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Abstract

Three plant growth-promoting bacteria (PGPB; Bacillus pumilus ES4, B. pumilus R1Z01, and
Azospirillum brasilense Cd) were tested for their ability to enhance plant growth and development
of the native Sonoran Desert shrub quailbush (Atriplex lentiformis) and for their effect on the
native bacterial community in moderately acidic, high-metal content (AHMT) and in neutral, low
metal content natural tailings (NLMT) in controlled greenhouse experiments. Inoculation of
quailbush with all three PGPB significantly enhanced plant growth parameters, such as
germination, root length, dry weight of shoots and roots, and root/shoot ratio in both types of
tailings. The effect of inoculation on the indigenous bacterial community by the most successful
PGPB Bacillus pumilus ES4 was evaluated by denaturating gradient gel electrophoresis (PCR-
DGGE) fingerprinting and root colonization was followed by specific fluorescent in situ
hybridization (FISH). Inoculation with this strain significantly changed the bacterial community
over a period of 60 days. FISH analysis showed that the preferred site of colonization was the root
tips and root elongation area. This study shows that inoculation of native perennial plants with
PGPB can be used for developing technologies for phytostabilizing mine tailings.

Keywords
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1. Introduction

In the deserts of the southwestern United States and northern Mexico, large mounds of mine
tailings, the main waste product of mineral ore processing of abandoned and productive
mines, are potentially a health hazard to nearby urban populations in the form of wind-
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blown dust and ground water sources. This happens because tailings, lacking plant cover and
soil structure, easily degrade by wind and rain action and serve as a continuous source of
metal pollution (Pilon-Smits, 2005). Phytostabilization, using native plants has been
proposed as an economic strategy to reduce these hazards (McCutcheon and Schnoor, 2003).
This phytoremediation approach involves creation of a plant cover on the tailings that is
sufficient to prevent erosion. A major challenge is that some of these tailings cannot serve,
in their natural state, as growth substrate for most plant species because of metal toxicity,
low pH, lack of essential minerals, lack of clay and organic matter to retain water, lack of
soil structure, lack of a seed bank of nearby native plants, or some combination of these
environmental parameters (Mendez and Maier, 2008). Thus, tailings can remain devoid of
plants for decades or have only a slight plant cover (Gonzalez-Chavez et al., 2008). A partial
solution and an upgrade of this inhospitable substrate to a “soil-like” status can be
accomplished by adding large quantities of compost, biosolids, and irrigation (Ye et al.,
2001; Chiu et al., 2006). The drawback of the compost-water strategy is that applying large
quantities of compost is often not economically feasible because of the extensive area of
tailings and the remoteness of the sites. Furthermore, water and irrigation facilities are
largely absent in deserts, especially at long-abandoned mines.

Inoculation with plant growth-promoting bacteria (PGPB; Bashan and Holguin, 1998) has
been proposed to aid in establishment of plants on tailings at reduced compost
concentrations (Petrisor et al., 2004; Zhuang et al., 2007; Mendez and Maier, 2008).
Successful attempts have been made to isolate and use potential PGPB from tailings
(Grandlic et al., 2008). The premise for this approach is that PGPB isolated from tailings
may aid in plant survival and growth through several mechanisms including: increasing
nutrient availability to plants, increasing plant resistance to metal toxicity, or decreasing
toxic metal bioavailability in the rhizosphere (Burd et al., 1998, 2000; Pishchik et al., 2002;
Glick, 2003; Belimov et al., 2004; Reed and Glick, 2005; Reed et al., 2005; Vivas et al.,
2006; Wu et al., 2006a; Li et al., 2007; Rajkumar and Freitas, 2008 a,b).

Alternatively, there are many well-studied PGPB used in other applications that could be
useful in helping plant establishment in mine tailings. For example, strains from the genus
Bacillus have been shown to enhance the growth of agricultural crops, wild plants, trees,
microalgae, and model plants, through different mechanisms of plant growth-promotion
(Bashan et al., 2000; Enebak et al., 1998; Hernandez et al., 2009; Kloepper et al., 2004 a,b;
Ryu et al., 2005; Vessey, 2003). Bacillus is also a genus commonly found in various types
of mine tailings (Natarajan, 1998; Vijayalakshmi and Raichur, 2003; Wu et al., 2006b;
Tsuruta, 2007; Zhang et al., 2007). A second genus, Azospirillum, is also commonly used for
its PGP activities. Azospirillum is perhaps the best studied of the PGPB except for rhizobia
(Bashan et al., 2004).

The hypothesis of this study is that inoculation with classical agricultural PGPB can support
establishment and growth of the common, native Sonoran Desert shrub, quailbush (Atriplex
lentiformis) in mine tailings at reduced compost concentrations. The specific objectives were
to: (1) Evaluate the growth of quailbush in two types of tailings: an acidic, high-metal
content tailing (AHMT) and neutral low-metal content tailing (NLMT) supplemented with a
sub-optimal level of compost and inoculated with one of three PGPB (Bacillus pumilus ES4,
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B. pumilus RIZO1, and A. brasilenese Cd), comparing the performance of the three PGPB
on plant growth; (2) Monitor root colonization capacity of the most successful PGPB using
the technique of fluorescent in situ hybridization (FISH) and confocal laser microscopy; and
(3) Assess whether there is an effect in structure on the tailings bacterial community by
PGPB inoculation using PCR-DGGE fingerprint analysis.

2. Material and methods

2.1. Organisms, bacterial growth conditions and inoculant preparation

The plant growth-promoting bacteria Azospirillum brasilense Cd (DSM 1843, the type strain
of A. brasilense; Braunschweig, Germany), Bacillus pumilus ES4, and Bacillus pumilus
R1ZO1 (Puente et al., 2004) and the evergreen shrub quailbush (Atriplex lentiformis) native
to southwestern North America, served as model organisms. The two B. pumilus strains
were identified by sequencing their entire 16S rRNA gene (100% similarity to deposited B.
pumilus) and their sequences were deposited in the GenBank (B. pumilus R1ZO1 accession
number is FJ032016 and B. pumilus ES4 is FJ032017). Both B. pumilus strains are
diazotrophs, where strain ES4 is also a phosphate solubilizer. Both strains can degrade
various types of rocks, were isolated from the rhizoplane of a cactus, and promoted growth
of the giant cardon cactus. Strain ES4 also promoted the growth of the microalgae Chlorella
vulgaris by supplying it with fixed atmospheric nitrogen (Hernandez et al. 2009; Puente et
al. 2004). Nomenclature of PGPB in the latter reference differs from the current
nomenclature as B. pumilus.

The PGPB were cultivated on nutrient broth (Sigma) for 24 h at 30 °C and stirred at 120
rpm. The resulting bacteria cultures were formulated into a dry, microbead inoculant made
of alginate, as described by Bashan et al. (2002), using specialized equipment (http://
www.hashanfoundation.org/bead.html, accessed 8 April, 2010). Alginate inoculants, during
numerous greenhouse and field experiments, proved to be an inert and reliable carrier for
inoculation of PGPB for crops (Bashan 1986; Bashan et al. 2002) and various desert plants
(Bashan et al. 2009, a,b; Grandlic et al. 2009). Bacterial microbead inoculant was mixed
with wild quailbush seeds in the same planting hole in the greenhouse experiment at a level
of 1.2 x 10% CFU g1 soil, as described below.

2.2. Tailings characterization

Two types of substrate were used: Acidic, high-metal content tailings (AHMT) and neutral,
low-metal content tailings (NLMT). The physiochemical properties of AHMT were
previously characterized (Grandlic et al., 2008). A single composite sample of NLMT
tailings was oven-dried at 105 °C, sieved through a 2-mm mesh, and analyzed for texture
(Soil Survey Laboratory Methods Manual, 2004). Total organic carbon (TOC) and total
nitrogen (TN) were measured in the solid phase using a Shimadzu high temperature
combustion TOC/TN analyzer (organic and inorganic nitrogen). Electrical conductivity
(EC), pH, dissolved organic carbon (DOC), and dissolved nitrogen (DN, organic plus
inorganic) were measured in a saturated paste extract (1:1) in deionized water. Samples were
prepared by microwave acid digestion (EPA method 3051; EPA, 2004) for total element
(As, Cd, Cu, Fe, K, Mn, Na, Pb, Zn) analysis by ICP-MS. Analysis was done as a service by
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a laboratory in the Department of Soil, Water, and Environmental Science University of
Arizona, Tucson, AZ. Total heterotrophic bacterial counts were done by suspending 1 g of
tailing material in sterile 0.85% saline solution with shaking at 120 rpm for 1 h; serial
dilution were done in 0.85% saline solution and plated on nutrient agar; the plates were
incubated at 37 °C and developed colonies were counted. Enumerated bacteria were
expressed as CFU g1 soil.

2.3. Greenhouse cultivation

Three treatments were tested in this experiment. Treatment 1 evaluated the effect of three
individual PGPB on the growth of quailbush in composted tailings. Treatment 2 evaluated
the growth of quailbush in composted tailings in the absence of PGPB (the uninoculated
control). Treatment 3 was an unplanted control consisting of pots of composted tailings that
did not receive either plants or PGPB inoculation. Mature compost with relatively low levels
of resident bacteria (de-Bashan et al., unpublished data) was applied. The physico-chemical
compositions of the compost were previously described (Mendez et al. 2007).

In this experiment, quailbush was grown from seeds (Carter Seeds, Vista, CA, USA) in
black plastic commercial pots (15 x 10 cm dia.) with a drainage hole, each containing a
thoroughly mixed substrate of 530 g made of 9:1 (non-sieved tailings: dairy compost, w/w).
As discussed by Grandlic et al. (2008), this is a suboptimal compost concentration for these
tailings (the optimal tailings:compost ratio is 17:3). Initially, 20 seeds per pot were planted
at ~0.5 cm with a sterile tweezers and were checked for germination five days later (day 0).
Then, each pot was thinned to 10 seedlings. At day 5, one seedling was removed from each
pot. This procedure was repeated at day 15, 30, and 60.

At the end of the experiment, 6 plants per pots were left and were used for measuring
growth parameters and for FISH analysis of their roots, as explained below. A total of 50
pots were used (10 per treatment in a randomized layout). All plants were grown in a
greenhouse on elevated metal net beds at controlled temperature (20-30 °C, n/d) and drip
irrigated with tap water every 3 h with 93.4 ml pot™2. These are optimal irrigation conditions
for this species. The experiment lasted 60 days, after which plant growth parameters were
measured.

2.4. Extraction of DNA from soil and PCR amplification

“Rhizosphere tailing soil” was defined according to the original definition of rhizosphere
soil by Hiltner (Hartmann et al. 2008), namely, tailing particles adhere to the roots after the
plant was removed from the tailing substrate. Rhizosphere samples from each treatment
(inoculated plants, non inoculated plants, soil amended with compost without plant, and
compost) were collected in sterile 1.5-ml snap cap tubes and stored at —80 °C until analysis.
DNA was extracted using a kit (Fast DNA SPIN for soils, MP Biomedicals, Solon, OH),
following the manufacturer’s protocol. In samples containing humic acids, the binding
matrix-DNA complex was further rinsed with saturated 5.5 M guanidine thiocyanate (Flucka
Sigma-Aldrich, Buchs, Switzerland) until the supernatant lost its brown tint (Rosario et al.,
2007). Samples (0.4 g soil) were used for each extraction and three replicates for each
treatment were analyzed.
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Once extracted, DNA was quantified in a mini-fluorometer (TBS 380, Turner BioSystems,
Sunnyvale, CA), using the protocol for Quant-iT PicoGreen dsDNA (Molecular Probes,
Eugene, OR). About 100 pg pl~1 of each sample was used for PCR reaction.

2.4.1. Polymerase chain reaction (PCR)—The V9 variable region of the 16S rRNA
gene was PCR amplified using the bacteria primers 1070F (5-ATG GCT GTC GTC AGC
T-3’) and 1406R (5-ACG GGC GGT GTG TAC-3') with a 40-bp GC clamp (Ferris et al.,
1996). PCR for DGGE was done using a modification of the method of Colores et al.
(2000). Briefly, 25 pl of the reaction mix contained 2.5 pl of 10x buffer with 15 mM MgCl,
(Qiagen Sciences, Germantown, MD), 200 uM dNTP, 0.4 uM of each primer, 5% dimethyl
sulfoxide (Sigma, St. Louis, MO), 0.4 g I unacetylated bovine serum albumin (Sigma), 0.5
units ul~1 HotStarTagq DNA polymerase (Qiagen Sciences), and 100 pg of community DNA
extract. Reaction was run on an automated PCR thermoblock (Peltier thermal cycler 200, MJ
Research, Waltham, MA) for 95 °C for 15 min and 30 cycles (94 °C for 455, 55 °C for 45 s.
72 °C for 30 s). PCR products were viewed after electrophoresis by running a 2% agarose
gel (GenePure LE ISC BioExpress, Kaysville, UT), followed by ethidium bromide (EMD
Chemicals, Darmstat, Germany) staining.

2.5. Denaturing gradient gel electrophoresis (DGGE) analysis

DGGE of the 16s rRNA gene products was performed using a D-Code Universal Mutation
Detection System (Bio-Rad Laboratories, Hercules, CA). Acrylamide gels (7%) were
prepared with a 45 to 70 % urea-formamide denaturing gradient, according to the
manufacturer’s protocol. Lanes were loaded with 10-15 pl of PCR product.

Electrophoresis was run at a constant 50 V for 16.5 h at 60 °C. Gels were stained with
SYBR Green | nucleic acid gel stain (Lonza, Rockland, ME) and gel images were recorded
with an Alphalmager HP (Alpha Innotech, San Leandro, CA) gel documentation system.
DGGE profiles were analyzed using Quantity One 4.5.2 software (Bio-Rad Laboratories).

2.6. Probes for fluorescent in situ hybridization (FISH)

Two probes were used: EUB338 (Amman et al., 1990), which is specific for the domain
Bacteria and the specific probe that targets the complementary region of 16S rRNA in
Bacillus (BACO7; Probe Base accession number: pB00403; Liu et al., 2001). BAC07 was
checked with the Probe Match tool of the Ribosomal Database Project and with Greengenes
(http://greengenes.ibl.gov). Oligonucleotides probes were labeled at the 5 end with the
fluorescent dyes Cy3 (specific probe) and Cy5 (universal probe) (Integrated DNA
Technologies, Coralville, 1A).

2.6.1. Preparation of roots for fluorescent in situ hybridization—Root samples
were taken at 15, 30, and 60 d. Roots were carefully separated from the soil, washed with 1x
PBS (200 mM NaH,PO4, 200 mM NayHPOy,), and fixed with 4% paraformaldehyde (Acros
Organics, Geel, Belgium) for 2 h at —4 °C. After fixation, roots were washed with 1 x PBS
and stored in a mix of 1x PBS/96% Ethanol (1:1 v/v) at —20 °C until hybridization.
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2.6.2. In situ hybridization—FISH analysis was performed as described by lverson and
Maier (2009). Briefly, slices of the fixed root were thawed and placed on a gelatin (0.1%
wi/v, 0.01% w/v chromium potassium sulfate)-coated microscope slides and fixed to the
slide by adding 1 drop of warm, low-melt agarose solution (0.2 % wi/v; Agarose LMP,
Promega, Madison, W1) and dried at 37 °C for 45 min. Samples were dehydrated by
successive 50, 80, and 96% ethanol washes (3 min each), then air dried. Prior to
hybridization, dehydrated roots were treated with 10 mg mI~1 lysozyme (Sigma) for 15 min
to enhance permeation of the probe into the Gram-positive Bacillus (Mogge et al., 2000).

Hybridization was performed at 15% stringency at 46 °C for 2 h (Daims et al. 2005). The
final concentration of the probe was 3 ng ul ~1. A careful washing was performed at 48 °C
for 15 min with 50 ml warm washing buffer. The slides were then rinsed for a few seconds
with ice-cold deionized water and then air dried. Slides not visualized immediately were
stored at —20 °C in the dark.

2.6.3. Visualization of root colonization by confocal laser scanning
microscopy—Before visualization, the slides were mounted in AF1 anti-fading reagent
(Citifluor, Electron Microscopy Sciences Hatfield, PA). Microscopy was performed with a
confocal scanning laser microscope (LMS 510, Carl Zeiss Microlmaging, Thornwood, NY).
B. pumilus and other bacteria were viewed simultaneously by using two helium neon lasers
for excitation of the dyes Cy3 at 543 nm and Cy5 at 633 nm. The pinhole was set for both
channels at 1.2 Airy units. Samples were observed with a 63x water immersion objective
(Carl Zeiss Microlmaging). For visualization, fluorescence from Cy3 and Cy5-labeled
oligonucleotide probes were assigned green and red colors, respectively. B. pumilus cells
were identified when the two single-color images were merged into one picture that
produced a yellow color. Other bacterial colonies appeared red in the photomicrographs.

The images were combined and analyzed with a software (LSM 510, version 4.2 (Carl Zeiss
International, Oberkochen, Germany). Images were processed with Adobe Photoshop,
version 8.0 (Adobe Systems, Mountain View, CA).

2.7. Measurement of plant parameters

Plant growth parameters measured at day 60 of cultivation were: shoot and root length,
number of developing leaves, and dry weight of shoot and roots. Once harvested, roots and
shoots were separated and rinsed gently under running water to remove all substrate
particles. Plant roots and shoots were then placed in individual aluminum foil packets, dried
for 48 h in a 60 °C oven, and immediately weighed (Bashan and de-Bashan, 2005b).

2.8. Experimental design and statistical analysis

Greenhouse experiments were conducted in a completely randomized design with six plants
per pot (60 plants per treatment and 300 plants per experiment). The experiment was
analyzed statistically and repeated. The presented data is from one experiment. After
normalization of the data, results of all experiments were analyzed by one-way ANOVA and
then by Tukey’s HSD post-hoc analysis. Significance was set at P < 0.05. Data in
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percentage was converted to arcsine before analysis. These statistical measures used
Statistica, ver. 6.0 (StatSoft, Tulsa, OK).

The profiles obtained from DGGE gels were analyzed for similarity using the Dice
coefficient. A dendrogram was formed from the unweighted pair group matching band
average (UPGMA). Similarity varies from 0 to 1, where 1 indicates 100% similarity.
Additionally, similarities among profiles for all treatments at each time frame were
evaluated by the Kruskal’s isotonic multi-dimensional scaling analysis (KNMDS) (Venables
and Ripley, 2002) using the statistical software R (R Foundation for Statistical Computing,
Vienna, Austria), as described for mine tailings by Rosario et al. (2007) at the significance
level of P < 0.05. A stress factor was calculated to reflect goodness-of-fit of the models.
Values <0.1 are considered a good fit.

3.1. Mine tailing analysis

The NLMT tailings have the following physiochemical properties: pH 7.0; 0.2% total
carbon; 0.02% total organic carbon; <0.01% total nitrogen; 450 mg kg~? total phosphorus;
1.4 mg kg™! organic phosphorus; 7400 mg kg™ total sulfur; 1550 mg kg1 SO,72; 2.3
mmhos cm~1 electrical conductivity; 3.89 meq 100g~1 CEC; texture, 76.8% sand, 16.6%
silt, 6.6% clay. Elemental analysis (mg kg™1): Fe (12600); Ca (9600); Mg (3550); K (3040);
Na (783); Cu (423); Mn (190); Zn (39); Ni (11); Cr (8); Pb (3.4); As (1.4); Se (0.73); and Cd
(0.37). The tailings lack a defined soil structure and have a culturable neutrophilic
heterotrophic bacterial count of 8 + 0.12 x 103 CFU g1 dry tailings.

Analysis of the AHMT tailings has been presented previously (Grandlic et al. 2008). Here
we summarize selected properties for comparison to the NLMT. The AHMT have a pH of
4.54; 0.004% total organic carbon; < 0.01% total nitrogen; texture, 51.9% sand, 26.4% silt,
21.7% clay. The major metals in the tailings are (mg kg™1): Fe (26,600); Pb (4620); Mn
(2810); Zn (1400); Cu (653); As (91); Cd (2.4). The tailings lacked a defined soil structure
and had a culturable neutrophilic heterotrophic bacterial count of 2.95 + 0.97 x 103 CFU g1
dry tailings (de-Bashan et al., unpublished data).

3.2. Effect of inoculation with three PGPB on growth parameters of quailbush

Promation of growth of quailbush after inoculation with PGPB was significant, and variable
in the two tailings. In the AHMT, the three PGPB increased seed germination (Fig. 1A) and
root length (Fig. 1B). None of the PGPB significantly increased shoot length (Fig. 1C) or the
number of leaves per plant (Fig. 1D). All PGPB strains enhanced root, shoot, and total dry
weight of the plants (Fig. 1E, 1F, 1G); however, B. pumilus ES4 had the greatest effect in
these parameters. The root:shoot ratio was enhanced only by B. pumilus RIZO1 and A.
brasilense Cd.

In the NLMT, seed germination, shoot length, and the number of leaves per plant were
enhanced by the two B. pumilus strains but not by A. brasilense Cd (Fig 2A, 2C, 2D). Root
length was enhanced by all PGPB strains (Fig. 2B). Root dry weight was enhanced only by
B. pumilus ES4 (Fig. 2E). Shoot dry weight and total dry weight of plants were enhanced by
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the three PGPB (Fig. 2G). The root:shoot ratio was enhanced only by A. brasilense Cd (Fig.
2H).

3.3. Effect of B. pumilus ES4 inoculation on tailings bacterial community structure

PCR-DGGE gels revealed that the rhizosphere bacterial community appeared to be different
among the treatments, composted mine tailings inoculated with B. pumilus ES4 and planted,
uninoculated planted controls, and unplanted controls at each time point examined (15, 30,
and 60 d) (Fig. 3). Multidimensional scaling analysis was used to evaluate the relationship
among the replicate sample profiles from each treatment. At 15 days, the sample profiles
grouped into three clusters that were significantly different from each other (P < 0.05, Fig.
3A). One cluster contained the two unplanted control samples, the second cluster contained
two of the three uninoculated control samples, and the third contained all of the inoculated
samples as well as one uninoculated control sample. At 30 days, there were three clusters (P
=0.006, Fig. 3B). The first contained the two unplanted control samples, the second cluster
contained the three uninoculated control samples, and the third contained the three
inoculated samples. Finally, at 60 days there were three clusters (P = 0.04, Fig. 3C). The
first contained the two unplanted control samples and one uninoculated control sample. The
second contained the remaining two uninoculated control samples. The third contained all
three inoculated samples.

3.4. Root colonization of quailbush plants by B. pumilus ES4

Bacterial colonization of same-age quailbush roots was examined using two sets of FISH
primers, one specific for B. pumilus ES4 and one for the domain Bacteria. Originally,
tailings had very limited populations of unidentified bacteria and most root surfaces were
devoid of bacteria. This continued for the 60 days of the experiment (Fig. 4A). Inoculation
with B. pumilus ES4 significantly and consistently changed the visual rhizosphere profile of
these roots. Specific detection of microcolonies of B. pumilus ES4 after day 15 was
observed exclusively in the root tip and elongation zone area of the root (Fig. 4B, C) and this
was observed up to day 60 of the experiment (Fig. 4D, E). With time, the population of
bacteria of other species also increased and became dominant over the root surfaces (Fig.
4D, E, F).

4. Discussion

Phytostabilization of mine tailings is a type of phytoremediation that uses plants capable of
surviving on these stressed substrates, with the objective of eliminating dispersal of
contaminant and particulates from the site. In general, this has been done with large
quantities of organic matter coupled with irrigation. Alternatively, the use of PGPB in
phytostabilization of mine tailings is proposed (Petrisor et al., 2004; Zhuang et al., 2007
Mendez and Maier, 2008). There are two possibilities to consider in the search for PGPB
compatible with mine tailings. One is to isolate native, potential PGPB from tailings or from
plants already growing in the tailings, propagate them, and use them as inoculants. This is a
labor intensive procedure that has been successfully tried (Grandlic et al., 2008, 2009). The
other approach, described in this study, is to examine isolates from the large number of
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available and proven PGPB strains, mainly used in agriculture (Bashan and de-Bashan,
2005).

All three PGPB used in this study proved to be growth promoters of quailbush in the two
types of mine tailings tested. Although the two types of tailings were very different, the
same small amount of compost was added to give the same baseline for comparison of the
performance of the PGPB. Addition of compost is essential for normal development of
native plants in the desert on toxic and even less toxic mine tailings (Iverson and Maier
2009; Mendez and Maier 2008; Grandlic C., pers. comm.). Inoculation with PGPB can
reduce the amount of compost from 15% to 10% for raising quailbush but in buffalo grass
PGPB enhanced growth in the absence of compost for a period of time (Grandlic et al.
2008). Yet, for practical revegetation of mine tailings, and for most native plant species
tested, complete elimination of compost was impossible (Grandlic C., pers. comm.); a
significant difficulty for this technology, so far. Of these isolates, B. pumilus ES4 performed
the best, as measured by plant biomass produced. Increasing plant mass at the whole plant
level is a common effect of PGPB (Bashan and Dubrovsky, 1996). Consequently, it was
chosen as the candidate PGPB for detailed studies of root colonization and its effect on the
native substrate community of bacteria. It is notable that the PGPB stimulated plant growth
in both types of tailings even though the pH and metal content were very different.

Inoculation with B. pumilus ES4 significantly changed the tailings bacterial community
structure as early as 15 days into the experiment. The triplicate B. pumilus ES4 inoculated
treatment samples were completely distinguishable from the unplanted control by day 15
and from the uninoculated control by day 30. These results are in contrast to three studies
using the PGPB Azospirillum brasilense that examined maize grown in pots in a controlled
greenhouse. Analysis of the structure of the bacterial community in these experiment, using
two fingerprinting methods, DGGE and automated ribosomal intergenic spacer analysis
(ARISA), showed that inoculation with A. brasilense strains Cd and Sp 245 had no effect or
very marginal effect, at best, on the size or the structure of the bacterial communities and
that plant age was far more significant in affecting bacterial communities (Herschkovitz et
al., 2005, a,b and Lerner et al., 2006). Another study employing tomatoes and Azospirillum
brasilense and B. subtilisin a peat-based substrate and evaluated by DGGE showed similar
trends (Felici et al., 2008).

The two tailings used in this study have an extremely low population of heterotrophic
bacteria (Mendez et al., 2007, this study), comparable in size to other tailings from the same
area (Iverson and Maier 2009). Even with the addition of 10% compost, the total population
of heterotrophic bacteria in these tailings is relatively low, depending on the type of tailings
(103-10° CFU g1, Iverson and Maier 2009); 104-10% CFU g~1, Mendez et al. 2007). The
low initial heterotrophic numbers is a possible and plausible explanation for the changes that
B. pumilus ES4 induced in the bacterial community of the tailings. In comparison to
previous studies on changing of bacterial community structure, maize ,in those studies, is a
large and fast-growing plant that produces a large amount of roots in the pots and
consequently transformed the entire soil of the pot to a rhizosphere-like mini-ecosystem
where a large population of bacteria exists, normally 108-10° CFU culturable bacteria g1
soil. Similarly, this occurs with microbial populations in the tomato rhizosphere (Meyer and
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Linderman, 1986; de Brito Alvarez et al., 1995). On this elevated native bacterial
background, inoculation with Azospirillum, normally done at the level of 108 CFU g1 or
about 0.1-1% of the background population (Bashan, 1986), has only marginal, if any,
effect on the general population observed in the above studies (Felici et al., 2008;
Herschkovitz et al., 2005, a,b; and Lerner et al., 2006) and is below the limits of the
molecular techniques used. In complex microflora, PCR-DGGE does not detect
microorganisms present at a level lower than 1% of the total microbial population (Felske et
al., 1998). However, our experiments were done with quailbush, a relatively slow growing
small plant with roots that did not completely colonize the substrate even after 60 days; this
might have had a small effect on the relatively low initial bacterial community. For
relatively low community size of bacteria, as occurs in the tailings (Iverson and Maier 2009;
Mendez et al. 2007), inoculation of B. pumilus ES4 (10% CFU g~1) created a large shift in
the populations, allowing the molecular techniques to detect it.

To verify that the effects on plant growth resulted from inoculation, it is essential to
demonstrate that seeds inoculated with bacterial strains yield colonized roots. Numerous
methods for identifying root colonization by PGPB have been developed. They include
traditional microbiology, immunology, molecular insertion of specific marker genes (Jacoud
et al., 1998), insertion of the gfp green fluorescent protein (Ramos et al., 2002; Bacilio et al.,
2004), lacZ markers (Arsene et al., 1994), and FISH (Kirchhof et al., 1997). Because the
tailings were non-sterile, we employed a modified FISH technique to follow root
colonization by the PGPB. FISH monitored with confocal laser microscopy is a powerful
tool to detect PGPB in soils and rhizosphere samples (Assmus et al., 1995). B. pumilus cells
were specifically detected by the FISH technique on the colonized root tips and the
elongation zone areas at day 15 and 60. Furthermore, the PGPB changed the bacterial
colonization of the tailings by inducing proliferation of other rhizosphere bacteria on the
root surfaces, as detected by DGGE and FISH analyses. Proliferation of other bacteria may
have been the result of an increase in exudation from the roots induced by the PGPB on the
roots. Enhanced proton and organic acid extrusion are one of the mechanisms proposed for
PGPB (Bashan and Levanony 1991; Carrillo et al. 2002; Bashan and de-Bashan 2005a).
Taken together, this suggests that this PGPB has sufficient rhizosphere fitness to serve as an
effective PGPB. Rhizosphere fitness is a major condition for the success of any PGPB
(Lugtenberg and Dekkers, 1999; Bashan et al., 2004).

In summary, this study identified an efficient PBPB strain to promote growth of a native
plant in two distinct types of mine tailings and its capacity to modify the community of
bacteria of the tailings.
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Growth parameters of quailbush uninoculated or inoculated with one of three PGPB and
grown in acidic, high-metal content mine tailings. Column denoted by a different letter in
each subfigure, differ significantly by one-way ANOVA at P < 0.05. Bars represent standard
error.
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Each subfigure contains the original DGGE gel and a dendrogram and Kruskal’s isotonic
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grouped together and differ from data from other groups at the indicated level of
significance.
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Fig. 4.

Cglonization of roots of quailbush by Bacillus pumilus ES4 detected by fluorescent in situ
hybridization (FISH) using double hybridization with the specific probe BAC07 and the
universal probe EUB338 and viewed by confocal laser microscopy. (A) non-inoculated
roots; (B,C) root tip and elongation zone 15 days after inoculation, respectively, (D) root
elongation zone 60 days after inoculation (E) root tip of the same root 60 days after
inoculation, and (F) root tip and elongation zone 60 days after inoculation. Yellow colonies
and yellow patches are labeled cells of Bacillus pumilus ES4 (marked with white arrows).
Red colonies and red patches are labeled cells of unidentified bacteria on the roots (marked
with green arrows). Because all non-inoculated roots showed the same bacterial population,
only one control microphotograph is presented. RS = Root surface; RT = Root tip.
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