C 120 h. Control flasks were not inoculated with
bacteria. The strain was tested in quintuplicate. Subse-
quently, samples were centrifuged at 10,000 rpm for
10 min. at 4 °C, and the content of soluble phosphorus was
determined in the supernatant using the Phosphomolibdic—
ascorbic acid method (Murphy and Riley 1962). Five
replicates per treatment were used, and the results were
statically analyzed by ANOVA and Tukey Means Com-
parison test (P < 0.05), using the statistical software SPSS
11.0.

Organic acid identification

Identification of organic acids released by the bacteria into
the PVK liquid culture media was performed from analysis
of the culture supernatant using HPLC-UV equipment
(Hwangbo et al. 2003). A Kromasil column C18 RP (4.6 x
250 mm, 5 um) was used as a mobile phase 0.1 % H3PO,,
with a flow of 0.5 mL/min. The corresponding peaks for
each organic acid were detected at 220 nm and identified
according to retention time of commercial standards: oxalic
acid, citric acid, gluconic acid, and malic acid.

Indole acetic acid (IAA) production

To determine the IAA produced, we adopted the method-
ology described by Bric et al. (1991). The measurements
were made by analyzing three replicates of the strain T1-8
grown in 3 mL of LB medium supplemented with L-tryp-
tophan (1, 2 and 5 mg/mL). Control treatments did not
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receive L-tryptophan supplementation. Cultures were
maintained on a gyratory shaker (120 rpm) and were
incubated at two temperatures (4° and 20 °C) for 48 and
216 h, respectively, as described by Ahmed et al. (2005).
Subsequently, the bacterial cultures were centrifuged at
4,800 rpm for 15 min at 4 °C. For IAA analysis, and 1 mL
of the supernatant was withdrawn and mixed with 2 mL of
Salkowski reagent (20 mL of FeCl;, 57.45 mL H,O, and
22.55 mL H,SO,), under stirring for 15 s with a vortex
mixer. The mixture was allowed to stand for 30 min, and
then, the absorbance at 530 nm was read in a Nanodrop
device. A pink color development indicates the production
of TAA. TAA concentration produced in the culture medium
was estimated using a standard curve of IAA. The results
were analyzed by ANOVA and Dunnet’s mean comparison
(P < 0.05), using the statistical software SPSS 11.0.

Analysis of plant growth promotion

Deschampsia antarctica plants grown in vitro were inoc-
ulated with a bacterial concentration of 10° CFU/mL in
order to study the effect of different temperatures (13 and
22 °C) on plant-microbe interaction. In all cases, D. ant-
arctica seedlings were inoculated with 0.1 mL of bacteria.
The seedlings were placed in square Petri dishes
(12 x 12 cm) containing 50 % Murashige—-Skoog med-
ium. For each treatment, 30 seedlings were inoculated, 10
plates, three replicates per treatment. Once the seedlings
were inoculated with the respective treatments and placed
in culture dishes, they were incubated for 2 months. At the
end of the test, the following biometric parameters were
measured: root number, root length, leaf dry mass, and root
dry mass. All biometric results were subjected to a variance
analysis (ANOVA) for one factor, and means were com-
pared by the Dunnet test for P < 0.05, using the statistical
program SPSS 11.0.

Scanning electron microscopy (SEM)

Bacterial cell presence on the root surface of D. antarctica
were visualized by SEM on 5 mm root samples from
inoculated and non-inoculated plants. Root pieces were
fixed in 2.5 % glutaraldehyde (100 mM buffer phosphate,
pH 7) for 4 h at room temperature. Samples were dehy-
drated using a series of ethanol washes followed by a series
of acetone washes and then dried at critical point using
CO, (Sorvall Critical Point Drying System, Connecticut,
USA). Samples were covered with 99.99 % gold—palla-
dium (60:40 Au:Pd ratio) (Pelco, Watford, UK), in a Pelco
Sputter 9100 (Polaron Equip-ment Ltd., Watford, UK).
Root samples were examined using a scanning electron
microscope, LEO 1420 VP (LEO Electron Microscopy
Ltd., Cambridge, UK) (Fig. 1).
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Results

Molecular and biochemical characterization of strain
Da-bac TI-8

Growth of Pseudomonas sp. Da-bac TI-8. In order to
understand the growth of Pseudomonas sp. Da-bac TI-8
strain at different temperatures, the bacterial growth curves
were determined, and the results are shown in Fig. 1. The
bacterial strain Pseudomonas sp., isolated from the
Antarctic soil, showed a classical bacterial growth curve in
LB medium. Bacteria cultured at 20 °C showed a phase
delay of 3 h, followed by an exponential phase lasting 33 h
achieving a growth rate of 0.045 g/h. After this time, there
was a steady growth, which was continued for 72 h. On the
other hand, when the bacteria were incubated at 4 °C, there
was a greater duration of each growth phase, the adaptation
phase occurred during the first 15 h, the exponential
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Fig. 1 Growth of Pseudomomas sp. Da-bac TI-8 strain at different
incubation temperatures (In: natural logarithm)

Pseud s Aonsar

growth started at 216 h, and the stationary phase was
maintained until 500 h of incubation. The rate of bacterial
growth at this temperature was 0.027 g/h. The bacterial
strain in optimum temperature conditions (20 °C) doubled
every 1.31 h, while at 4 °C, the doubling time was every
4.31 h. Growth assays at 37 °C failed because growth was
totally inhibited.

Fatty acid profile. Results of the fatty acid analysis at
different growth temperatures are shown in Table 1. Fatty
acid analysis revealed that the methyl ester derivatives of
fatty acids of this strain grown at 4 °C, consisted of C;s.q,
Ci6:1» C17.1, and Cys.; as unsaturated fatty acids. Among
the constituents, C;s.; was the major component compris-
ing 42.71 % of the total fatty acids. Saturated fatty acids
consisted of Ci3.9, Cyg.0, and C;7.o. Among the polyun-
saturated fatty acids, Cjg.1n and Coy4.1n9 Were observed.
When the bacteria were grown at 20 °C, they showed a
fatty acid profile where new short chain fatty acids such as
Cg.o were present. Fatty acid C,3.o was most abundant at
this temperature (24.99 %).

Phenotypic characterization. Physiological and bio-
chemical characteristics (enzymatic activity and carbon
source) of this strain are listed in Tables 2 and 3.

16S rRNA gene sequence analysis. To identify the
bacterial strain Da-bac TI-8 isolated from the D. antarctica
rhizosphere, a phylogenetic analysis was performed. As
shown in the phylogenetic tree (Fig. 2), the similarity of
the 16S rRNA gene sequence of strain Da-bac TI-8 with
the Pseudomonas species is greater than 99 %. Strain
Da-bac TI-8 showed a high similarity with Pseudomonas
brenneri AF268969 (99.5 %), Pseudomonas migulae

Pseudomonas aenugngsa, X066

Fig. 2 Neighbour-joining tree based on almost-complete 16S rRNA gene sequences, showing relationships among strain Da-bac TI-8 and

closely related members of the genus Pseudomonas (Sensu stricto)
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Table 1 Fatty acid composition of Antarctic strain Pseudomonas sp.
Da-bac TI-8 strain grown at different temperatures

Fatty acid® Growth temperature

20 °C 4 °C
C8:0 10.29 ND
C13:0 24.99 16.12
Cl15:1 8.52 42.71
Cl6:1 10.17 7.42
C16:0 ND 5.65
C17:0 16.28 3
Cl17:1 ND 14.01
C18:0 15.73 ND
C18:1n9t 10.39 1.84
C24:1n9 3.63 9.26
Trans 10.39 1.84
Saturated 67.29 24.77
Monounsaturated 18.69 64.14
Polyunsatured 14.02 11.1

ND not detected
? Reported as percentage of total fatty acids

Table 2 Comparisons of the enzymatic activity of Pseudomonas sp.
strain Da-bac TI-8 with those showed by other strains of psychro-
tolerant Pseudomonas

Enzyme activity 1 2% 3* 4%
Phosphatase acid + + — +
Alkaline Phosphatase + + - +
Esterase (C4) + + NR +
Lipase (C8) + + + +
Leucine arylamidase + NR +
Valine arylamidase + - NR +
Phosphohydrolase + + NR -

1 = Pseudomonas sp. Da-bac TI-8 strain; 2 = P. brenneri strain;
3 = P. proteolitica strain; 4 = P. panacis strain

NR not reported

* Data obtained from literature (Baida et al. 2001; Reddy et al. 2004;
Park et al. 2005)

AF074383 (99.3 %), Pseudomonas proteolytica AJ537603
(99.2 %), and Pseudomonas panacis AY787208 (99.1 %).
However, there is an obvious gap between the Antarctic
strain and other strains in the phylogenetic tree. This
prompted speculation that this organism may constitute a
new species of Pseudomonas. In order to obtain a better
characterization of this strain, several biochemical studies
were performed as described below.

Production and Characterization of Exopolysaccha-
rides. Figure 3 shows the kinetics of exopolysaccharide
(EPS) production at two different temperatures (4° and
20 °C). In both cases, the production of exopolysaccharides
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Table 3 Comparison of carbon sources used for growth of Pseudo-
monas sp. strain Da-bac TI-8 with those used by other strains of
psychrotolerant Pseudomonas

Carbon source 1 2% 3% 4% 5°

Glycerol
Erythritol

I
I
+ o+ o+

I+

L-Arabinose

p-Ribose

+

J’_

|
+ o+ +

D-Xylose
p-Adonitol

p-Galactose
D-Glucose

p-Fructose

|
o+ o+ o+ o+
+ o+ o+
+ o+ + +

D-Mannose
L-Rhamnose

Inositol

+ o+ + +

+ o+
[
[

Dp-Mannitol
p-Sorbitol
D-Trehalose

+
N
N
N

Glycogen
p-Fucose
L-Fucose
D-Arabitol
L-Arabitol

e T i s T S S S S A

+ - - +
+ —_ —_ —

J’_

1 = strain Da-bac TI-8; 2 = P. brenneri; 3 = P. proteolitica; 4 = P.
Panacis; 5 = P. migulae

NR not reported

4 Data obtained from literature (Baida et al. 2001; Reddy et al. 2004,
Park et al. 2005)

increased progressively during the logarithmic growth
phase and reaches a maximum in the stationary phase. This
suggests that the production of EPS by Pseudomonas sp.
strain Da-bac TI-8 is a process that could be associated
bacterial growth.

The highest EPS production was obtained at 20 °C
(0.43 mg/mL), which corresponds to 0.15 mg EPS/mg dry
biomass at 72 h. When the Antarctic bacteria was incu-
bated at 4 °C, it was observed that at 25 h of incubation,
the EPS production (0.1 mg/mL) was lower than reached
at the same time at 20 °C. However, the ratio EPS/bio-
mass was higher at 4 °C. This suggests that at 4 °C, the
bacteria are producing and secreting this polysaccharide to
the culture medium perhaps to act as a viscosifying agent.
At this temperature, the maximum production was
2.11 mg EPS/mL of culture medium, corresponding to
1.7 mg EPS/mg of dry biomass at 200 h. It is important
to note that the weight ratio of EPS/biomass at 4 °C is 11
times higher than at 20 °C. This suggests that the pro-
duction and excretion of this metabolite could somehow
be associated with the bacterial adaptation mechanisms
to low temperature.
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Fig. 3 Microbial growth and exopolysaccharides production by Pseudomonas sp. Da-bac TI-8 strain at different temperatures

Table 4 Qualitative and quantitative results of the solubilization of inorganic phosphate produced by the strain Pseudomonas sp. Da-bac TI-8,

tested at 4 °C

Strain Qualitative P—solubilization Quantitative P—solubilization
Halo diameter (mm)
Ca3(PO,), Ca(HPO,), *H,0O Phosphate Rock mg P/L Final pr
Pseudomonas sp. Da-bac TI-8 33 £ 0.6a 5.3 &+ 0.6a 3.3 + 0.6a 343 +3.9a 4.2a
Control* Ob Ob 0b 2.5 + 0.9b 6.3b

Different letters indicate significant differences according to Tukey test (P < 0.05)

# Uninoculated control
® Initial pH 6.5

In order to know more about the nature of bacterial EPS,
produced and secreted by Pseudomonas sp. strain Da-bac
TI-8 at different temperatures, its chemical composition
was determined. The EPS were dialyzed to remove excess
salt and low molecular weight sugars that may be present
as impurities. Once the EPS was dried, the protein content
was determined, and it was very low for both temperatures
obtaining values of 1.24 % and 2.48 % (w/w) when grown
at 20° and 4 °C, respectively. The analysis of the EPS
sugar composition after total hydrolysis revealed the
presence of three neutral sugars at 20 °C: mannitol, gal-
actose, and glucose.

In contrast, the EPS obtained at 4 °C yielded four neu-
tral sugars residues. In addition, from above sugars,
rhamnose was also found, but only in trace amounts. The
sugars were found in a molar ratio mannitol:galact-
ose:glucose (1.0:0.7:0.7). In both cases, mannitol was the
most abundant sugar residue of EPS produced by Pseu-
domonas sp. strain Da-bac TI-8.

Solubilization of P. In order to understand the function-
ality of this psychrotolerant strain of Pseudomonas sp.
Da-bac TI-8 that was isolated from the rhizosphere of
D. antarctica, we assessed the P solubilization ability from
different inorganic substrates. First, a qualitative analysis
was performed by measuring the halo that was formed
around the inoculation site of the bacteria in the medium on

Fig. 4 Halo formed by Pseudomonas sp. Da-bac TI-8 strain tested
in vitro on Pikosvkaya (PVK) medium supplemented with rock
phosphate

PVK-solid agar enriched with various phosphate substrates.
As an insoluble substrate, we used calcium phosphate
dehydrate, calcium hydrogen phosphate and phosphate rock
(Gafsa). The results obtained are shown below in Table 4.

The solubilizing capacity of inorganic P, of the strain
Pseudomonas sp. Da-bac TI-8, was visible in the agar
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medium-PVK, where a clear halo was produced around the
bacteria (Fig. 4). The diameter of the halo formed by the
bacteria varied between 3.3 and 5.3 mm, with the larger
halo being when Ca (HPO,), H,O was P source. Differ-
ences in size of the solubilization halo may be due to the
variation in the growth rate by the strain for each of the
substrates studied.

The solubilizing capacity of inorganic P at 4 °C and the
final pH of the liquid culture medium are presented in
Table 4. It was observed that this strain solubilized
34.3 mg/L of P from a natural mineral like phosphate rock.
On the other hand, the control showed a small concentra-
tion of solubilized phosphorus (2.5 mg/L to P). According
to some authors (Goldstein 2000; Goenadi et al. 2000), this
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Fig. 5 TAA production in the culture medium, measured at different
temperatures, after addition of different concentrations of tryptophan.
Significantly different from control, *<0.05, **<0.01, ***<0.001
(Dunnet’s test)

should be the natural phosphate solubilization mechanism,
characterized by the slow release of P to the environment,
and especially in the case of phosphate rock. Moreover, the
final pH of the medium decreased from 6.5 to 4.2, indi-
cating that compounds with acidic properties (protons)
were released into the medium.

In a previous study, conducted at room temperature
(21 °C), it was demonstrated that some bacteria were
capable of solubilizing phosphate from phosphate rock in
an amount ranging from 70 to 140 mg/L of P.

IAA production. The bacterial production of TAA, at
different temperatures, after adding different concentra-
tions of tryptophan to the nutrient broth is presented in
Fig. 5. It could be observed that the amount of IAA pro-
duced increases along with the amount of tryptophan added
to culture broth, being higher the production of this phy-
tohormone at 20° than at 4 °C, respectively. This differ-
ence could be related to the different growth rate of this
specie at such temperatures, considering that IAA maybe a
secondary metabolite that would require a specific growth
phase of bacterial strain for its production.

Effect of inoculating D. antarctica with PGPR bacteria

In order to determine whether the strain of psychrotolerant
Pseudomonas sp. isolated from the rhizosphere of D. ant-
arctica has any promoting effect on plant growth, a direct
inoculation test was performed. The results of the physio-
logical changes that occur in the plant at different
temperatures are shown in Fig. 6 and Table 5. The mea-
surements were performed at 13 °C because it is the opti-
mum growth temperature of D. antarctica. The lower
inoculum concentrations (10" and 10> CFU/mL) tested
caused no significant effect on growth of Deschampsia.

(A) Uninoculated Control

(B) Inoculation with 10° CFU/mL

Fig. 6 Growth of non-inoculated plants of D. antarctica obtained in vitro (Control) (a) and growth of inoculated plants of Deschampsia with

Pseudomonas sp. Da-bac TI-8 (b) after 2 months of incubation
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Table 5 Results of the measurement of physiological parameters in D. antarctica after inoculation with the strain Pseudomonas sp. Da-bac TI-8

psychrotolerant
Treatment Incubation temperature
(CFU/mL)
13 °C 22 °C
Root length  Shoot dry Root dry Shoot/root ~ Root length  Shoot dry Root dry Shoot/root
(cm) weight (mg) weight (mg) (cm) weight (mg) weight (mg)
Control 38+04 264412 1.3 +03 203 +£07 40+08 23+£49 09 %02 256 £ 25
107> CFU/mL 42 4+ 03 31.4 £+ 0.5* 1.8 £ 0.1% 17.4 £ 03* 52+ 1.1 30£29 0.8 +£0.5 37.5 £ 1.7*

* Significant differences according to Dunnet test (P < 0.05)

Fig. 7 SEM micrograph of
roots D. antarctica grown at
13 °C. aDeschampsia root hairs
morphology. b Root hairs
surface of plant colonized by
Pseudomonas sp. Da-bac TI-8
strain, 2 months after
inoculation. ¢ Root surface of
plant colonized by
Pseudomonas sp. Da-bac TI-8
strain, 2 months after
inoculation. d Root surface of
non-inoculated plant free of
bacteria (control)

In this study, concentrations greater than 10° CFU/mL of
bacteria caused plant growth inhibition.

In vitro inoculation assay revealed that inoculated
seedling D. antarctica, at a concentration of 10 CFU/mL of
bacteria, had no effect on plant root length at both tem-
peratures. At 22 °C, there was no effect on plant shoot dry
weigh or root dry weight, but there was a significant effect
on the shoot dry weight/root dry weight ratio regarding
control treatment.

By other side, at 13 °C, the inoculation with psychro-
tolerant bacteria do not have any difference with control
treatment on root length, but it have significant differences
on root dry weight, shoot dry weight as well as in the shoot
dry weight/root dry weight ratio. It is interesting to note
that the shoot/root ratio was higher than control at 22 °C
but lower than control at 13 °C.

SEM analysis

In order to have a confirmation that antarctic Pseudomona
sp., isolated from the rhizosphere of D. antarctica, could be
attached to its root surface on their natural environment, and
a SEM analysis of plant roots previously inoculated with the
bacterium was performed. The SEM micrographs are
shown in Fig. 7. In Fig. 7a, the topography of Deschampsia
root hairs is presented, and they showed a morphology
similar to other species from the same family (Gramineae).
Figure 7b shows that bacterial colonization occurred pref-
erentially in the absorbent hairs of D. antarctica where a
large number of individual cells were in this area. On the
contrary, bacterial colonization showed a low number of
single cells on the surface of the primary roots (Fig. 7c).
Finally, there were no detectable bacteria on the surface of
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the root of control plants (Fig. 7d). These results suggest
that in the Antarctic environment, the Pseudomonas sp.
could habitat near the surface of Deschampsia roots.

Discussion

Molecular and biochemical characterization of strain
Da-bac TI-8

Growth of Pseudomonas sp. Da-bac TI-8

Results of growth at different temperatures indicate that
Pseudomonas sp. Da-bac TI-8 is a microorganism psy-
chrotolerant because it can grow at 4° and 20 °C, but not at
37 °C. It has been shown that the temperature variation in
the psychrotolerant bacterial cultures influences the bac-
terial growth phases duration. Pseudomonas sp. Dabac
T1-8 cultivated 4 °C showed slow growth with long lasting
on each growth stages. Panicker et al. (2002) obtained
similar results when assessing the growth of a Pseudomo-
nas sp. isolated from Antarctica. They observed in a bac-
terial media grown at 30° and 35 °C, respectively, a
decrease in the number of cells after been cultured during
50 h. On the contrast, the cultures grown at 0 or 4 °C
exhibited a relatively slow growth during the initial 24 h of
incubation, concluding that this could be due to the fact
that at lower temperature there is a reduction in the rate of
substrates uptake, taken up by active transport, mainly due
to the reduction of the fluidity of the cell membrane, as
described Nedwell (1999).

Nevot et al. (2008) showed that a reduction in the
incubation temperature causes an increase in the lag phase.
Results obtained by Nevot et al. (2008), determined that the
lag phase in the psychrotolerant bacterium Pseudoaltero-
monas antarctica lasted 24 h at 5 °C, 3—4 h at 25 °C and
above 25 °C the duration decreased until it reached a value
of zero at 30 °C. This has been commonly observed in
other cold-adapted microorganisms.

As the results show, the fatty acid composition of the
bacterial strain Da-bac TI-8 varies with the growth tem-
perature. In the present study, it was observed that the
content of unsaturated fatty acid increased when cells
were grown at 4 °C compared with when cells were
grown at 20 °C. In order to maintain the membrane flu-
idity, psychrophilic microorganisms have a mechanism of
adaptation to low temperatures consisting in the increase
in monounsaturated fatty acids content and the elongation
of fatty acid chains, involving an even number of carbons
(Annous et al. 1997; Chintalapati et al. 2004; Pucci and
Pucci 2006). In the lipid analysis of this bacterium, it was
found fatty acids that are characteristic of Pseudomonas.
The main fatty acids present in all species of the genus
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Pseudomonas are Ciq.0 (saturated), Ci6.;, and Cig.
(unsaturated), as well as the presence of fatty acids
hydroxycyclopropanes and branched chain fatty acids
(Palleroni 2005). Based on the results of fatty acid pro-
file, this strain belongs to psychrotolerant Pseudomonas
group.

Phylogenetic analysis based on 16S rRNA gene
sequence showed that strain Da-bac TI-8 belongs of the
genus Pseudomonas with more than 99 % sequence simi-
larity with the 16S rRNA gene of species such as P. bren-
neri AF268969, P. migulae AF074383, P. proteolytica
AJ537603, and P. panacis AY787208. This assay suggests
that the bacterial strain Pseudomonas sp. Da-bac TI-8
could be a new species of psychrotolerant bacteria; how-
ever, more work have to be done in order to clarify this
issue. Furthermore, the novel Pseudomonas strain can be
differentiated phenotypically from most closely related
species, as described in Tables 2 and 3.

In relation to the enzymatic assay, it is important to
mention that the same enzymatic profile is obtained when
the strain was growth at 4 and 20 °C, respectively
(Table 2). The enzymatic activities of Da-bac TI-8 com-
pare favorably with those previously reported in the liter-
ature for other strains phylogenetically close to Da-bac
TI-8 or that are also psychrotolerant. The P. breneri
showed similar enzymatic activities than the strain of
Pseudomonas sp. Da-bac TI-8, except for the arylamidase
activities (Baida et al. 2001). Furthermore, P. brenneri has
no phosphatase activity and, in contrast, P. panacis showed
enzymes to produce cystine arylamidase, instead of leucine
and valine arylamidase (Park et al. 2005). Unlike other
strains, Pseudomonas proteolytic only showed lipase
enzymatic activity (Reddy et al. 2004). All the enzymatic
results suggest that these strains are biochemically
different.

Once the bacterial growth curve was determined, it was
decided to study several carbon sources that Pseudomonas
sp. Da-bac TI-8 could assimilate and use for its growth
using API CH test. Results shown in Table 3 were com-
pared with that obtained by other phylogenetically close
strains. Under optimal growth conditions (20 °C), the
Pseudomonas sp. Da-bac TI-8 strain has the capacity to
utilize most of carbon sources assayed for its growth.
Previous reported psychrophilic bacterium agrees with
present work bacteria only in the fact that all of them were
able to assimilate simplest sugars like glycerol and
erythritol. They were also able to use D-trehalose, which
is also a known cryoprotectant that is very useful at low
temperatures. With regard to the rest of carbon sources,
there are several differences among all the species. These
show that Pseudomonas sp. Da-bac TI-8 has a unique
behavior that makes it different from phylogenetically
closest strains.
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Production and characterization of exopolysaccharides

In general, the growth phase where the production of
exopolysaccharides occurs differs between one microor-
ganism to another. EPS synthesis may be associated with
growth, as in the case of the polysaccharide pullulan,
produced by Aureobasidium pullulans, the alginate poly-
saccharide produced by Azotobacter vinelandi or hetero-
polysaccharides produced by many acid lactic bacteria
(Weldman and Maddox 2003; Corsaro et al. 2004). It is
less common that exopolysaccharides production occurs
only when growth has stopped completely, as happens with
curdlan polysaccharide obtained from Alcaligenes faecalis
(Sutherland 1990) or the exopolysaccharides produced by
Aeromonas salmonicida (Bonet et al. 1993). In case of
xanthan, the synthesis occurs in all phases of growth,
reaching a maximum EPS production, once the bacterial
growth stopped (Sutherland 1990, 1993).

In previous research (Nichols et al. 2005), the effect of
temperature on the production of exopolysaccharides by a
marine bacterium isolated from Antarctic was studied. The
EPS yields at —2 and 10 °C, respectively, were 10 times
greater than at 20 °C, which is the optimum temperature
for many psychrotolerant bacteria. These results are con-
sistent with results obtained in present work.

Some authors have suggested that the protein content of
microbial EPS could be between 1 and 18 % (w/w),
depending on the EPS kind (Beech et al. 1999), which is
in agreement with results obtained in this work. According
to Mancuso et al. (2005), EPS produced by Antarctic
bacterial strains could have different chemical composi-
tion. These authors suggested that glucose, galactose,
mannose, thamnose, and fucose sugars were the ones most
often found in bacterial EPS. Corsaro et al. (2004), ana-
lyzed exopolysaccharides produced by an isolation of
Antarctic Pseudoalteromonas haloplanktis TAC 125.
These authors found that these EPS were mainly com-
posed of residues of mannose and some traces of glucose.
These reports are consistent with the results obtained in
this work. It is important to note that other functions
attributed to bacterial EPS are related to cell adhesion
(Kumar et al. 2007).

Solubilization of P and organic acids production

The decrease of pH in the medium during the solubilization
of rock phosphate has been attributed to the secretion of
organic acids by bacterial strains (Hwangbo et al. 2003;
Chen et al. 2006).

These acids play an important role in the medium
acidification that facilitates the phosphorus solubilization.
The results obtained by these authors indicate that the pH
change depends on the type of phosphate tested. The strong

drop in pH of the medium was associated with the disso-
lution of phosphate rock; however, this was not the case
with other phosphates used in the study. The inverse rela-
tionship between the decrease in pH and the amount of
solubilized phosphate has also been reported by other
authors (Illmer 1995; Hwangbo et al. 2003; Chung et al.
2005).

Most studies of phosphate solubilizing bacteria have
been restricted to mesophilic temperatures (Chung et al.
2005; Chen et al. 2006). Some species of bacteria such
as P. corrugata (Trivedi and Sa 2008), P. dispersa
(Selvakumar et al. 2008), Pseudomonas fluoresecens
(Katiyar and Goel 2003). All of the above strains are
psychrotolerant mutants, with the exception of the strain of
P. fragi (Selvakumar et al. 2009), and are known to be
phosphate solubilizing at low temperatures. It should be
noted that the psychrotolerant strain of Pseudomonas sp.
T1-8 showed high capacity of phosphate solubilization at
low temperature. This fact suggests that one of their roles
in the rhizosphere of D. antarctica could be the solubili-
zation of the highly immobilized P from the Antarctic soil,
which is volcanic soil.

That is why, it became interesting to know what would
be the solubilization mechanism that this bacterium is
employing. There are several reports in the literature,
which describe that some bacteria have solubilization
mechanism from mineral phosphate associated with the
release of organic acids of low molecular weight (Deubel
and Gransee 2000). These acids have chemical structures
(hydroxyl and carboxyl groups) that are able to chelate
metal cations to form a very stable complex (Stevenson
2005). Thus, the phosphates are released, becoming in
soluble forms available for subsequent absorption by plants
(Reyes et al. 2007).

The obtained chromatographic results show that the
strain Da-bac TI-8 produces and excretes gluconic acid in
the culture medium that contains calcium phosphate.
Therefore, this could be the way in which solubilization
of mineral phosphate occurs. It has been reported that the
main organic acid produced by phosphate solubilizing
bacteria such as Pseudomonas sp. Erwinia herbicola and
Burkholderia cepacia is gluconic acid (Rodriguez and
Fraga 1999; Lin et al. 2006; Song et al. 2008). Another
organic acid which is found in strains with the ability to
solubilize phosphate is the 2-ketogluconic acid, present in
Bacillus and Rhizobium species, being also reported in
Pseudomonas (Richardson 2001, Gulati et al. 2007).
Some strains of Bacillus amyloliquefaciens and Bacillus
licheniformis produce mixtures of lactic, isovaleric, iso-
butyric, and acetic acids. Other organic acids such as
glycolic, oxalic, malic, and succinic acids have also
been identified between solubilizing bacteria (Ryan et al.
2001).
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IAA production

The Antarctic strain Da-bac TI-8 produced a lower level of
TIAA at a lower temperature. However, the concentrations
obtained from this bacterium can be sufficient to have a
direct influence on the plant growth, given that phytohor-
mones operate at very low concentrations (Ahmad et al.
2005). Some studies have found that microorganisms pro-
duce auxins in the presence of a suitable precursor such as
L-tryptophan. The addition of tryptophan to the culture
medium favors the production of IAA, based on the fact
that tryptophan is an intermediate in the biosynthetic
pathway of the IAA (Idris et al. 2007).

When taken together, the combined results suggest
that the strain of Pseudomonas sp. Da-bac TI-8 could be
considered as a Plant Growth-Promoting Rhizobacteria
(PGPR). From the ecological point of view, one might
speculate that this bacterium could influence the growth and
adaptation of D. antarctica to the Antarctic environment.

Effect of inoculating D. antarctica with PGPR bacteria

In this work, it was obtained that 10 CFU/mL was at least
the lower amount of inoculum required to promote a plant
growth effect after two month of Deschampsia inoculation.
Even when this amount could be considered low, regarding
any commercial biofertilizer formulation, these are con-
centrations that could be found in soil bacterial commu-
nities that habitat in plant rhizosphere. Furthermore,
despite to the fragile root structure of Deschampsia plants,
the Pseudomonas was able to attach to their surface as
demonstrated by SEM. Such fact suggests that the bacterial
inoculum could be able to growth on the hairy root area and
to promote plant growth through several mechanisms early
explained through this work.

At 22 °C, it was obtained an increase in the shoot/root
ratio regarding control, which could be a positive outcome
from the plant perspective because it put less resource in
roots and more into leaves and photosynthetic tissues. Such
result could be due to the higher amount of IAA secreted
by the bacteria at this temperature, as previously presented
(see Fig. 5), in addition to the fact that bacterial growth
rate was high at 22 °C. The higher phytohormone con-
centration could produce a slight inhibition of root devel-
opment, which could lead to the lower root dry weight
observed in inoculated plants regarding control treatment.
Dobbelaere et al. (2002) observed an inhibitory effect of
the high inoculum concentrations on root development;
which was attributed to the large number of bacterial cells
that produce supraoptimal amounts of hormones causing
inhibition of root growth.

On the other side, the lower shoot/root ratio observed at
13 °C on Deschampsia plants regarding control treatment
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could be due to the effect of IAA released by the bacterial
inoculum at the hairy root surface. It is known that lower
bacterial concentrations produce intermediate levels of
IAA, promoting increases in root development. This indi-
cates that only small doses of the plant phytohormone may
achieve positive effects. The growth promotion effect was
better at 13 °C, probably because D. antarctica presents an
optimal photosynthetic activity at this temperature (Alberdi
et al. 2002).

The positive effect caused by the bacteria in the plant
development incubated at 13 °C could be related to the
ability of this strain to synthesize IAA and to solubilize
inorganic phosphates at low temperatures. There is a sig-
nificant number of bacterial species, many of them asso-
ciated with plants rhizosphere, which are capable of
exerting a beneficial effect on plant growth. These groups
of bacteria are called PGPR, and they are bacteria species
of Pseudomonas, Azospirillum, Burkholderia, Bacillus,
Enterobacter, Rhizobium, Erwinia, Serratia, Alcaligenes,
Arthrobacter, Acinetobacter, and Flavobacterium (Rodri-
guez and Fraga 1999; Rosas et al. 2006). This paper
demonstrates that in the Antarctic soil could habitat some
PGPR bacterial species that could be playing important
roles in the distribution and survival of one of two vascular
plants that inhabit the Antarctic continent.

SEM analysis

The hair root zone the root tip was found to be preferential
site of bacterial colonization, and this pattern has been
explained by an elevated metabolic activity associated with
exudation from the root (Hansen et al. 1997; Parsello-
Cartieaux et al. 2001). Thus, in the study, it is shown that
this bacterium strain is capable of binding to the roots of
D. antarctica, preferably to the absorbent hairs. This would
allow the plant to benefit directly from the advantages of
the presence of the bacterium, such as phytohormones
(IAA) excretion and solubilization of insoluble P present in
the rhizosphere.

Conclusion

Phylogenetic and biochemical assays suggest that the
bacterial strain Pseudomonas sp. Da-bac TI-8 showed
differences with other Pseudomonas species; however,
further studies would be needed on this matter in order to
be sure its new specie. This strain is capable of solubi-
lizing P from different sources through the excretion of
gluconic acid and producing phytohormones; therefore, it
behaves as a PGPR psychrotolerant. Inoculation tests in
D. antarctica indicated that it produces a beneficial effect
on plant growth, probably because of their contribution of
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hormones and nutrients (P). SEM analyses indicate that
this bacterium mainly binds to the plant root hairs.
Therefore, its effect is probably exerted by means of its
proximity to the roots of this plant. The overall results
suggest that some microorganisms from the rhizosphere of
D. antarctica may play an important role in the survival
and adaptation to the Antarctic environment from this
plant.
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