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Abstract Soil microorganisms with phytase- and 1-
aminocyclopropane-1-carboxylate (ACC) deaminase activi-
ties are widely studied as plant growth-promoting
rhizobacteria (PGPR). Here, we explored the bacterial com-
munity structure and occurrence of putative PGPR in plants
grown in agro-ecosystems and undisturbed ecosystems from
northern, central, and southern Chile. Total rhizobacterial
community structure was evaluated by denaturing gradient
gel electrophoresis, and dominant bands present in diverse
ecosystems were sequenced. Significant differences in total
bacterial communities were shown with some bacterial orders
(Enterobacteriales, Actinomycetales, and Rhizobiales) being
highly similar to both ecosystems. Twenty-nine putative
PGPR, showing phytate- and ACC-degrading activities and
production of auxin, were selected from across the sites.
Based on 16S rRNA gene sequencing, the putative PGPR
were characterized as Enterobacteriales (Enterobacter,
Serratia, Pantoea, Rahnella, Leclercia), Pseudomonas, and
Bacillus, consistent with previously reported PGPR and
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endophytic bacteria. Beta-propeller phytase genes with simi-
larity to Bacillus were also identified. PGPR from agro-
ecosystems appeared to show higher auxin production com-
pared to those from undisturbed ecosystems. This study dem-
onstrates that putative PGPR are widely distributed across
Chilean soils. Further understanding of their contribution to
the growth and adaptation of plant hosts to local soil condi-
tions may provide opportunity for development of new PGPR
in Chilean agriculture.

Keywords 1-Aminocyclopropane-1-carboxylate deaminase -
Auxin - Phytase - Plant growth-promoting rhizobacteria -
Rhizobacterial community

Introduction

Global agriculture production is highly dependent on phos-
phate fertilizers because phosphorus (P) is an essential nutrient
for plants and many soils are deficient in P. World consump-
tion of P-based fertilizers has increased from 5 to 30 Mt in
recent decades and is estimated to reach between 60 and 70 Mt
by 2050 (Steen 1998). However, the production of phosphate
fertilizers relies on the availability of phosphate rock, which is
anon-renewable resource. According to various estimates, the
world reserves of high-quality rock phosphate will deplete
within in the 300400 years (Van Kauwenbergh 2010). In
addition to rock phosphate dependence, global agriculture
also faces major challenge due to climate change, whereby
crop production systems (e.g., wheat) are expected to be
subject to increased climate variability, temperature extremes,
and incidence of drought (Atkinson and Urwin 2012; Grover
et al. 2011). Development of soil microbial and plant-based
agronomic strategies to alleviate these threats is therefore a
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significant priority for more sustainable agriculture
(Richardson and Simpson 2011).

Plants live in close association with an enormous diversity
and abundance of soil microorganisms that interact with roots
and in many cases can promote the growth and fitness of
plants (Berendsen et al. 2012). As such, plant growth-
promoting rhizobacteria (PGPR) have been proposed as soil
inoculants to improve P nutrition and environmental stress
tolerance (Bulgarelli et al. 2013; Vacheron et al. 2013).
Phosphate-solubilizing and phosphate-mineralizing
rhizobacteria have the potential to improve P uptake by plants
by increasing the availability of otherwise poorly available
forms of P in soil (Bhattacharyya and Jha 2012; Martinez-
Viveros et al. 2010). In many soils, including acidic volcanic
soils as found widely throughout Chile, phosphates accumu-
late in organic forms such as inositol phosphates (i.e., phytate
or myo-inositol hexakisphosphate) (Mullen 2005; Turner et al.
2002), which must be mineralized by phosphatases (phytases)
to release available P for plant nutrition. Phytase-producing
rhizobacteria are thus attractive as soil inoculants to increase
the availability of P to plants (Richardson 2001). The produc-
tion of the enzyme 1-aminocyclopropane-1-carboxylate
(ACC) deaminase by rhizobacteria is also a desirable PGPR
trait (Kang et al. 2010; Nadeem et al. 2010). ACC deaminase
produced by PGPR plays an important role in suppressing
ethylene production and mediating plant growth and root
development in response to environmental stresses, such as
drought, salinity, and flooding (Bhattacharyya and Jha 2012;
Glick 2004; Martinez-Viveros et al. 2010). However, much of
our knowledge on rhizobacterial taxonomic biogeography and
functional ecology of PGPR has come from studies on agro-
ecosystems (i.e., pasture, crop, and forest tree species), with
relatively little known about the occurrence, diversity, and
activity of PGPR in soil under natural vegetation.

Microbial communities under natural vegetation may spe-
cifically be adapted to their plant host and the local soil
conditions. For example, we recently investigated
rhizobacterial communities associated with ancient clones of
Creosote bush (Larrea tridentata) in the Mohave Desert (Cal-
ifornia, USA), and showed that the culturable rhizobacterial
included PGPR with genes specifically encoding phytase and
ACC deaminase activity (Jorquera et al. 2012). Undisturbed
ecosystems may therefore harbor wide diversity of bacteria
that contribute to the adaptation of plants in nutrient limited
and stressful environments and thus be an important source of
novel PGPR (Timmusk et al. 2011). Thus, we hypothesized
that PGPR are common inhabitants in the rhizosphere of
plants grown in Chilean undisturbed ecosystems. In this study,
we used both culture-dependent and culture-independent
methods to examine bacterial community structure and occur-
rence of putative PGPR in rhizobacterial communities associ-
ated with plants grown in a range of Chilean ecosystems. This
included agro-ecosystems from central Chile, which supports
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crop and livestock production, and a range of undisturbed
ecosystem representing diverse environments from northern,
central, and southern Chile.

Material and methods
Agro-ecosystems and ecosystems sampling

Rhizosphere samples (including roots and adhering soil) were
collected from plants at each site using a cleaned spade to
excavate intact roots from soil to a depth of 0—20 cm. Samples
were placed into sterile plastic 50 ml Falcon tubes and imme-
diately transported to the laboratory on ice for soil and micro-
biological analyses. Rhizosphere soil was removed from roots
by shaking, homogenously mixed and representative samples
from three plants in each ecosystems were processed.
Rhizosphere samples were collected from diverse ecosys-
tems and agro-ecosystems across Chile (Fig. 1), including
three samples each from shrubs (A#riplex sp.) grown in the
Atacama Desert (AD) (Region of Antofagasta; 22°S, 68°W),
perennial weeds (Senecio sp. and Cortaderia sp.) from
Conguillio National Park (NP) in the Andes mountains (Re-
gion of La Araucania; 38°S, 71°W) and shrubs (Chuquiraga
sp.) from the steppe-like plains in Patagonia (PT) (Region of
Magallanes; 53°S; 70°W). Samples from agricultural systems
were collected from Region of La Araucania (38°S; 71°W
to72°W) from various sites that included a 10-year-old natu-
ralized pasture (PS1) containing a mixture of perennial rye-
grass (Lollium perenne L.), white clover (Trifolium repens L.),
and dandelion (7Taraxacum officinale); pasture of perennial
ryegrass (L. perenne L.) under cow grazing (PS2), from a 2-
month oat (Avena sativa L.) crop (CC1) and from a crop soil
containing wheat (7riticum aestivum L.) stubble (CC2).

Chemical properties of rhizosphere soils

Soil pH was measured in 1:2.5 soil/deionized water suspen-
sions. Inorganic P was extracted using 0.5 M Na bicarbonate
and analyzed using the molybdate-blue method (Murphy and
Riley 1962). Exchangeable cations (K, Ca, Mg, and Na) were
extracted with 1| M CH;COONH, at pH 7.0 and analyzed by
flame atomic adsorption spectrophotometry (FAAS)
(Warncke and Brown 1998). Exchangeable aluminum was
extracted with 1 M KCI and analyzed by FAAS (Bertsch
and Bloom 1996).

Bacterial community composition in the rhizosphere

DNA was extracted from 0.5 g of soil maintained at —80 °C
using a soil DNA Isolation Kit (Ultraclean, Mo-Bio Labora-
tories) according to manufacturer’s instructions. The whole
bacterial community composition in the rhizosphere samples
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Fig. 1 Location of sample sites
in northern, central, and southern
Chile showing agro-ecosystems
for pastures (PS) and cereal crops
(CC) and undisturbed ecosystems
for the Atacama Desert (4D),

Conguillio National Park (NP),
and Patagonia (P7)

Agro-ecosystems

was examined by denaturing gradient gel electrophoresis
(DGGE) of partial 16S rDNA genes according to the proce-
dure described by Jorquera et al. (2010). PCR reactions were
done with DNA template concentrations of ~20 ng pl . Frag-
ments of 16S rRNA genes (regions V6-V8) were amplified
by hot start touchdown PCR with primers EUB 933-GC/
EUB r1387 (Table 1) using the following conditions: 95 °C
for 10 min, annealing at 65 °C followed by 20 cycles for 1 min
each with a 0.5 °C decrease each cycle to 55 °C and extension
at 72 °C for 3 min. Ten additional cycles were then carried out
at 55 °C annealing and 94 °C denaturation for 1 min each and
primer extension at 72 °C for 3 min, and a final extension step
of 7 min at 72 °C. DGGE analysis was performed using a
DCode system (Bio-Rad Laboratories, Inc.). Briefly, 30 pl of
PCR products were loaded onto 6 % (w/v) polyacrylamide gel
with a 40-70 % denaturing gradient (7 M urea and 40 %
formamide) and electrophoresis was run for 12 hat 100 V. The
gel was stained with SYBR Gold (Invitrogen, Co.) for 30 min
and photographed on a UV transilluminator. Similarities in
bacterial community composition were determined following
visualization and quantification of dominant bands using
Phoretix 1D analysis software (TotalLab Ltd.) and analysis

A
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Table 1 Average values (n=3) for selected chemical properties of rhizo-
sphere soils

Agro-ecosystems Ecosystems
Samples CCl CC2 PSI PS2 AD NP PT
N (mg kg™ 28 30 28 26 12 18 13
Pi (mg kg™") 17 29 24 17 26 4 17
K (mg kg™ 145 125 121 223 416 74 927
Organic matter (%) 14 19 20 15 1 5 8
pHuoo 5.5 54 56 58 89 58 63

K(molmke) 04 03 03 06 11 02 24
Na(emol, kg) 01 003 01 02 247 002 12
Ca(cmolykg) 55 31 52 59 641 05 104
Mg (cmol kg) 1 02 05 17 18 01 54
Al (cmolykg) 01 04 03 003 002 01 003
Al saturation (%)° 1.7 107 48 04 002 94 0.5

CC cereal crop, PS pasture, AD Atacama Desert, NP Conguillio National
Park, PT Patagonia

?Calculated as (A1x100) / CEC, where CEC=cation exchange
capacity=% (K, Ca, Mg, Na, and Al)
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by non-metric multidimensional scaling (nMDS) using PAST
freeware (http://folk.uio.no/ohammer/past/) as described by
Jorquera et al. (2013).

In addition, dominant bands present in agro-ecosystems
and ecosystems, with similar migration in DGGE gels, were
chosen for sequencing to determinate common and specific
bacterial groups in both ecosystems. Dominant bands in the
DGGE gels were excised, purified and reamplified, and run
again in DGGE gels to avoid sequencing of multiple
amplicons due to close proximity. PCR products were then
sequenced by (Macrogen, Inc., Korea). The sequences obtain-
ed were compared with those present in the GenBank database
from the National Center for Biotechnology Information
(NCBI) using megablast tool (http://blast.ncbi.nlm.nih.gov/)
for taxonomic assignment.

Isolation of phytate- and ACC-degrading rhizobacteria

One gram of each rhizosphere sample (in triplicate) was
suspended in 25 ml of sterile saline solution (8.5 g I"' of
NacCl) and sonicated for 30 s at 130 W (20 kHz). Appropriate
serial dilutions were then spread onto both NM-1 agar medi-
um (0.5 g I"' D-glucose, 0.5 g 1! polypeptone, 0.5 g 1™ Na-
glutamate, 0.5 g 1! yeast extract, 0.44 g 1! KH,PO,, 0.1 g1
(NH4),S04, 0.1 g 1! MgS0,4-7H,0, 15 g I'! agar, and 1 ml
vitamin solution containing 1 g I"' nicotinamide, 1 g 1™
tiamine hydrochloride, 0.05 g 1! biotin, 0.5 g 1" 4-
aminobenzoic acid, 0.01 g I"! vitamin Bj,, 0.5 g I'! D-
pantothenic acid hemicalcium salt, 0.5 g I"' pyridoxamine
dihydrochloride, 0.5 g I"' folic acid; Nakamura et al. 1995),
and soil extract (SE) agar medium prepared with 500 ml 1" of
soil extract (1 kg soil from the Region of La Araucania mixed
with 2 1 of 50 mM NaOH) according to Hamaki et al. (2005).
Both media contained 15 g I"' agar and were supplemented
with 100 pug ml™" of cycloheximide (Sigma-Aldrich) to pre-
vent fungal growth. The number of total heterotrophic
culturable rhizobacteria was estimated at each dilution after
incubation for 4-6 days at 30 °C. Approximately 760 repre-
sentative colony forming units (CFU) were chosen randomly
and transferred to screening media for assessment of phytate
and ACC-degrading activity.

Isolates were examined for growth in 5 ml tubes and on
agar plates of phytase-screening medium (PSM; Kerovuo
et al. 1998) and ACC-degrading medium (DF; Penrose and
Glick 2003) supplemented with Na-phytate (C¢H;30,4 Pg-
xNa-yH,0; Sigma-Aldrich, Co.) and ACC (C4H;NO»;
Calbiochem®) as source of P and N, respectively. PSM
contained the following: 10 g I"' D-glucose, 4 g "' Na-
phytate, 2 g 1"' CaCl,, 5 g I"' NH4NO;, 0.5 g I'' KC,
0.5 g 1" MgSO,4-7H20, 0.01 g I"! FeSO4-7H,0, 0.01 g1
MnSO04-H,0O. DF medium contained the following: 4 g 1!
KH,PO,, 6 g 1! Na,HPO,4, 0.2 g 1! MgSO,-7H,0, 2 g 1!
gluconic acid, 2 g 1! citric acid, 3 mM ACC, and 1 ml trace
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elements containing 0.001 g "' FeSO,4-7H,0, 0.01 g !
H;BOs, 0.011 g 17! MnSO,4-H,0, 0.125 g 1" ZnSO,-7H,0,
0.078 g 1! CuS0,4-5H,0, 0.01 g 1" MoOs.

Detection of phytase and ACC deaminase genes

Approximately 200 isolates showing growth in both PSM
and DF media were screened by colony PCR for putative
genes encoding [3-propeller phytase (BPP) and ACC de-
aminase (acdS) using primers for diverse bacterial target
groups as shown in Table 1. The PCR reactions were first
carried out according to protocols described by authors
(Table 1) or were modified to obtain single amplicons.
PCR products were amplified using GoTaq® Flexi DNA
polymerase (Promega, Inc.) or SapphireAmp Fast PCR
Master Mix (Takara Bio, Inc.). The presence of amplicons
in PCR-positive isolates was confirmed by a second-round
PCR using purified templates (Gentra Puregene Kit;
Qiagen Inc.). Where available, amplicons were sequenced
(Macrogen, Inc., Korea) and translated to protein se-
quences and compared with those in the GenBank using
the blastx tool.

Characterization of putative PGPR

A total of 29 putative PGPR stains that showed growth in both
PSM and DF media and were PCR positive for both target
genes were selected and identified to the genus level by partial
sequencing of their 16S rRNA genes. PCR was conducted
with the primers 27f /1492r (Table 1) hot start reaction at
94 °C for 5 min and 35 cycles at 94 °C for 1 min, 52 °C for
1 min, and 72 °C for 2 min. PCR products were purified and
sequenced (as above), and compared with those in the
GenBank using the megablast tool.

The production of auxin of putative PGPR was deter-
mined by colorimetric assay at 530 nm using Salkowski’s
reagent as described by Patten and Glick (2002). Bacterial
cells were grown with shaking (120 rpm) for 2 days at
30 °C in LB broth supplemented with tryptophan
(1 mg ml™") as auxin precursor. Cells were then centri-
fuged (1,500xg for 10 min at 4 °C) and 1 ml of super-
natant was combined with 2 ml of Salkowski’s reagent
(150 ml of 98 % H,SOy4, 7.5 ml of 0.5 M FeCl;-6H,0,
and 250 ml distilled water) and incubated for 30 min at
room temperature. Quantification of auxin was deter-
mined relative to pure indole acetic acid (Sigma-Aldrich,
Co.).

Nucleotide sequence accession number
The nucleotide sequences (>200 bp) obtained in this study

were deposited in the GenBank database under accession
numbers from KJ545705 to KJ545753.
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Results
Soil chemical properties

Analysis of the ecosystem soils is shown in Table 2. Values of
N ranged from 26 to 30 mg kg™ in agro-ecosystems and from
12 to 18 mg kg ' in ecosystems. Extractable P and K varied
across the sites and were lowest in the Conguillio National
Park (NP) soil. As we expected, higher values of organic
matter were observed in agro-ecosystems (14-20 %) com-
pared with the undisturbed ecosystems (1-8 %). Soil pH
was acidic for rhizosphere soils taken from agro-ecosystems
(pH 5.4 to 5.6) and varied from acidic to alkaline (pH 5.8 to
8.9) in the natural ecosystem. Higher levels of Al-base satu-
ration were observed in the NP and CC2 (9.4 and 10.7 %,
respectively) compared to negligible levels in the other soils.

Bacterial community composition in the rhizosphere

Community profiles generated from DGGE analysis of 16S
rRNA genes of the indigenous rhizobacteria revealed a level
of similarity across the ecosystem soils, but with significant
differences in presence of dominant bands (Fig. 2a). The
nMDS analyses showed mainly three clusters (Fig. 2b), with
clear separation of rhizobacterial communities from the Re-
gion of La Araucania (PS2, CC1, CC2, and NP) compared to
the Atacama Desert (AD) and Patagonia (PT) regions. An

exception to this was the PS1 soil from undisturbed National
Park soil from Region of La Araucania, which grouped more
similarly with the Atacama Desert soil.

DNA sequence analysis of dominant bands discriminated
by DGGE indicated a strong presence of Enterobacteriales in
all of the rhizosphere soils analyzed (bands no. 5, 11, 13, 14,
15,20, 21, 22, 25, 31, 33, 34, and 36; Fig. 2a), with exception
of the Patagonia soil (Table 3). Citrobacter freundii was
identified (100 % sequence similarity) as being present in at
least three of the soils from across diverse ecosystems.
Sphingobacteriales were similarly observed in samples from
the Region of La Araucania (bands no. 10, 19, and 23) and
particularly in the soil from oat crops (CC1; bands no. 1, 2, 3,
6,7, and 8). Actinomycetales and Rhizobiales were detected in
both agro-ecosystems (bands 4, 9, 17, and 18) and undisturbed
ecosystems (bands 24, 27, 28, 30, and 32) and Pseudomonales
in the PS1 and AD soils (bands no. 16 and 35, respectively).

Isolation of putative PGPR

Total numbers of culturable heterotrophic rhizobacteria on
NM-1 medium were greater in rhizosphere soils taken from
plants grown in the Region of La Araucania (1 to 10x
10° CFU g ! soil) compared with soil from the AD and PT
(1 to 5x10° CFU g ' soil) regions (Fig. 3a). Numbers of
total bacteria were similarly observed on soil extract agar
for the Region of La Araucania soil (1-4x10°® CFU g !

Table 2 Primers used in this study for characterization of bacterial domains based on 16S rRNA, ACC deaminase (acdS) and 3-propeller phytase (BPP)

genes

Primer name Sequence (5'—3")

Bacterial target group

Reference

16S rRNA
EUBM33-GC* GCACAAGCGGTGGAGCATGTGG
EUBr1387 GCCCGGGAACGTATTCACCG
27f AGAGTTTGATCCTGGCTCAG
1492r TACGGYTACCTTGTTACGACTT
acdS
F1936 GHGAMGACTGCAAYWSYGGC
F1938 ATCATVCCUVTGCATBGAYTT
F1939 GARGCRTCGAYVCCRATCAC
ACCf ATG AAC CTG AAT CGT TTT RAA
ACCr TCA GCC GTT GCG RAA CAR GAA
acdSt GGCAAGGTCGACATCTATGC
acdSr GGCTTGCCATTCAGCTAT
BPP
BPPf GACGCAGCCGAYGAYCCNGCNITNTGG
BPPr CAGGSCGCANRTCIACRTTRTT
DPI GAYGCIGCIGAYGAYCCIGC
DP2 TCRTAYTGYTCRAAYTCIC

Eubacteria

Eubacteria

Proteobacteria (a-[3-)

Pseudomonas

Rhizobium-Enterobacter

Proteobacteria (a-) and Bacillus

Bacillus

Iwamoto et al. (2000)

Peace et al. (1994)

Blaha et al. (2006)

Kamala-Kannan et al. (2010)

Duan et al. (2009); Jha et al. (2012)

Huang et al. (2009)

Tye et al. (2002)

* GC-clamp (CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGG) was attached to the 5'-end of the primer
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Agro-ecosystems Ecosystems
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Fig.2 Rhizobacterial communities associated with plants grown in agro-
ecosystems (blue) and undisturbed ecosystems (red). a Community pro-
files obtained by denaturing gradient gel electrophoresis (DGGE) of
bacterial 16 rRNA genes. Arrowheads and numbers indicate major bands

soil), but interestingly bacterial growth was not observed
on this medium (which was prepared with soil from La
Araucania region) for either of the Atacama Desert or
Patagonia rhizosphere soils. It is also noteworthy that
greater diversity in bacterial phenotypes were visualized
on NM-1 agar medium in samples from agro-ecosystems
compared with soils from undisturbed ecosystems (e.g.,
compare panels b and ¢ of Fig. 3).

Isolates showing ability to degrade both phytate and ACC
in culture media represented 26 to 30 % of the total number of
colony forming units obtained and were observed in rhizo-
sphere soils from across all seven ecosystems with no clear
differences according to land use or location. Screening of
these isolates by PCR indicated the presence of phytase and
ACC deaminase genes by PCR, in many of the isolates with
between 2 and 29 % and 9 and 32 % of isolates from PSM
media being positive for putative BPP and acdS genes, re-
spectively. Likewise for isolates with ACC-degrading activity,
between 0 and 26 % and 6 and 29 % of those screened were
positives for BPP and acdS genes. However, sequencing of
the PCR amplicons from the majority of these isolates did not
show reliable similarity with target genes, with exception of
three putative phytase genes generated with primers
BPP{/BPPr (Table 2) from cereal crops (CC 3.6 and
CC3.18) and Atacama Desert (AD7.21) soils (Fig. 4). These
clones showed 94 to 97 % similarity with the 3-phytase gene
of Bacillus subtilis subsp. subtilis (accession no. CP004405)
and ~74 % with PhyL of Bacillus licheniformis (accession no.
AY651979), respectively.

Characterization of putative PGPR

Phylogenetic characterization of 29 putative PGPR iso-
lates that showed growth in both PSM and DF media
identified species that belonged to Enterobacter,
Rahnella, Pseudomonas, Bacillus, Serratia, and Pantoea
genera (Table 4). Blast analysis of the 16S gene sequences
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that were excised for DNA sequence analysis. b Non-metric multidimen-
sional scaling (nMDS) analysis of DGGE profiles generated by PAST
freeware (http://folk.uio.no/ohammer/past/) with the Bray—Curtis method
(Somerfield 2008) using stress value of <0.1 and P value of 0.05

also showed isolates (CC3.12, CC3.13, CC3.16, and
CC3.6) from agro-systems with high similarities (99—
100 %) with previously indentified phytate-degrading
Enterobacter and plant growth-promoting FEnterobacter
and Rahnella. In undisturbed ecosystems, the occurrence
of species with high similarity (93—-100 %) to plant
growth-promoting Serratia, Bacillus, Pantoea,
Enterobacter, and Leclercia genera (isolates AD7.5,
AD7.15, AD7.20, AD7.38, PT10.2, PT10.6, and PT2.8)
were likewise identified (Table 4).

All of the selected putative PGPR were able to produce
auxin in culture media with higher levels generally being
observed in isolates from agro-ecosystems (mean of
45.6 pug ml ") compared with undisturbed natural ecosystems
(mean of 17.6 ug ml™") (Fig. 5).

Discussion

Bacterial community structure in the rhizosphere of plants and
presence of putative PGPR based on phytase-degrading and
ACC-degrading bacteria were investigated in a range of un-
disturbed ecosystems and agro-ecosystems across Chile. Se-
quencing of dominant DGGE bands from 16 rRNA amplicons
revealed the occurrence of members belonging to
Enterobacteriales, Sphingobacteriales, Actinomycetales,
Rhizobiales, and Pseudomonales orders, in both ecosystems,
despite contrasting geographical location and diverse climatic
environments. These bacterial orders are commonly found in
soil (Pastorelli et al. 2013; Ramond et al. 2013) and have been
described in the rhizosphere of various shrubs, grasses, and
forests (Bardhan et al. 2012; Jorquera et al. 2012; Saul-
Tcherkas et al. 2013). Their presence in Chilean soils reported
here is also consistent with previous studies (Bricefio et al.
2010; Cea et al. 2010; Jorquera et al. 2010). However, they
differ from those taxa with high (Gemmatimonadetes,
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Table 3 Phylogenetic assignment of major DGGE bands
Band® Origin Taxonomic group® Closest relatives or cloned sequences (accession no.) Similarity
(%)
Agro-ecosystems
1 Cereal crops  Bacteroidetes, Sphingobacteria, Uncultures bacteroidetes from rhizosphere (FR820567) 91
(cch Sphingobacteriales
2 Cereal crops Bacteroidetes, Sphingobacteria, Uncultured Flavitalea sp. From rhizosphere (JX114387) 100
(CC1) Sphingobacteriales
3 Cereal crops Bacteroidetes, Sphingobacteria, Uncultured Flavisolibacter sp. from soil (KC172285) 99
(cch Sphingobacteriales
4 Cereal crops Proteobacteria, Alphaproteobacteria, Uncultured Bradyrhizobiaceae bacterium (EF019846) 100
(ccCh) Rhizobiales
5 Cereal crops Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. CF-5 isolated from soil (KF372588) 100
(cch Enterobacteriales
6  Cereal crops  Bacteroidetes, Sphingobacteria, Uncultured bacteroidetes from rhizosphere (JE703485) 100
(cch Sphingobacteriales
7  Cereal crops Bacteroidetes, Sphingobacteria, Uncultured endophytic bacterium from Juncus trifidus 99
(CC1) Sphingobacteriales (HE815433)
8  Cereal crops  Bacteroidetes, Sphingobacteria, Uncultured Chitinophagaceae from rhizosphere (JX114430) 100
(cCh) Sphingobacteriales
9  Cereal crops  Actinobacteria, Actinobacteridae, Uncultured bacterium from mountain soil (KC554184) 98
(CC1) Actinomycetales
10 Cereal crops Bacteroidetes, Sphingobacteria, Uncultured bacterium from tar pit soil (JN645883) 100
(CC2) Sphingobacteriales
11 Cereal crops  Proteobacteria, Gammaproteobacteria, Providencia vermicola str. BAB-205 from soil (KF535113) 100
(CC2) Enterobacteriales
12 Cereal crops Proteobacteria, Deltaproteobacteria Uncultured bacterium from rhizosphere biofilm (GU375786) 98
(CC2)
13 Pasture (PS1)  Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. BAB-173 from soil (KF535108) 100
Enterobacteriales
14 Pasture (PS1)  Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. BAB-1679 from contaminated soil 100
Enterobacteriales (KF535142)
15 Pasture (PS1)  Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. BAB-1679 from contaminated soil 100
Enterobacteriales (KF535142)
16 Pasture (PS1)  Proteobacteria, Gammaproteobacteria, Pseudomonas sp. str. W14 from soil (KF560384) 100
Pseudomonales
17 Pasture (PS1)  Actinobacteria, Actinobacteridae, Arthrobacter oxydans from soil (EF154243) 99
Actinomycetales
18 Pasture (PS1)  Actinobacteria, Actinobacteridae, Rhodococcus sp. str. W34 from soil (KF560405) 99
Actinomycetales
19 Pasture (PS2)  Bacteroidetes, Sphingobacteria, Niabella sp. str. ICM 1-15 from metal-contaminated agricultural 100
Sphingobacteriales soil (KF289904)
20 Pasture (PS2)  Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. BAB-188 from soil (KF535109) 100
Enterobacteriales
Ecosystems
21 National Park  Proteobacteria, Gammaproteobacteria, Rahnella aquatilis str. VRT-251 from rhizosphere (KF201685) 100
Enterobacteriales
22 National Park  Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. BAB-1679 from contaminated soil 100
Enterobacteriales (KF535142)
23 National Park  Bacteroidetes, Sphingobacteria, Uncultured Flavisobacter sp. from ginger soil (KC172285) 100
Sphingobacteriales
24 National Park  Proteobacteria, Alphaproteobacteria, Bradyrhizobium sp. str. UTPF23a from rice soil (AB769185) 99
Rhizobiales
25 National Park  Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. BAB-1679 from contaminated soil 100
Enterobacteriales (KF535142)
26 Patagonia Acidobacteria Uncultured soil bacterium from PAH-contaminated soil 92
(FQ659446)
27 Patagonia Proteobacteria, Alphaproteobacteria, Uncultured alpha proteobacterium from antactic soil (EF221137) 100
Rhizobiales
28 Patagonia Proteobacteria, Alphaproteobacteria, Bradyrhizobium sp. str. M3 from sugar cane rhizosphere 100
Rhizobiales (KF113103)
29 Patagonia Proteobacteria, Alphaproteobacteria Uncultured alpha proteobacterium from Empetrum rubrum soil 100

(EF220599)
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Table 3 (continued)

Band® Origin Taxonomic group® Closest relatives or cloned sequences (accession no.) Similarity
(%)
30 Patagonia Proteobacteria, Alphaproteobacteria, Bradyrhizobium sp. str. S452 from arsenic enriched soil 99
Rhizobiales (GU731241)
31 Atacama Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. BAB-1679 from contaminated soil 100
Desert Enterobacteriales (KF535142)
32  Atacama Actinobacteria, Actinobacteridae, Rhodococcus erythropolis str. VOL from soil (KF499507) 99
Desert Actinomycetales
33 Atacama Proteobacteria, Gammaproteobacteria, Citrobacter freundii str. BAB-1679 from contaminated soil 100
Desert Enterobacteriales (KF535142)
34 Atacama Proteobacteria, Gammaproteobacteria, Uncultured Citrobacter sp. str. OTU17 from soil 100
Desert Enterobacteriales
35 Atacama Proteobacteria, Gammaproteobacteria, Pseudomonas sp. str. W14 from soil (KF560384) 100
Desert Pseudomonales
36 Atacama Proteobacteria, Gammaproteobacteria, Rahnella aquatilis str. VRT-251 from rhizosphere (KF201685) 100
Desert Enterobacteriales

# Corresponding DGGE bands shown in Fig. 2

® The phylogenetic assignment is based on sequence analysis by megablast of GenBank database from NCBI (http://www.ncbi.nlm.nih.gov). It is given

the phylum as well as the lowest predictable phylogenetic rank

Based on partial sequencing of 16S gene and comparison with those present in GenBank database by megablast

A 1E+08
1E+07 ab ab —?— A
- X B a A
2 1E+06 | b
&
(E_) 1E+05

Fig. 3 a Counts of total heterotrophic rhizobacteria on NM-1 (light
bars) and soil extract agar (solid bars) media for undisturbed eco-
systems, Atacama Desert (4D), Patagonia (PT), and Conguillio Na-
tional Park (NP) and agro-ecosystems cereal crops (CC) and pastures
(PS). Bars represent standard error and same letter (lowercase for
NM-1 or uppercase for soil extract agar) denotes no statistical dif-
ference (P<0.05, Duncan multiple range test). Example of isolates
cultured from rhizosphere soils collected from cereal crops (b) and
the Atacama Desert (c)

@ Springer

Planctomycetes, Actinobacteria, and Chloroflexi) and low
(Acidobacteria and Proteobacteria) abundances reported for
bulk soil of Atacama Desert by Drees et al. (2006) and Neilson
et al. (2012), evidencing a possible plant-specific selection
and stimulation of bacterial groups in the rhizosphere of plants
grown in dry and salty ecosystems. In this context, the impor-
tance of root exudates (such as flavonoids and vitamins) on
selection and activity of soil heterotrophic bacteria in the
rhizosphere is widely known (Berendsen et al. 2012;
Bulgarelli et al. 2013; Cesco et al. 2012; Palacios et al.
2014). Our results suggest however that some bacterial orders
(such as Enterobacteriales, Actinomycetales, and Rhizobiales)
may be more dominant across ecosystems whereas other (such
as Sphingobacteriales and Pseudomonales) appear to be re-
stricted more to specific regions or rhizosphere types. But, this
result should be interpreted with caution because the absence
of dominant groups could be due to the incomplete and biased
DNA extraction from soils, representing a fraction of the
whole community present in rhizosphere samples (Bakken
and Frostegérd 2006; Lombard et al. 2011; van Elsas and
Boersma 2011). Further studies to assess the influence of
biogeography and climate on bacteria in Chilean soils are
therefore warranted.

The nMDS analysis indicated a general difference in
rhizobacterial community composition from plants grown in
the Region of La Araucania (NP, PS2, CC1, and CC2) com-
pared to those from more extreme environments in the
Atacama Desert or Patagonia. This result is also supported
by differences in total counts of heterotrophic bacteria in these
environments and it is intriguing as to why communities from
the Atacama Desert and Patagonia were not culturable on soil
extract agar prepared from soil obtained from the Region of
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Fig. 4 Phylogenetic tree showing affiliation of selected phytase genes
found in this study (AD7.21, CC3.6, and CC3.18) in relation to phytase
genes previously found in Chilean agro-ecosystems by Jorquera et al.

ACR78677 phytase Bacillus subtilis
491 ADM43556 phytase Bacillus sp. MQH-15
47 AAL25193 phytase Bacillus amyloliquefaciens

60 971 ZP 04160523 3-phytase Bacillus mycoides Rock3-17

ABC75078 phytase precursor Bacillus coagulans
99 AAT73627 PhyL Bacillus licheniformis

= ABP02074 3-phytase Bacillus licheniformis
AD7.21

ADM43548 phytase partial Paenibacillus sp. SPT-03
CC3.6

T

CC3.18

A

1

Table 4 Genetic characterization of selected putative PGPR by sequencing of 16S rRNA genes

ZP 04154570 3-phytase Bacillus pseudomycoides DSM 12442

(2011) (MQH-15 and SPT-03) and representative phytase gene sequences
taken from GenBank. The neighbor-joining tree was constructed using
MEGAG6 with the bar indicating 10 % sequence divergence

Isolate Origin Closest relatives of cloned sequences (accession no.)* Identity (%)

Agro-ecosystems
CC3.12 Cereal crops (CC1) Phytate-degrading Enterobacter cloacae PYPBO0S from rhizosphere of leguminous plant (JE346895) 100
CC3.13 Cereal crops (CC1) Plant growth-promoting Enterobacter sp. YT4 from (HQ143573) 100
CC3.14 Cereal crops (CC1) Enterobacter ludwigii S7 from root nodule of soybean (KF439812) 99
CC3.16 Cereal crops (CC1) Plant growth-promoting endophytic Rahnella sp. IN27 (KC951571) 100
CC3.24 Cereal crops (CC2) Enterobacteriaceae bacterium SAP840.3 from floral nectar of wild Mediterranean plants (JX067715) 99
CC3.3  Cereal crops (CC1) Pseudomonas putida ZJF-G2 from soil (KF367465) 100
CC3.6  Cereal crops (CC1) Antifungal endophytic Bacillus tequilensis St10 form ginseng (JN70007) 99
CC4.20 Cereal crops (CC2) Enterobacter ludwigii CL2 from rhizosphere soil of water-stressed wheat (KF747684) 99
CC4.22  Cereal crops (CC1) Enterobacter ludwigii CL2 from rhizosphere soil of water-stressed wheat (KF747684) 99
PS5.10  Pasture (PS2) Uncultured Serratia sp. WRFC90 from saffron rhizosphere (JX294740) 99
PS5.12  Pasture (PS2) Serratia sp. NW-2013-R10 from root of yellow lupin (HG423565) 99
PS6.18  Pasture (PS1) Pantoea sp. KJ-47 from soil (KF598854) 100

Ecosystems
AD7.5  Atacama Desert Antagonistic endophytic Serratia grimesii DSQ3 from garlic (HM217122) 99
AD7.15 Atacama Desert Plant growth-promoting Serratia sp. QW45 from rhizome of ginger (KF737382) 96
AD7.20 Atacama Desert Chitinolytic and antifungal Serratia sp. salahi.zh (KF434590) 99
AD7.21 Atacama Desert Bacillus amyloliquefaciens HPCAQB14 of halotolerant plant (KF861603) 100
AD7.27 Atacama Desert Pantoea sp. KJ-47 from soil (KF598854) 99
AD7.30 Atacama Desert Enterobacter sp. F65 from Chinese red soil (KF788246) 100
AD7.31 Atacama Desert Endophyitic Enterobacter cloacae P101 from switchgrass (CP006580) 97
AD7.37 Atacama Desert Enterobacter sp. OG32 from nodule of chickpea grown in arid zone (FR839342) 100
AD7.38 Atacama Desert Plant growth-promoting Enterobacter sp. YT4 from (HQ143573) 93
PT8.16 Patagonia Endophytic Enterobacter amnigenus p412 from potato (AM062693) 100
PT8.9  Patagonia Pantoea sp. KJ-47 from soil (KF598854) 99
PT10.1 Patagonia Serratia sp. NW-2013-R10 from root of yellow lupin (HG423565) 99
PT10.2 Patagonia Plant growth-promoting Rahnella aquatilis VRT-251 from Eucalyptus rhizosphere (KF201685) 100
PT10.3 Patagonia Plant growth-promoting Endophitic Rahnella sp. IN27 (KC951571) 100
PT11.1 Patagonia Uncultured Serratia sp. WRFC90 from saffron rhizosphere (JX294740) 99
PT10.6 Patagonia Plant growth-promoting Serratia sp. QW45 from rhizome of ginger (KF737382) 95
PT2.8  National Park Plant growth-promoting Leclercia adecarboxylata EG88 from ginger rhizosphere (KC122711) 100

“Based on partial sequencing of 16S rRNA gene and comparison with those present in GenBank (http://www.ncbi.nlm.nih.gov) by using megablast
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Fig. 5 Production of auxin by 100
selected putative PGPR from
undisturbed ecosystems and agro-
ecosystems. Shown for each —
ecosystem is the mean and =
absolute range of values, the 50 % . 80
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Araucania in central Chile. The abundance, composition, and
activity of rhizobacterial populations may be affected by a
wide variety of factors including climate, plant-specific selec-
tion, and/or soil properties, such as nutrient available (N, P,
and K), organic matter content, pH, and Al (Marschner et al.
2001; Mendes et al. 2014). In particular, soil carbon availabil-
ity and soil pH have been shown to be major factors in
influencing the composition and activity of bacterial commu-
nities (Bausenwein et al. 2008; Fierer and Jackson 2006) and
are thus considered to be fundamental drivers of bacterial
biogeography (Bissett et al. 2010). In the present study, the
closeness in rhizobacterial community composition between
10-year naturalized pasture (PS1) and the Atacama Desert is
noteworthy, despite the extreme difference in climate and
geographical location (~1,800 km distance) of these two en-
vironments. Based on data obtained, this might be explained
by (i) the occurrence of rhizobacterial groups, which were not
highly dominant in other samples as revealed by DGGE (such
as the Pseudomonales), and (ii) resilience capacity in PS1, but
further analysis to verify this is required.

It is widely assumed that management of PGPR in agro-
ecosystems provides an attractive proposition for improving
the P nutrition and stress tolerance in agricultural plants.
Numerous studies have described the beneficial effect of
PGPR through traits such as phosphate-solubilizing and
phytate-mineralizing activities, ACC deaminase and auxin
production (Bhattacharyya and Jha 2012; Glick 2004; Kang
etal. 2010; Martinez-Viveros et al. 2010; Nadeem et al. 2010;
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Richardson and Simpson 2011). However, their abilities are
commonly tested in vitro and does not guarantee their bene-
ficial effect in plants under field conditions. For example,
media supplemented with insoluble tricalcium phosphates
are commonly used to select efficient phosphate-solubilizing
rhizobacteria, but when they are applied for improving of P
nutrition in plants, only few isolates appear to be true P-
solubilizers in soils (Bashan et al. 2013a, b). In Chilean
agro-ecosystems, the occurrence of rhizobacteria having such
PGPR traits has similarly been reported (Acuna et al. 2013;
Jorquera et al. 2008; Martinez et al. 2011; Shoebitz et al.
2009). However, few studies have specifically examined
natural and undisturbed ecosystems as a potential source of
PGPR. Timmusk et al. (2011) reported that rhizosphere of
wild barley (Hordeum spontaneum) grown in a “stressful”
south-facing slope contains significantly higher populations
of ACC deaminase-producing, P-solubilizing, and osmotic
stress-tolerant bacteria compared with north-facing slope in
northern Israel. Similarly, Mayak et al. (2004a, b) isolated
ACC deaminase-producing rhizobacteria from dry salty envi-
ronments and their inoculation increased the resistance of
tomatoes and pepper plants seedlings to salt and water stress,
hence alleviating the suppression of growth. The long-term
selection and co-evolution of rhizobacterial communities with
the roots of plants in co-adapted environments may provide a
unique opportunity to obtain novel isolates of PGPR and to
investigate how certain bacteria may assist plant growth and
provide increased tolerance to abiotic stress. In this study, we
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isolated diverse culturable bacteria with identifiable PGPR
traits from native plants grown in a range of undisturbed
Chilean ecosystems, which included the Atacama Desert, the
Andes mountains, and steppe-like plains of Patagonia. PGPR
adapted to plant hosts in these local soil conditions may play a
significant role in adaptation and growth of their respective
plant hosts as previously demonstrated by Jorquera et al.
(2012) with rhizobacteria isolated from shrubs grown in
Mohave Desert (California), which were shown subsequently
to also increase the growth of cucumber plants.

The identity of putative PGPR from the different ecosys-
tems was investigated by 16S rRNA gene sequencing, which
indicated the predominance of the Enterobacteriaceae family
(Enterobacter, Rahnella, Serratia, Pantoea, and Leclercia)
with high similarity to reported plant growth-promoting and
antagonistic bacteria, including some endophytic bacteria;
thus, we cannot discard the possibility that some of the isolat-
ed putative PGPR can act as endophytes in plants. While this
occurrence of enterobacteria is a likely result of the selection
protocol used, we do not disregard the higher abundance of
other putative PGPR belonging to bacterial groups, such as
Pseudomonas and Bacillus. Enterobacteriales,
Pseudomonales, and Bacilli with PGPR traits are commonly
reported for rhizosphere soils (Bulgarelli et al. 2013; Vacheron
et al. 2013), including those from Chilean pastures and crops
(Acufia et al. 2013; Jorquera et al. 2010; Martinez et al. 2011).
Interestingly, higher auxin production was detected in putative
PGPR from agro-ecosystems compared with undisturbed eco-
systems. This result could be attributed to higher N available
in soil of agro-ecosystems as shown in Table 1. In context,
long-term N fertilization has previously been shown to affect
both total rhizobacterial community composition and the pop-
ulation densities of auxin-producing rhizobacteria in pasture
from the Region of La Araucania (Jorquera et al. 2013;
Martinez et al. 2011). These studies also demonstrated that
organic acids, naturally found in the plant rhizosphere, can
stimulate the auxin production by rhizosphere Bacilli strains
isolated from Chilean pastures (Acuiia et al. 2011). It can be
postulated that rhizobacteria present in extreme environments
may be better adapted to low nutrient availability resulting in
differing auxin production. However, reasons why putative
PGPR from undisturbed ecosystems produce lower amounts
of auxin remain unclear.

The occurrence of rhizobacteria with phytase- and ACC-
degrading activity in all rhizosphere soils analyzed is consis-
tent with the widespread presence of PGPR across diverse
environments. With respect to the detection of putative BPP
genes by PCR, the amplicons sequencing only confirmed the
presence of rhizobacteria having phytase genes with similarity
to known Bacillus. Irrespective though, the phytases identified
were distinct from those previously reported (Bacillus MQH-
15, Bacillus MQH-19, and Paenibacillus SPT-03) in Chilean
soils (Jorquera et al. 2011). Rhizosphere harboring phytase

genes with similarity to Bacillus have also been reported in
plants grown in undisturbed ecosystems (Jorquera et al. 2012).
However, and despite extensive optimization of PCR reac-
tions for the primer sets used here, sequence results showed
numerous unspecific amplification with poor or no identity to
known BPP genes. It is suggested that the current database of
bacterial phytases is insufficient to provide adequate coverage
of phytase genes across bacterial phyla (Lim et al. 2007).
Based on our inability in the present study to also reliable
amplify ACC deaminase genes using well-described primers,
we suggest that a similar situation occurs for this gene. In
previous studies, we have successfully detected the occur-
rence of genes encoding BPP and acdS in environmental
isolates using the same primers and optimization of PCR
reactions (Jorquera et al. 2011, 2012). The low detection of
BPP genes and the inability to detect genes encoding ACC
deaminase by PCR in the present study may thus be due to
either the use of different bacterial selection protocols or that
the sequence of BPP and ACC deaminase genes in
rhizobacteria from the Chilean ecosystems we sampled were
sufficiently different to those previously reported and avail-
able in public databases. Clearly, further studies are required
to investigate the diversity and abundance of BPP and ACC
deaminase genes in various ecosystems and their contribution
to plant growth promotion.

Conclusions

Despite significant differences in rhizobial community com-
position across ecosystems and land-use systems of northern,
central, and southern regions of Chile, we showed that the
rhizosphere of plants collected from these diverse environ-
ments harbored common orders of rhizobacteria, such as
Enterobacteriales. Moreover, the presence of bacterial isolates
with phytate- and ACC-degrading activities was demonstrated
in both agro-ecosystems and undisturbed ecosystems. Select-
ed putative PGPR showing both phytate- and ACC-degrading
activities and auxin production (higher in agro-ecosystems)
were similarly characterized as belonging to the
Enterobacteriales, with high similarity to previously de-
scribed PGPR and other plant growth-promoting endophytic
bacteria. This study demonstrates that bacteria having PGPR
traits are widely distributed in the rhizosphere of plants from
vastly different agro-ecosystem and climatic regions. We sug-
gest that undisturbed ecosystems may therefore provide novel
sources of PGPR for development as soil inoculants for over-
coming P deficiency and other abiotic plant stresses.
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