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Abstract
Aims The purpose of this study was to investigate plant-
growth promoting traits in native and arsenic (As)
highly-resistant bacterial strains isolated from the rhizo-
sphere of soybean (Glycine max) plants grown in an
Argentinean agricultural field.
Methods Determination of MICs (Minimum inhibito-
ry concentration) was carried out on solid media sup-
plemented with arsenite (As 3+) or arsenate (As 5+).
Morphological, cultural, physiological, biochemical
and molecular characterization, and in vitro determi-
nation of plant growth promoting (PGP) properties of
As resistant isolates were carried out. Arsenic in soil
samples was determined by ICP-OES while residual
arsenic on post-removal culture medium and accumu-
lation in cells were estimated by GF-AAS after wet
acid digestion.
Results Isolated strains included γ-proteobacteria
such as Enterobacter sp. and Pseudomonas sp., and
actinobacteria as Rhodococcus sp. All bacterial strains
grew in presence of very high arsenite -over 24mM-
and arsenate –over 400mM- concentrations. Pseudo-
monas sp. strains presented simultaneously several in

vitro PGP traits, although Rhodococcus erythropolis
AW3 did not display PGP traits. However, R. eryth-
ropolis AW3 was the most As resistant strain and
removed and accumulated the greatest amounts of
the metalloid.
Conclusion The presence of As resistant and plant-
growth promoting bacterial strains in the rhizosphere
of Glycine max, in arsenic containing agricultural soil,
suggest that they could potentially play an important
role in plant-growth promotion in stressed conditions.
These strains were able to remove and accumulate As
from liquid media, thus they could be beneficial for
sustainable crop production.

Keywords Arsenic resistance . Soybean . Plant-microbe
interaction . Plant growth promotion . Agricultural soil

Introduction

Arsenic is a toxic metalloid widely distributed in the
environment as a result of natural geochemical process-
es and anthropogenic activities. It has been classified as
a human carcinogen by the International Agency for
Research on Cancer (IARC 1987) and the US Environ-
mental Protection Agency (EPA 1988). The two major
forms of inorganic arsenic are the reduced form, arsenite
(As 3+), and the oxidized form, arsenate (As 5+) (Cullen
and Reimer 1989). In the soil environment, both inor-
ganic forms are present and can be taken up by plants,
thus food chain contamination is an important risk in
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arsenic containing soils. Arsenic bioavailability in soil
is mainly determined by speciation and redox state.
Although As 5+ is found primarily in aerobic con-
ditions, it typically remains bounded to minerals in
the solid phase and thus is less available to be taken
up by plants. On the other hand, As 3+ is most
common in the aqueous phase in soils, where it is
more mobile and can be taken up by plants more
easily under most environmental conditions.

In Argentina, besides anthropogenic sources, As
occurs naturally in soils in the central and northern
portion of the country (Smedley et al. 2002, 2005;
Bundschuh et al. 2000, 2004) because of weathering
of arsenic-rich large scale polymetalliferous emplace-
ments. Thus, elevated arsenic concentrations have
been detected in natural groundwaters and some soils.
Arsenic concentration determinations in these contam-
inated groundwaters have often exceed the safe drink-
ing water limit of 1,3×10−4mM recommended by
World Health Organization (WHO 1993) and by the
Argentine drinking water standard (CAA 1994). In
particular, in the south of Córdoba province, an im-
portant agricultural area, As groundwater concentrations
higher than 2×10−2mM have been found (Bundschuh et
al. 2008). In these areas, huge quantities of As contam-
inated water are usually used for irrigation purposes
which increases As accumulation in soils. In addition,
use of arsenical pesticides and herbicides is other possi-
ble source of As, although its application is actually
illegal. This situation poses an important health risk
since there is potential for inadequate levels of arsenic
to enter the food chain.

In the plant rhizosphere, As bioavailability and
mobility is strongly influenced by native microbial
communities, through changes in pH, redox potential,
organic matter proportion and mineral constitution.
For example, As 5+ reducing bacteria have been found
to mediate the reduction of As 5+ under highly aerobic
conditions resulting in enhanced mobilization of As
from limed mine tailings (Macur et al. 2001). On the
other hand, soil bacterial populations frequently se-
crete plant growth-promoting (PGP) substances like
siderophores, phytochelators and other compounds
that alter metal bioavailability and complexation
and thus alleviate metal toxicity (Kamaludeen and
Ramasamy 2008). As a result, in recent years, research
and application of PGP bacteria has been extended for
treatment of contaminated soils in association with
plants (Cavalca et al. 2010).

In this work, the legume soybean was selected
because it is a principal crop in the studied region in
Argentina, and it is an important high-protein feed for
humans and animals. Moreover, legumes are impor-
tant components of biogeochemical cycles in agricul-
tural and natural ecosystems, since atmospheric
nitrogen fixation by legume-microorganism symbiosis
enhances site fertility (Reichman 2007). The aim of
this study was to investigate plant-growth promoting
traits in native and As highly-resistant bacterial strains
isolated from soybean rhizosphere for subsequent
studies of plant-microbe interactions and development
of strategies that minimize health risk in food produc-
tion and lead to better and sustainable agriculture
programs.

Materials and methods

Site description and plant material

An intensive agricultural soil (Paraje La Escondida,
Alcira Gigena, Córdoba, Argentina, located at 32°40′
83″S, 64°33′40″W) used for soybean cropping, with-
out inoculation treatment at the time of sampling
(March 2009) was studied. The non-inoculated plants
were extracted and the upper 20 cm of the plant root
system with undisturbed soil around the roots was
manually removed, placed in plastic bags to avoid
moisture loss and delivered to the laboratory on the
same day. The handling of the root-soil system to
obtain the two soil fractions (bulk and rhizosphere)
for separate analyses is described. The bulk soil frac-
tion was obtained by carefully shaking the plants to
remove non-adhering soil. The bulk soil fractions col-
lected from all samples were pooled together. Then the
roots were vigorously shaken in water for 1 h. After
that, they were removed and the suspensions were
defined as the rhizosphere soil fraction. The pH of
these soil suspensions was checked. A sample of
non-contaminated bulk soil from a confined area of
the Río Cuarto National University was also processed
in the same way and used as control soil.

Chemical analyses for As and other metals
concentration in soil samples

The determination of metal content in soil samples
was carried out in the University of Seville (Spain)
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with the collaboration of Dr. E. Pajuelo. Samples of
1 g of bulk soil were dried in an oven for 48 h at 60 °C
on filter paper. The soil was triturated and homoge-
nized using sieves from a pore size of 5 mm, in order
to get rid of small stones, to a final size of 0.21 mm.
The metal elements were determined by Inducted
Coupled Plasma Optical Spectrophotometry (ICP-
OES) after aqua regia treatment in a microwave sys-
tem according to Murillo et al. (1999). A BCR Certi-
fied Reference Material was used as quality control of
the analytical procedures. Final results, obtained as
mean values of ICP-OES determination conducted in
triplicate, were expressed as mgkg−1 dry weight.

Isolation of rhizospheric arsenic-resistant bacteria

To isolate As-resistant bacteria, appropriate dilutions of
rhizospheric soil suspensions were plated onto solid
YEM (Yeast Extract Mannitol) agar (Vincent 1970)
containing 4mM As 3+, in the form of sodium m-
arsenite (m-NaAsO2) (Sigma), and the plates were
incubated at 25±2 °C for 10 days. After incubation,
colonies with varying morphologies were selected
from the plates and streaked for purity on the same
medium at least five times. The strains were main-
tained in glycerol stocks at −80 °C.

Arsenic resistance and oxidation tests

As resistance in isolated bacterial strains was evaluat-
ed by minimum inhibitory concentration (MIC) tests
onsolid mediain order to compare results with litera-
ture, Agar plates containing either YEM or LB (Luria
Bertani) media, with increasing As 3+ or As 5+ con-
centrations were used. Arsenite was used at concen-
trations from 12 to 38mM.Arsenate resistance was
also tested in the range of 400–700mM. These con-
centrations may be considered extreme, however
many authors have found these levels of resistance in
bacterial strains isolated from diverse environments.
Plates were incubated at 25±2 °C for 15 days.
Prior to use, the strains were grown 24 hs in YEM broth
at 25±2 °C in agitation.

The obtained arsenite-resistant bacteria were test-
ed for their abilities to oxidize As 3+ using a qual-
itative KMnO4 screening method modified from
Salmassi et al. (2002). Each arsenite-resistant bacte-
rium was inoculated in MM9 broth with a final
concentration of 1mM NaAsO2 and then shaken at

110 rpm for 3 days at 28 °C. For each isolate 1 mL
culture was added to a 1.5 mL centrifuge tube con-
taining 30 μL of 0.01M KMnO4 and the color
change of KMnO4 was monitored. A pink color of
the mixture indicated a positive arsenite oxidation
reaction (formation of As 5+). Sterile MM9 medium
with and without the same amount of NaAsO2 were
used as control.

Furthermore, the ability for As 3+ oxidation of the
bacterial strains was also evaluated by use of the
AgNO3 method (Lett et al. 2001). Agar plates were
flooded with a solution of 0.1M AgNO3. A brownish
precipitate revealed the presence of As 5+ in the
medium (colonies expressing arsenite oxidase), while
the presence of As 3+ (lacking arsenite oxidase) was
detected by a bright yellow precipitate.

Morphological, physiological and biochemical tests

As a first-step approach to the identification of the
isolates, morphological characterization of each bacte-
rial colony was done after growth on Petri dishes.
Gram determination (Gram stain kit; Britannia Labs,
Argentina) as well as catalase and oxidase tests were
carried out. Biochemical analyses were done by using
the standardized micromethod Api 20 NE and Api 20
E (BioMérieux SA, Lyon, France) following manufac-
turer instructions. Substrate assimilations were regis-
tered after 24 and 48 h. Interpretation of the results
was performed after 48 h using the Api identification
software version 6.0.

Identification by 16s rRNA gene sequencing

To confirm the results observed in the morphological
and biochemical characterization, a fragment of the
16S rRNA gene of each isolate was amplified by
PCR using universal primers and sequenced by Mac-
rogen Company Inc. (Seoul, Korea). The 16S rRNA
gene sequences were then compared to the entire
GenBank nucleotide database using the Basic Local
Alignment Search Tool N (BlastN) program. (http://
blast.ncbi.nlm.nih.gov/Blast.cgi).

Qualitative determination of plant-growth promoting
characteristics of isolates

Metalloid resistant isolates were tested for their ability to
grow on 1-aminocyclopropane-1-carboxylate (ACC) as
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the sole nitrogen source, to solubilize phosphate, and to
produce siderophores and indole acetic acid (IAA).

Utilization of ACC as the sole nitrogen source

The ability to use ACC as nitrogen source is a
consequence of enzymatic activity of ACC deami-
nase. Bacteria were first cultured in solid rich me-
dium (LB) and then transferred into Erlenmeyer
flasks with a minimal medium containing KH2PO4

0.4 gL−1, K2HPO4 2 gL−1, MgSO4·7H2O 0.2 gL−1,
FeSO4 ·7H2O 0.1 gL−1, CaCl2 0.1 gL−1, NaCl
0.2 gL−1, NaMoO4·2H2O 0.005 gL−1, glucose
10 gL−1 and ACC 0.3 gL−1. Stock solution of ACC
(0.15M) (Sigma) was filter-sterilized (0.2 μm), ali-
quoted and frozen at −20 °C. Prior to inoculation,
the ACC solution was thaw and appropriately added
to sterile minimal medium. Each strain was also
inoculated into Erlenmeyers flasks containing the
same medium with and without (NH4)2SO4 2 gL−1

as nitrogen source as controls. A strain of Pseudo-
monas putida capable to use ACC was used as the
positive control. Following inoculation, the cultures
were incubated at 25±2 °C on a rotary shaker at
110 rpm for 192 h. Bacterial growth was monitored
for every 48 h by measuring optical density at
600 nm.

Qualitative screening of phosphate-solubilizing
bacteria

The ability of isolates to solubilize phosphate was
tested in NBRI-BPB medium containing the dye
bromophenol blue (BPB) according to Mehta and
Nautiyal (2001). The pH of the media was adjusted
to 7.0 before autoclaving. The plates were incubated
for 7 days in the dark at 25±2 °C. Clear halos
around the colonies on blue agar were indicative of
phosphate solubilization.

Production of siderophores

The ability of isolates to produce siderophores was
checked by growing the bacterial strains on Chrome
azurol S (CAS) (Sigma) agar plates as described by
Schwyn and Neilands (1987). The plates were incu-
bated for 7 days in the dark at 25±2 °C. Orange halos
around the colonies on blue agar were indicative of
siderophores production.

Production of indole acetic acid (IAA)

IAA production was tested using the protocol de-
scribed by Glickman and Dessaux (1995). Bacteria
were first cultured for 24 h in Erlenmeyers flasks
containing 10 mL LB medium. Then the isolates
were re-inoculated in Erlenmeyers flasks contain-
ing 10 mL LB medium with and without 0.5 mg
mL−1 tryptophan. After incubation in the dark
during 72 h at 110 rpm, 1.5 mL of the cell
suspension was transferred into a tube and centri-
fuged for 10 min at 10,000 rpm. Then 1 mL of
the supernatant was mixed vigorously with 2 mL
Salkowski’s reagent (37.50 mL H2SO4, 1.88 mL
0.5 M FeCl3·6H2O and 60.62 mL distilled H2O)
allowed to stand at room temperature for 25 min,
after which absorbance at 530 nm was determined.
Final concentrations expressed as μgmL−1 were
calculated from an adjusted calibration curve. A
strain of Azospirillum sp. that produces IAA was
used as a positive control (Kaushik et al. 2000)
and non-inoculated LB medium was the negative
control.

Determination of arsenite removal and accumulation
in bacterial biomass

For arsenite removal experiments, bacterial strains
were grown at 25±2 °C, in the dark with continuous
shaking at 110 rpm, in 20 mLYEM broth containing 4
mM sodium arsenite. Cultures were incubated 96 h,
then they were centrifuged (10 000 rpm for 10 min)
and the supernatants were used for As 3+ removal
estimations. Then, the bacterial pellets were washed
once with 1 mL of 20 mM EDTA to eliminate As
adsorbed to the cells. After that, the pellets were dried
till constant weight to measure total biomass and total
As accumulation. A control medium without inoculum
was included to evaluate possible arsenite losses by
flask adsorption or evaporation (control 100 %). Total
residual arsenic concentration and As accumulation in
all samples was measured by a graphite furnace atomic
absorption spectrophotometer (GF-AAS) technique
after a wet acid digestion with nitric acid. Briefly,
100 mL of sample were heated and evaporated with
5 mL of HNO3. Then, distilled water and acid were
added till the solution cleared. The solution was
cooled and filtered if necessary and taken to a final
volume of 100 mL.
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Results

Chemical analyses for As and other metals
concentration in soil samples

Soil samples were collected in situ from an intensive
agricultural field used for soybean cropping, without
inoculation treatment at the time of sampling. The pH
of the rhizospheric soil fraction from La Escondida
sample was between 5.0 and 5.5. The concentrations
of As were very similar between the studied soil and
the control one, while the greatest differences were
detected for Cr and Zn concentration (Table 1).

Isolation and biochemical characterization
of rhizospheric arsenite-resistant bacteria

After several transfers on solid media, a total of six
arsenite-resistant bacterial strains were isolated from
soybean rhizosphere, and were named as AW1 to
AW6. The isolation of native bacterial strains was pos-
sible on the basis of their ability to grow in the presence
of As 3+ added at a concentration of 4mM, selecting for
highly arsenic-resistant bacterial strains, and according
to the criteria of different colony morphology. Strain
AW3 was Gram-positive, while all the others were
Gram-negative (Table 1). All strains isolated were posi-
tive for catalase AW1 and AW3 were negative for oxi-
dase while the others were positive. All As 3+ resistant
bacteria were rods in the microscopy.

Minimum inhibitory concentrations

All isolates were investigated for their capability to
grow at high concentrations of As 3+ or As 5+. The
MIC, defined as the lowest concentration of arsenite/
arsenate that inhibited growth in YEM solid media,
was performed. Microbial resistance to arsenic species
is widespread in nature but resistance to concentration
of As 3+ higher than 20mM is considered high (Cai et
al. 2009). All isolated strains were highly resistant to
As 3+ and As 5+, with MICs>20mM and >400mM,

respectively (Table 2). Strain AW3 proved to be the
most As resistant strain, still growing in the presence
of 38mM of As 3+ and 700mM of As 5+.

Identification of rhizospheric arsenite-resistant bacteria

The identification of the isolates was confirmed by
partially (1,400–1,500 bp) sequencing the 16S rRNA
gene. The phylogenetic analyses indicated that the
strains were allocated to 3 genera distributed among:
Gammaproteobacteria (Enterobacter and Pseudomo-
nas) and Actinobacteria (Rhodococcus).

Arsenite oxidation by isolates

All As 3+ resistant strains were tested for their ability
to oxidize As 3+. None isolate was able to oxidize As
3+ even after a prolonged incubation period neither
with KMnO4 method or AgNO3 method.

Characterization of potential PGP As-resistant
rhizobacteria

In stressed environments, rhizosphere bacteria with PGP
characteristics could play an important role in plant
growth. To identify potential PGP rhizobacteria, the iso-
lates were qualitatively screened for their ability to utilize
ACC as the sole nitrogen source, and to solubilize phos-
phate, to secrete siderophores into the growth medium
and to produce IAA. Table 3 shows that, with the excep-
tion ofR. erythropolisAW3, all isolates possessed at least
one PGP trait tested. On the contrary, strain Pseudomo-
nas putida AW4 had three traits. In accordance with the
literature, all Pseudomonas strains (P. fluorescens AW2,
P. putida AW4, P. poae AW5 and P. poae AW6) were
able to produce siderophores and to solubilize phosphate.

Determination of arsenic removal in liquid culture
media and As bacterial accumulation

R. erythropolis AW3 was able to remove from the
culture solution about 37 % sodium arsenite, followed

Table 1 Heavy metals and metalloids concentration in soil samples (mg kg −1)

Soil sample As Cd Co Cu Cr Hg Ni Pb Zn

Control 9.50 < 0.20 11.90 21.10 33.80 < 0.05 12.80 17.10 68.00

La escondida 9.80 < 0.20 9.6 20.80 23.20 < 0.05 8.20 15.20 61.10
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by P. fluorescens AW2 and P. poae AW5 (Fig. 1). In
accordance with this result, R. erythropolis AW3 was
also the strain that accumulated more As. Other possible
bacterial mechanisms involved in removal process are
currently under study. No losses by flask adsorption or
evaporation were detected.

Discussion

The presence of moderate to high levels of As in soil,
and/or groundwater used for irrigation, is an increas-
ing concern, in Argentina as well as in other countries
around the world. This is due to the toxic effects of
this metalloid in plants, and most importantly because
its noxious accumulation through the food chain. Al-
so, this situation obstructs sustainable socio-economic
growth of many affected rural areas. Therefore, devel-
opment of efficient technologies and strategies that
promote safe and sustainable agriculture in affected
regions is needed. Each plant species in interaction
with the surrounding microbial community affect toxic
metals bioavailability, as part of the adaptation process to
survive in a specific environment. Thus, it is important to

study each plant species with its associated bacterial
community in its own context.

In the studied agricultural soil sample from Córdoba,
Argentina, arsenic concentration wasaround 10 mgkg−1

and there were not significant differences compared
with the control soil.Although worldwide natural soil
concentrations are around 5 mgkg−1, this can vary
depending on the origin of the soil and there are indica-
tions that 5–10 mgkg−1 is the background level (Heikens
2006).These similarities may be due to the proximity
of the sampling areas (100 km approx.) and to the
common origin of the loessic sediments in the south
of Córdoba province in Argentina (Bundschuh et al.
2008). Even when soil samples appeared to be not
contaminated with As, there is a great problem of
arsenic contamination in groundwater, which are usu-
ally used for irrigation purposes. If inputs of As into
soils from irrigation waters are not equivalent to out-
puts, there will be a buildup of As in these soils with
a rate depending on the amount and quality of irriga-
tion water used, and therefore the amounts of As that
are taken up by crops will increase.

Arsenic tolerance levels in the isolated bacterial strains,
were greater than expected for a non-contaminated

Table 2 Phenotypic, morphological and physiological characteristics of As-resistant bacterial isolates

AW1 AW2 AW3 AW4 AW5 AW6

Colony features in
YEM Agar after
48 h incubation

Medium, circular,
white, mucous

Small, circular,
white, mucous

Medium, circular,
salmon, mucous

Small, punctiform,
circular, white

Small,
irregular,
white

Small,
irregular,
white

Gram − − + − − −
Catalase + + + + + +

Oxidase − + − + + +

As (III) resistance (MIC) 24 mM 26 mM >38 mM 26 mM 28 mM 28 mM

As (V) resistance (MIC) 600 mM 600 mM >700 mM 700 mM 500 mM 500 mM

16S rRNA Closest
Genbank relative

Enterobacter
cloacae

Pseudomonas
fluorescens

Rhodococcus
erythropolis

Pseudomonas
putida

Pseudomonas
poae.

Pseudomonas
poae

Table 3 PGP characteristics of As-resistant bacterial isolates

As-resistant isolates

PGP characteristic AW1 AW2 AW3 AW4 AW5 AW6

Siderophores − + ND ++ + +++

Phosphate solubilization ++ + − + ++ +++

IAA production >200 μgmL−1 − − 10 μgmL−1 − −
ACC utilization − − − − − −
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soil. In most cases, arsenic resistant microorganisms
have been obtained from arsenic-contaminated soils
such as mine/smelter waste or from geothermal areas
(Pennanen et al. 1996; Macur et al. 2004; Gihring et al.
2003; Anderson and Cook 2004; Drewniak et al. 2008).
Cai et al. (2009) also found highly arsenite-resistant
bacteria only in highly contaminated soils. However,
there are other reports that showed resistance to signif-
icant levels of As in laboratory strains of commonly
studied bacteria such as Escherichia coli (Carlin et al.,
1995), Staphylococcus aureus (Ji and Silver 1992), and
Pseudomonas aeruginosa (Cervantes and Chavez
1992). Our results support the idea that As resistance
might not be confined to organisms inhabiting arsenic-
laden environments, and that even arsenic-free environ-
ments might harbor As resistant bacteria (Jackson et al.
2005). Other phylogenetic study on arsC gene distribu-
tion suggested that the genetic and cellular mechanisms
of As resistance evolved millions of years ago when
higher levels of arsenic were present in the natural
environment and thus the trait may be evolutionarily
widespread (Jackson and Dugas 2003). Such microor-
ganisms could be important in transforming As that
might become available in such environments through
pollution or unexpected redox changes, and represent a
background reservoir of arsenic resistant organisms
(Jackson et al. 2005). Finally, arsenite-tolerant pheno-
type should also be demonstrated on liquid media be-
cause the resistance level may be overestimated on solid
media due to colonial growth.

The isolates were identified as E. cloacae AW1 and
Pseudomonas sp.AW2, AW4, AW5 and AW6 (Gam-
maproteobacteria) and R. erythropolis AW3 (Actino-
bacteria). Members of the genus Rhodococcus have
been isolated from contaminated and uncontaminated

soil, groundwater and wastewater treatment plants, and
other biological samples. In 49 actinobacteria genomes,
including Rhodococcus altogether 99 putative metal se-
questrating metallothioneins/metallohistins were identi-
fied (Schmidt and Kothe, unpublished). Concerning the
genus Enterobacter, it has been reported the ACC
deaminase-containing plant growth-promoting strain
Enterobacter cloacae CAL2, which improve the growth
of canola in the presence of arsenate (Nie et al. 2002).
Pseudomonas was the most represented genera, and the
strains were highly resistant to As 3+ considering that
they were isolated from a lowly contaminated agricul-
tural site compared with other Pseudomonas isolated
from highly contaminated effluents. For example, the
MICs for As 3+ of other isolates were 0.5mM for Pseu-
domonas sp. (Valenzuela et al. 2009), 16.6mM for Pseu-
domonas sp ORAs5 (Pepi et al. 2007), 26mM for
Pseudomonas putida (Chang et al. 2007) and 40mM
for Pseudomonas lubricans (Rehman et al. 2010). This
result is in agreement with the literature, where the genus
Pseudomonas is broadly represented among the arsenic-
resistant strains isolated from environmental samples
(Pepi et al. 2007), because they are ubiquitous bacteria
endowed with a remarkable adaptability to diverse envi-
ronments (de Vincente et al. 1990).

In stressed environments, rhizosphere bacteria
could play an important role in the promotion of plant
growth, thus PGP characteristics detection are very
important criteria to select promising bacterial strains
for increasing crop production.

Therefore, the rhizospheric isolates were tested for
their ability to produce IAA and siderophores, to sol-
ubilize phosphate and to utilize ACC as the sole ni-
trogen source. Four siderophores producers, two IAA
producers and five phosphate solubilizing strains were

Fig. 1 Residual arsenite per-
centage in culture medium
after 96 h. of incubation in
studied strains (AW1-AW6)
with an initial concentration
of 4mM (bars). Total As
accumulation (ppm) in bac-
terial biomass (diamonds).
Data are represented as
means ± stantard error, n=4
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identified. None of the analyzed strains produced ACC
deaminase. Similarly, siderophores and IAA production
have been detected more frequently than ACC deami-
nase activity in rhizosphere isolates of metallicolous
Graminaceae (Dell’Amico et al. 2005), of the Ni hyper-
accumulator Thlaspi goesingense (Idris et al. 2004) and
of the heavymetal accumulating Salix caprea (Kuffner et
al. 2008). In the case of AW3, the bacterium did not grow
in CAS culture media. This was probably because AW3
is a Gram positive bacterium. Schwyn and Neilands
(1987) observed that the detergent hexadecyltrimethyl-
ammonium bromide (HDTMA) used in preparation of
the CAS mediummay be toxic to some microorganisms,
including Gram positive bacteria and fungi. Thus, a
modified version of CAS media (Milagres et al. 1999)
should be used to determine siderophores production in
Rhodococcus sp. AW3 strain.

As a first attempt to explain the high arsenic resis-
tance of the strain, removal experiments were per-
formed. The highest removal percentage and As
accumulation was reached with Rhodococcus eryth-
ropolis AW3, in correlation with its highest arsenite
resistance. As 3+ removal is reported to be rare and to
occur by different mechanism than As 5+ removal.
Our results showed that accumulation is one of the
mechanisms involved in the removal process. Tenta-
tive removal mechanisms suggested include As 3+
complexation with sulfhydryl groups of surface
proteins in the bluegreen algae Scytonema (Prasad
et al. 2006) and complexation with iron in biomass
from tea fermentation (Murugesan et al. 2006) and
fungus (Thirunavukkarasu et al. 2003; Pokhrel and
Viraraghavan 2006). Using dry biomass of Aspergillus
flavus, the Freundlich model fits a little better than
Langmuir model the As 3+ adsorption data (Maheswari
and Murugesan 2011). In this work, further studies
are required to establish the mechanisms involved
in accumulation.

Finally, the results show that As resistant PGP rhizo-
bacteria are present in the root zone of soybean grown in
agricultural soils containing As. The isolated strains
belonging to the genus Pseudomonas are of particular
interest because they have a great potential in novel crop
production strategies due to their resistance to As and
the presence of several PGP traits. Further experiments
will be required to assess whether these novel native
bacterial strains isolated from soybean rhizosphere are
adequate for increasing crop production in agricultural
soil. Moreover, it is important to determine if some

soybean-bacteria interaction increases plant yield and
nitrogen content, and decreases plant metal accumu-
lation, thus preventing the impact of metals in the
food chain.

Conclusions

Most papers published so far have considered the ability
of rhizobacteria, with or without PGP characteristics, to
mobilize As in soil in association with hyperaccumulat-
ing plants. However, there are very few studies on the
characterization of the interaction between rhizobacteria
and legumes n in agricultural soils containing As. In the
present study we isolate and identify bacteria that in-
habit the rhizosphere of Glycine max growing in a soil
with a loessic origin, as an initial step towards identify-
ing those organisms highly resistant to As and poten-
tially PGP in soybean. Various microbial strains present
in the root–soil system were able to withstand high As
concentrations and presented PGP traits. Furthermore,
these strains were able to accumulate As and then re-
move it from liquid media. Selecting bacterial strains
that are both As-resistant and able to produce PGP
compounds could prove useful as inoculants in affected
areas. Some of the novel As resistant bacteria with PGP
characteristics obtained in this study could be adequate
for future development of better strategies for sustain-
able agronomic production programs.

Acknowledgments This work was supported by grants from
PPI-SECYT-UNRC and PICTO-FONCYT-SECYT-UNRC
(Universidad Nacional de Río Cuarto, Cba., Argentina). ALWO,
MATand EA are members of the Research Career of CONICET.

References

Anderson CR, Cook GK (2004) Isolation and characterization
of arsenate-reducing bacteria from arsenic-contaminated
sites in New Zealand. Curr Microbiol 48:341–347

Bundschuh J, Bonorino G, Viero AP, Albouy R, Fuertes A (2000)
Arsenic and other trace elements in sedimentary aquifers in the
Chaco-Pampean Plain, Argentina: Origin, distribution, specia-
tion, social and economic consequences. In: Bhattacharya P,
Welch AH (Eds) Arsenic in Groundwater of Sedimentary
Aquifers, Pre-Congress Workshop, 31st Internat. Geol. Cong.,
Rio de Janeiro, Brazil, 2000, pp. 27–32

Bundschuh J, Farias B, Martin R, Storniolo A, Bhattacharya P,
Cortes J, Bonorino G, Albouy R (2004) Groundwater arsenic
in the Chaco-Pampean Plain, Argentina: case study from

Plant Soil



Robles county, Santiago del Estero Province. Appl Geochem-
istry 19(2):231–243

Bundschuh J et al (2008) Distribution of arsenic in the south-
american region. In: Bundschuh J, Pérez-Carrera A, Litter
MI (eds) Distribution of arsenic in the iberian and iberoa-
merican región. Editorial Programa Iberoamericano de
Ciencia y Tecnologia para el Desarrollo, Buenos Aires,
pp 137–179 (in Spanish)

CAA (1994) Art. 1 Res. MS y AS No 494. Ley 18284 Reglamen-
tario 2126. Anexo I y II. Buenos Aires:Marzocchi (in Spanish)

Cai L, Liu G, Rensing C, Wang G (2009) Genes involved in
arsenic transformation and resistance associated with dif-
ferent levels of arsenic-contaminated soils. BMCMicrobiol
9:4

Cavalca L, Zanchi R, Corsini A, Colombo M, Romagnoli C,
Canzi E, Andreoni V (2010) Arsenic-resistant bacteria
associated with roots of wild Cirsium arvense (L.) plant
from an arsenic polluted soil and screening of potential
plant growth promoting characteristics. Syst Appl Micro-
biol 33:154–164

Carlin A, Shi W, Dey S, Rosen BP (1995) The ars operon of
Escherichia coli confers arsenical and antimonial resis-
tance. J Bacteriol 177:981–986

Cervantes C, Chavez J (1992) Plasmid-determined resistance to
arsenic and antimony in Pseudomonas aeruginosa. Anto-
nie Van Leeuwenhoek 61:333–337

Chang J, Yoon I, Kim K (2007) Isolation and ars detoxification
of arsenite-oxidizing bacteria from abandoned arsenic-
contaminated mines. J Microbiol Biotechnol 17(5):812–
821

Cullen WR, Reimer KJ (1989) Environmental arsenic chemis-
try. Chem Rev 89:713–764

de Vincente A, Aviles M, Codina JC, Borrego JJ, Romero P
(1990) Resistance to antibiotics and heavy metals of Pseu-
domonas aeruginosa isolated from natural waters. J Appl
Bacteriol 68:625–632

Dell’Amico E, Cavalca L, Andreoni V (2005) Analysis of
rhizobacterial communities in perennial Graminaceae from
polluted water meadow soil, and screening of metal-
resistant, potentially plant growth-promoting bacteria.
FEMS Microbiol Ecol 52:153–162

Drewniak L et al (2008) Bacteria hypertolerant to arsenic in the
rocks of an ancient gold mine, and their potential role in
dissemination of arsenic pollution. Environ Pollut 156:1069–
1074

Environmental Protection Agency, USA (US-EPA) (1988) Special
report on ingested inorganic arsenic. Skin cancer, nutritional
essentiality, US Environmental Protection Agency, EPA ⁄ 625 ⁄
3-87 ⁄ -13

Gihring TM, Bond PL, Peters SC, Banfield JF (2003) Arsenic
resistance in the archaeon Ferroplasma acidarmanus: new
insights into the structure and evolution of the ars genes.
Extremophiles 7:123–130

Glickman E, Dessaux Y (1995) A critical examination of the
specificity of the Salkowski reagent for indolic compounds
produced by phytopathogenic bacteria. Appl Environ
Microbiol 61:793–796

Heikens A (2006) Arsenic contamination of irrigation water,
soil and crops in Bangladesh: risk implications for sustain-
able agriculture and food safety in Asia. FAO Publication
ISBN 974-9746-88-2

Idris R, Trifonova R, Puschenreiter M, Wenzel WW, Sessitsch A
(2004) Bacterial communities associated with flowering
plants of Ni hyperaccumulator Thlaspi goesingense. Appl
Environ Microbiol 70:2667–2677

International Agency for Research on Cancer (IARC) (1987)
Monographs on the evaluation of the carcinogenic risk to
humans: arsenic and arsenic compounds (Group I) 23.
International Agency for Research on Cancer, Lyon, pp
100–103

Jackson CR, Dugas SL (2003) Phylogenetic analysis of bacterial
and archaeal arsC gene sequences suggests an ancient,
common origin for arsenate reductase. BMC Evol Biol
3:18

Jackson CR, Dugas SL, Harrison KG (2005) Enumeration and
characterization of arsenate-resistant bacteria in arsenic
free soils. Soil Biol Biochem 37:2319–2322

Ji G, Silver S (1992) Regulation and expression of the arsenic
resistance operon from Staphylococcus aureus plasmid
pI258. J Bacteriol 174:3684–3694

Kamaludeen SPB, Ramasamy K (2008) Rhizomediation of met-
als: harnessing microbial communities. Indian J Microbiol
48:80–88

Kaushik R, Saxena AK, Tilak KVBR (2000) Selection of
Tn5::lacZ mutants isogenic to wild type Azospirillum
brasilense strains capable of growing at sub-optimal
temperature. World J Microbiol Biotechnol 16:567–
570

Kuffner M, Puschenreiter M, Wieshammer G, Gorfer M,
Sessitsch A (2008) Rhizosphere bacteria affect growth and
metal uptake of heavy metal accumulating willows. Plant
Soil 304:35–44

Lett MC, Paknikar K, Lièvremont D (2001) A simple and rapid
method for arsenite and arsenate speciation. In: Ciminelli
VST, Garcia O Jr (eds) Biohydrometallurgy-fundamentals,
technology and sustainable development, part B. Elsevier
Science, New York

Macur RE, Wheeler JT, McDermott TR, Inskeep WP (2001)
Microbial populations associated with the reduction and
enhanced mobilization of arsenic in mine tailings. Environ
Sci Technol 35:3676–3682

Macur RE, Jackson CR, Botero LM, McDermott TR, Inskeep
WP (2004) Bacterial populations associated with the oxi-
dation and reduction of arsenic in an unsaturated soil.
Environ Sci Technol 38:104–111

Maheswari S, Murugesan AG (2011) Removal of arsenic 3+
ions from aqueous solution using Aspergillus flavus isolat-
ed from arsenic contaminated site. Indian J Chem Technol
18:45–52

Mehta S, Nautiyal CS (2001) An efficient method for qualitative
screening of phosphate-solubilizing bacteria. Curr Micro-
biol 43:51–56

Milagres A, Machuca A, Napoleao D (1999) Detection of side-
rophore production from several fungi and bacteria by a
modification of chrome azurol S (CAS) agar plate assay. J
Microbiol Methods 19:223–234

Murillo JM et al (1999) Accumulation of heavy metals in
sunflower and sorghum plants affected by the Guadiamar
spill. Sci Total Environ 242:281–292

Murugesan GS, Sathishkumar M, Swaminathan K (2006) Arsenic
removal from groundwater by pretreated waste tea fungal
biomass. Bioresour Technol 97:483–487

Plant Soil



Nie L, Shah S, Burd GI, Dixon DG, Glick BR (2002) Phytoreme-
diation of arsenate contaminated soil by transgenic canola
and the plant growth-promoting bacterium Enterobacter clo-
acae CAL2. Plant Physiol Biochem 40:355–361

Pennanen T, Frostegard A, Fritze H, Baath E (1996) Phospholipid
fatty acid composition and heavy metal tolerance of soil mi-
crobial communities along two heavy metal-polluted gradients
in coniferous forests. Appl Environ Microbiol 62(2):420–428

Pepi M, Volterrani M, Renzi M, Marvasi M, Gasperini S, Franchi
E, Focardi SE (2007) Arsenic-resistant bacteria isolated from
contaminated sediments of the Orbetello Lagoon, Italy, and
their characterization. J Appl Microbiol 103:2299–2308

Pokhrel D,Viraraghavan T (2006)Arsenic removal from an aqueous
solution by a modified fungal biomass. Water Res 40:549–552

Prasad BB, Banerjee S, Lakshami D (2006) An AlgaSORB
column for the quantitative sorption of arsenic3+ from
water samples. Water Qual Res J Can 42:190–197

Rehman A, Awais Butt S, Hasnain S (2010) Isolation and
characterization of arsenite oxidizing Pseudomonas lubri-
cans and its potential use in bioremediation of wastewater.
Afr J Biotechnol 9(10):1493–1498

Reichman SM (2007) The potential use of the legume-rhizobium
symbiosis for the remediation of arsenic contaminated sites.
Soil Biol Biochem 39:2587–2593

Salmassi TM, Venkateswaren K, Satomi M, Nealson KH,
Newman DK (2002) Oxidation of arsenite by Agrobacterium

albertimagni, AOL15, sp nov., isolated from Hot Creek,
California. Geomicrobiol J 19(1):53–66

Schwyn B, Neilands J (1987) Universal chemical assay for the
detection and determination of siderophores. Anal Chem
160:47–56

Smedley PL, Nicolli HB, MacDonald DMJ, Barros AJ, Tullio
JO (2002) Hydrogeochemistry of arsenic and other inor-
ganic constituents in groundwater from La Pampa, Argen-
tina. Appl Geochemistry 17:259–284

Smedley PL, Kinniburgh DG, Macdonald DMJ, Nicolli HB,
Barros AJ, Tullio JO, Pearce JM, Alonso MS (2005) Arse-
nic associations in sediments from the loess aquifer of La
Pampa, Argentina. Appl Geochemistry 20(5):989–1016

Thirunavukkarasu OS, Viraraghavan T, Subramannian KS (2003)
Arsenic removal from drinking water using iron oxide coated
sand. Water Air Soil Pollut 142:95–111

Valenzuela C, Campos VL, Yañez J, Zaror CA, Mondaca
MA (2009) Isolation of arsenite-oxidizing bacteria
from arsenic-enriched sediments from Camarones river,
northern Chile. Bull Environ Contam Toxicol 82:593–
596

Vincent J (1970) A manual for the practical study of root nodule
bacteria. In: International Biological Programme. Handbook
N° 15. Blackwel Scientific Publication, Oxford

WHO (1993) Guidelines for Drinking-Water Quality, 2nd edi-
tion. Vol. 1 Recommendations. Geneva

Plant Soil


	Screening...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Site description and plant material
	Chemical analyses for As and other metals concentration in soil samples
	Isolation of rhizospheric arsenic-resistant bacteria
	Arsenic resistance and oxidation tests
	Morphological, physiological and biochemical tests
	Identification by 16s rRNA gene sequencing
	Qualitative determination of plant-growth promoting characteristics of isolates
	Utilization of ACC as the sole nitrogen source
	Qualitative screening of phosphate-solubilizing bacteria
	Production of siderophores
	Production of indole acetic acid (IAA)

	Determination of arsenite removal and accumulation in bacterial biomass

	Results
	Chemical analyses for As and other metals concentration in soil samples
	Isolation and biochemical characterization of rhizospheric arsenite-resistant bacteria
	Minimum inhibitory concentrations
	Identification of rhizospheric arsenite-resistant bacteria
	Arsenite oxidation by isolates
	Characterization of potential PGP As-resistant rhizobacteria
	Determination of arsenic removal in liquid culture media and As bacterial accumulation

	Discussion
	Conclusions
	References


