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Abstract Endophytic bacteria from roots and crude seed
extracts of a Cu-tolerant population of Agrostis capillaris were
inoculated to a sunflower metal-tolerant mutant line, and their
influence on Cu tolerance and phytoextraction was assessed
using a Cu-contaminated soil series. Ten endophytic bacterial
strains isolated from surface-sterilized A. capillaris roots were
mixed to prepare the root endophyte inoculant (RE). In paral-
lel, surface-sterilized seeds of 4. capillaris were crushed in
MgSO, to prepare a crude seed extract containing seed endo-
phytes (SE). An aliquot of this seed extract was filtered at
0.2 um to obtain a bacterial cell-free seed extract (SEF). After

Responsible editor: Elena Maestri

A. Kolbas * R. Jaunatre - M. Mench (<)

UMR BIOGECO INRA 1202, Ecology of Communities,
University of Bordeaux, Bat B2, allée Geoffroy St-Hilaire, CS50023,
33615 Pessac cedex, France

e-mail: mench@bordeaux.inra.fr

A. Kolbas
e-mail: kolbas77@mail.ru

M. Mench
INRA, UMR BIOGECO INRA 1202, 69 route d’Arcachon,
33610 Cestas, France

A. Kolbas
Brest State University named after A.S. Pushkin,
Boulevard of Cosmonauts, 21, 224016 Brest, Belarus

P. Kidd
Instituto de Investigaciones Agrobiologicas de Galicia (IIAG), CSIC,
Apdo. 122, Santiago de Compostela 15780, Spain

J. Guinberteau
UMR MycSA INRA 1264, Mycology and Food Security, 71 avenue
Edouard Bourlaux, BP81, 33883 Villenave d’Omon Cedex, France

R. Herzig

Phytotech Foundation, Quartiergasse 12, CH-3013, Bern,
Switzerland

Published online: 07 January 2015

surface sterilization, germinated sunflower seeds were sepa-
rately treated with one of five modalities: no treatment (C),
immersion in MgSO,4 (CMg) or SEF solutions and inoculation
with RE or SE. All plants were cultivated on a Cu-
contaminated soil series (13-1020 mg Cu kg ). Cultivable
RE strains were mostly members of the Pseudomonas genera,
and one strain was closely related to Labrys sp. The cultivable
SE strains belonged mainly to the Bacillus genera and some
members of the Rhodococcus genera. The treatment effects
depended on the soil Cu concentration. Both SE and SEF
plants had a higher Cu tolerance in the 13-517 mg Cu kg’
soil range as reflected by increased shoot and root DW yields
compared to control plants. This was accompanied by a slight
decrease in shoot Cu concentration and increase in root Cu
concentration. Shoot and root DW yields were more promoted
by SE than SEF in the 13-114 mg Cu kg™ soil range, which
could reflect the influence of seed-located bacterial endo-
phytes. At intermediate soil Cu (416-818 mg Cu kg_1 soil),
the RE and CMg plants had lower shoot Cu concentrations
than the control, SE and SEF plants. At high total soil Cu
(617-1020 mg Cu kg "), root DW yield of RE plants slightly
increased and their root Cu concentration rose by up to
1.9-fold. In terms of phytoextraction efficiency, shoot Cu
removal was increased for sunflower plants inoculated
with crude and bacterial cell-free seed extracts by 1.3- to
2.2-fold in the 13-416 mg Cu kg ' soil range. Such increase
was mainly driven by an enhanced shoot DW yield. The
number and distribution of endophytic bacteria in the harvested
sunflower tissues must be further examined.

Keywords Bioaugmentation - Cu tolerance - Helianthus
annuus L. - Metal uptake - Phytoremediation

Abbreviations

ACC 1-Aminocyclopropane-1-carboxylate
C Untreated plants
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Chl TOT Total chlorophyll content

CMg Control plants supplemented with a solution
of MgS0O,

CuTOT Total soil Cu

DMF N,N-Dimethylformamide

DW SH Shoot dry weight yield

DW RT Root dry weight yield

IAA Indoleacetic acid

PGPB Plant growth-promoting bacteria

RE Inoculant with endophytic bacteria from the
surface-sterilized 4. capillaris roots

SE Inoculant with endophytic bacteria from the
A. capillaris seeds

SEF Bacterial cell-free seed extract obtained by
filtering a SE aliquot at 0.2 pm

SL Maximum stem length

TE Trace element

Background, aim, and scope

Increasing attention is devoted to phytoremediation options
for metal(loid)-contaminated soils and engineered plants to
improve their effectiveness (Vangronsveld et al. 2009; Mench
et al. 2009, 2010). Some microorganisms, particularly bene-
ficial bacteria and fungi, can improve plant performance under
stressful environments (Lebeau et al. 2008; Compant et al.
2010; Cherian et al. 2012). One option to promote metal
phytoextraction through increases in shoot biomass and/or
shoot metal concentration is the use of plant growth-promoting
bacteria (PGPB) associated with many plant species (Rajkumar
et al. 2009; Glick 2010; Ma et al. 2011a; Luo et al. 2012).
Many PGPB can thrive as endophytic bacteria in plant parts
(Mastretta et al. 2009; Compant et al. 2010). The colonizing
process may be initiated in the root zone, but these bacteria
may also originate from the phyllosphere, the anthosphere
and the spermosphere (Compant et al. 2005a). Compared to
rthizosphere and phyllosphere microorganisms, endophytic
bacteria are likely to interact more closely with their host
(Sturz and Nowak 2000).

In pioneer studies, potential Cu-resistant plant growth-
promoting Rhizobacteria (PGPR) have been isolated in vari-
ous manners, notably from contaminated soils, to promote the
phytoremediation of Cu-contaminated soils. Inoculation of
Brassica juncea seeds with a Cu-resistant PGPR strain,
Achromobacter xylosoxidans Ax10, isolated from a Cu mine
soil increased the root and shoot biomasses of plants grown in
a sterilized, Cu-spiked soil and improved their Cu uptake (Ma
et al. 2009). The incorporation of Pseudomonas aspleni into
the soil also facilitated Cu uptake in Brassica napus by in-
creasing its biomass (Reed and Glick 2005). Pseudomonas
Jjessenii increased biomass of Ricinus communis and was
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efficient at solubilizing Cu (Rajkumar et al. 2009). Seed
inoculation with Proteus vulgaris increased germination,
biomass and chlorophyll content and decreased root and
shoot Cu accumulation of Cajanus cajan (Rani et al.
2008). A bacterial strain isolated from the rhizosphere of
Elsholtzia splendens growing on Tonglu Mountain Cu
mines increased soil water-soluble Cu, as well as root
and shoot Cu accumulation (Chen et al. 2005).

Endophytic bacteria were defined as those bacteria that
colonize the internal tissue of the plant showing no external
sign of infection or negative effect on their host (Ryan et al.
2008). Their common functions and their application for
bioaugmentation of metal-contaminated soils were reviewed
elsewhere (Ryan et al. 2008; Sessitsch et al. 2013).
Bioaugmentation with trace element (TE)-resistant endophyt-
ic bacteria can promote plant establishment and growth and
influence both macronutrient and TE uptake by roots in con-
taminated soils under phytoremediation (Burd et al. 2000;
Belimov et al. 2005; Madhaiyan et al. 2007; Weyens et al.
2009; Sessitsch et al. 2013). Shoot metal removal can increase
in endophyte-inoculated plants due to an enhanced biomass
production and/or TE uptake and accumulation in aerial plant
parts (Lodewyckx et al. 2001; Sheng et al. 2008; Kuffner et al.
2010; Sun et al. 2010; Ma et al. 2011b; Luo et al. 2012;
Sessitsch et al. 2013). Evidence of increased metal accumula-
tion in plants inoculated with such endophytes has been
obtained for Pb (Sheng et al. 2008), Zn (Kuffner et al. 2010)
and Ni (Lodewyckx et al. 2001). Conversely, endophytic
bacteria can decrease metal accumulation in host plants.
Methylobacterium oryzae strain CBMB20 and Burkholderia
sp. strain CBMB40 from tissues of Oryza sativa stimulated
the growth of Lycopersicon esculentum but decreased shoot
and root Ni and Cd concentrations (Madhaiyan et al. 2007).
Metal-resistant endophytes can be isolated from seeds.
From a collection of endophytic bacterial strains, obtained
from seeds of tobacco plants grown on Cd/Zn-contaminated
soils in Northern Europe, a Cd-resistant Sanguibacter sp., a
Pseudomonas sp. and a consortium of Cd-resistant endo-
phytes were found to increase 3-fold Cd accumulation in
Nicotiana tabacum (Mastretta et al. 2009). Inoculation with
consortia often resulted in more pronounced beneficial effects
on plant biomass production as compared with inoculation
with single strains, suggesting synergistic effects of the con-
sortia members.

Little is known about the influence of endophytic bacteria
on plant development and their interactions with plants
exposed to Cu excess. A high diversity and specificity of
endophytic bacteria associated with different plant parts of
cuprophyte species has been found. Sun et al. (2010) identi-
fied 32 endophytic isolates from E. splendens and Commelina
communis, living preferably in the leaves and stems. Their
sequence analysis revealed «-, 5- and ~-Proteobacteria,
Firmicutes, Actinobacteria and Bacteroidetes. Kabagale
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etal. (2010) isolated 31 taxonomic units, belonging to 17 genera,
mainly Proteobacteria, from two Cu hyperaccumulators, i.e.
Haumaniastrum katangense and Crepidorhopalon tenuis,
Katanga, Congo. Three Cu-resistant endophytes isolated from
Cu-tolerant plants grown on Cu mine wasteland, i.e. Ralstonia
sp. J1-22-2, Pantoea agglomerans Jp3-3 and Pseudomonas
thivervalensis Y1-3-9, increased the biomass and above-ground
tissue Cu contents of rape (Zhang et al. 2011). In metal-tolerant
grasses such as Agrostis sp., numerous endophytic bacteria and
fungi are present (Wang et al. 2005; Saikkonen et al. 2000;
Bazely et al. 2007). Endophytic bacterial strains isolated from
surface-sterilized roots of metallicolous and non-metallicolous
Agrostis capillaris populations, sampled, respectively, at a wood
preservation site and a forest edge in Southwest France, differed
in their plant growth-promoting traits and Cu-resistance
(Jaunatre, unpublished data). To date, researchers have concen-
trated on the cultivable members of these endophytic communi-
ties, whereas uncultivable strains represent between 95 and 99 %
of the total bacteria and are rarely addressed. Moreover, studies
investigating the influence of endophytes obtained from both
seeds and roots on plant tolerance to Cu excess are scarce,
especially for plants grown in non-spiked topsoils from Cu-
contaminated sites.

Several crops are promising for phytoremediating metal-
contaminated soils (Mench et al. 2010; Rajkumar et al. 2012).
One of these, sunflower (Helianthus annuus L.) is a relevant
species allowing both metal phytoextraction and financial
opportunities from its biomass conversion, e.g. oilseed pro-
duction for biodiesel and platform chemicals, methane pro-
duction from oil cake and fiberboards (Vangronsveld et al.
2009; Ronda et al. 2011; Evon et al. 2012). Sunflower is fairly
responsive to bacterial enrichment (Chen and Cutright 2003;
Vangronsveld et al. 2009; Lyubun and Chernyshova 2010). Its
use to cleanup inorganic and organic contaminants is
developing (Meers et al. 2005; Vangronsveld et al. 2009;
Adesodun et al. 2010; Faessler et al. 2010b; Rivelli et al.
2012; Herzig et al. 2014). Some commercial cultivars and
mutant lines have a potential for both shoot Cu removal
and oilseed production (Kolbas et al. 2011). The potential
influence of Cu-resistant endophytic bacterial strains on
the phenotypic traits and shoot Cu removal of these sun-
flowers is however not documented.

This paper aimed at evaluating whether or not inoculating a
metal-tolerant sunflower mutant line grown in potted soils
with increasing total soil Cu, with either root or seed endo-
phytic bacteria, has a beneficial effect on plant phenotypic
traits, Cu tolerance, mineral composition and shoot Cu remov-
al. The inoculants used were a consortium of root endophytic
strains representing the dominant Cu-tolerant isolates obtain-
ed from the roots of a Cu-tolerant A. capillaris population and
the entire endogenous bacterial consortium (including the
uncultivable bacteria) extracted from the seeds of the same
Cu-tolerant A. capillaris population.

Materials and methods
Preparation of inoculants
Endophytic bacteria from A. capillaris seeds

Endophytic bacterial strains were extracted from seeds fol-
lowing a modified version of Mastretta et al. (2009) targeting
the entire extracted endogenous seed bacterial consortium
(including the uncultivable bacteria). Seeds (2 g) of a Cu-
tolerant A. capillaris population, collected at a wood preser-
vation site (St. Médard d’Eyrans, France, N 44° 43.353 W
000° 30.938; Bes et al. 2010), were submerged for 30 s in
70 % ethanol and rinsed in sterilized MilliQ water for 30 s.
Seeds were thereafter placed for 15 min in a solution of 42 %
sodium hypochlorite (1 % active chloride) supplemented with
one droplet of Tween 80 per 100 mL of solution, rinsed three
times with sterilized MilliQ water for 10 min and then recov-
ered on a sterile nylon grid. Aliquots of the third rinsing
solution and the seeds were both plated on 869 medium to
ensure surface sterility (Mergeay et al. 1985). If no growth
was observed after 7 days, the surface sterilization was con-
sidered to be successful. Surface-sterilized seeds were milled
in a sterile mortar containing sterile Fontainebleau sand and
5 mL of 10 mM MgSO, solution. This crude seed extract
was halved: One part was directly used as an inoculant
(SE), and for comparative purposes, the other part was
filtered through a sterile Minisart (0.2 pum) which should
retain almost all bacterial cells (this was named the bac-
terial cell-free extract, SEF). To test for the presence and
also extraction of seed endophytes, aliquots of SE and
SEF solutions were plated in duplicate onto 1/10 strength
869 agar medium (10.0 g tryptone, 5.0 g yeast extract,
5.0 g NaCl, 1.0 g glucose, 0.35 g CaCl,,2H,0O in 1 L
deionized water adjusted to pH 7.0; Mergeay et al. 1985)
supplemented with 100 pg mL™" of the fungicide cyclo-
heximide. After 7 days incubation at 28 °C, colony-
forming units (CFUs) were counted and the CFU per
milliliter inoculum determined. Distinct morphotypes (5—10
colonies) were sub-cultured at least three times and cryo-
preserved at =70 °C in culture medium supplemented with
15 % (v/v) glycerol. No bacterial colonies were observed after
7 days incubation in SEF plates. Purified strains were grown
in liquid medium (1/10 strength 869), and genomic DNA was
extracted from bacterial cell pellets. Briefly, the method con-
sists of alkaline cell lysis followed by phenol/chloroform/
isopropanol alcohol purification. DNA quality was checked
by gel electrophoresis on a 0.8 % agarose gel. PCR amplifi-
cation targeting the 16S rRNA gene was carried out using the
primers 16S-27F (5'-AGAGTTTGATCMTGGCTCAG-3’)
and 16S-1492R (5'-TACGGYTACCTTGTTA CGACTT-3")
(Lane 1991). PCR reactions were performed in a total volume
of 50 uL containing: 1x Taq buffer (Invitrogen), 2.5 mM
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MgCl,, 0.1 mM of each dNTP, 1.75 U Taq polymerase
(Invitrogen), 0.4 uM of each primer and 1 uL of extracted
DNA. Thermocycling conditions were the following: 2 min at
94 °C, 30 cycles of 1 min at 94 °C, 1 min at 55 °C and 2 min at
72 °C and 1 cycle of 10 min at 72 °C. PCR products were
partially sequenced (approximately 750 bases) using the prim-
er 16S-27F (Lane 1991). Sequence data were checked using
the Chromas v.1.45 software (Technelysium Pty. Ltd.,
Australia) and assessed for similarity with sequences of the
Ribosomal Database Project (RDP; Cole et al. 2009). In
parallel, strains were characterized for various plant growth-
promoting traits (data not shown) as for root-located endo-
phytic bacteria (Table 1).

Endophytic bacteria isolated from surface-sterilized
A. capillaris roots

Ten strains of Cu-tolerant endophytic bacteria, the so-called
M1 to M10, were previously isolated from surface-sterilized
roots of the Cu-tolerant A. capillaris population described
above and characterized for various plant growth-promoting
traits (Table 1). Isolates were grouped according to their BOX-
PCR profiles at a similarity level of 92 % (following methods
of Becerra-Castro et al. 2011) into six groups. These isolates
represented the dominant members of the cultivable popula-
tion of root endophytes. Most of them were identified as
members of the Pseudomonas genera, and one strain was
closely related to Labrys sp. (99.8 % similarity). To prepare
the root endophyte inoculant (RE), each strain was cultivated
in liquid 869 medium for 3 days, harvested by centrifugation
(4000g, 15 min) and re-suspended in 10 mM MgSO, to an
optical density of 0.7 at 660 nm (about 10" cells per mL). The
final inoculum mixture contained an equal volume of the
suspension of each strain. The same amount of sterile 10 mM
MgSO,4 was added to control seeds (CMg). In the control (C)
treatment, sunflower seeds were untreated (Table 2).

Table 1

Sunflower cultivation

Seeds (100 g) of the sunflower mutant line 1 [M6 (6th gener-
ation), 1/67-35-190-04] obtained by chemical mutagenesis
using ethyl methane sulfonate (EMS) (Herzig et al. 2014)
and harvested in 2009 at a non-contaminated site were
surface-sterilized using the protocol described above for
A. capillaris seeds and then germinated in axenic conditions
on sterilized filter paper imbibed with 10 mM MgSO, in a
bacterial oven at 25 °C in the dark. This mutant line showed
high shoot Cu removal in field plots at high total soil Cu
(Kolbas et al. 2011). Germinated seeds (root length, 3—
5 mm) were inoculated (100 1L added to the roots) with either
the RE or SE inoculants or were exposed to 100 uL of either
SEF or CMg under a vertical flux cabinet and maintained
for 2 days in axenic conditions in a growth chamber
[temperature 25 °C (day)/17 °C (night), relative humidity
60-65 % and a 12-h (day) photoperiod provided by
Philips TDL 58WT33 fluorescent tubes, photosynthetic
active radiation 160 umol m ™2 s™'] to optimize the endo-
phytic bacteria penetration in theory via root hairs and the
micro-cuts due to root growth (Bressan and Borges 2004).

Soil series with increasing total soil Cu (13-1020 mg kg ")
were obtained by mixing two similar air-dried alluvial sandy
soils (Fluviosoil), i.e. a Cu-contaminated soil sampled
(025 cm) in the plot #31 of the BIOGECO phytoremediation
platform (Kolbas et al. 2011) and an uncontaminated soil
sampled (0-25 cm) at the INRA Couhins experimental
farm previously cropped with maize, in a ratio increasing
from 0:100 to 100:0 % (Table 2). For all plant treat-
ments, one seedling was transplanted into each potted
soil (in triplicates).

Pots were placed in a climatic chamber with the following
conditions: 14 h light/10 h darkness regime, 150 pmol m?2s |,
25 °C/22 °C and 65 % relative humidity (ISO 2005). Pots were
arranged in a fully randomized block design on a table and
watered daily with deionized water (50 % of water-holding

Phenotypic characteristics of bacterial strains isolated from the surface-sterilized roots of the Cu-tolerant population of Agrostis capillaris L

Most similar strain (% similarity) Group Box profile Isolate | S [IAAJACC|ACO|SP
Pseudomonas sp. DQ200851 (99.6 %) 1 [T ML [+ =] = + |+
? S | M2 || - [ [+
0 N

\Pseudomonas fluorescens GU198107 (99.0 %) S 1 Ma s = =1 1=
\Pseudomonas fluorescens GU198108 (99.3 %) | 4 i MS |+ —| + | — |+
5 L OO nEEEE

5 RS | Mo || | |- |+

o i

\Pseudomonas sp. AY247063 (99.3 %) s T M0 || =+ | = [+
5 4 c-A—L MS + - + - +

Pseudomonas sp. AY014803 (99.0 %) 6 prawy M7 [+ =]+ ]+ -
Labrys sp. EF125935 (99.8 %) T W M3 [+ =+ + |+

ACC 1-aminocyclopropane-1-carboxylate deaminase activity (strains that were able to grow on minimal agar 264 medium containing 0.7 g ACCL ™" as
the sole N source were considered ACC-deaminase positive), 4CO organic acid producer, /44 indoleacetic acid producer, S siderophore producer, SP

solubilize inorganic phosphorus (Becerra-Castro et al. 2011)
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Table 2 Main soil characteristics and list of plant treatments and soil Cu concentrations

Soil parameters

Soils

Unit Cu-contaminated (UNT) Uncontaminated (control)
C/N - 15 133
oM g kg 14.6 122
Organic C gkg! 8.42 7.05
pH - 6.2 7.1
CEC cmol kg™ 32 2.7
Cu total mg kg’ 1020 13
Cu in soil pore water mg L™ 0.802 0.194
Inoculant type Label Soil ratios Soil Cu range (mg Cu kg ")
None (control) C Co to Cygp step 10 % 13-1020
MgSO, CMg Co to Cygp step 10 % 13-1020
Crude seed extract SE Co to Cigp step 10 % (except Cy9, Cog) 13-1020
Crude seed extract filtered at 0.2 um SEF Cy to Cg step 10 % 13-617
Endophytic bacteria from roots RE Co to Cigp step 20 % 13-1020

Co to Cygp soil modalities with different content (0-100 %) of contaminated soil (UNT)

capacity). The soils were fertilized twice, i.e. before starting the
plant culture and 2 weeks after transplantation, with a modified
Hoagland no. 2 nutrient solution (Hewitt 1966) deprived of Fe
and other trace metals.

Plants were collected after 1 month at growth stage B4
(CETIOM 1995) when the 2nd pair leaves reached the 4-cm
length. Shoots and roots were harvested, weighed (FW),
rinsed in distilled water, oven-dried at 50 °C for 48 h and
DW yield was determined. Other biometrical parameters
were measured, i.e. root, stem and leaf lengths. The pho-
tosynthetic pigments were extracted from the 2nd pair of
leaves (L2, 1 cm?, duplicates) with N,N-dimethylformamide
(DMF) and contents of total chlorophyll (Chl TOT), Chl a,
Chl b and total carotenoids were computed from measure-
ments at 470, 647 and 664.5 nm of the extracts (spectro-
photometer CARY 100 Scan, Lagriffoul et al. 1998).

Mineral composition of plant samples

Plant samples were ground in a titanium mill (Retsch
MM200). Weighed aliquots of plant material (0.5 g DW) were
wet digested in a laboratory microwave (Marsxpress,
CEM) at 180 °C with 5 mL supra-pure 14 M HNO;
and 2 mL 30 % (v/v) H>O, not stabilized by phosphates.
Certified reference material (maize V463 BIPEA, Bureau
InterProfessionnel d’Etudes Analytiques, France) and blank
reagents were included in all series. Element concentra-
tions in digests were determined by ICP-AES (Varian
Liberty 200). All elements were recovered (>95 %) according
to the standard values and standard deviation for replicates
(n=3) was <5 %. In the text, all element concentrations in
plant parts are expressed based on DW.

Statistical analysis

All statistical analyses were performed using R software (ver-
sion 2.12.0, R Foundation for Statistical Computing, Vienna,
Austria). A two-way ANOVA test was used to analyze the
differences in plant parameters across the soil series and plant
treatments. Normality and homoscedasticity of residuals were
met for all tests. Post hoc and Tukey HSD tests were per-
formed to assess multi-comparison of means. A principal
component analysis (PCA) was performed on all soil and
plant parameters after having centered and scaled the values
with the package Ade4. The degree of co-linearity of the
soil properties was determined using the Pearson correla-
tion coefficient test. Differences were considered signifi-
cant if the p value was p<0.05. Stars represent differences
using pairwise ¢ test on all datasets. Letters determined
with the Scott-Knott package discriminate data using a
SNK test for each data group.

Results and discussion
Plant parameters

None of the five treatments produced additional symptoms in
shoots apart from those induced by Cu.

Stem length
Stem length of all treated plants was generally shorter than

that of control (C) plants (Fig. 1a, b). Significant differences
across the soil series occurred up to 516 mg Cu kg ' in the
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soil. The C and CMg plants displayed a hormesis response
(i.e. the stimulated phase in growth response curves that is
induced by low toxic concentrations of metal ions without
evidence of the underlying mechanisms; Poschenrieder et al.
2013) which peaked at 415 mg Cu kg ™' soil. Compared to C
plants, this hormesis was less expressed for CMg plants and
did not occur for the RE, SE and SEF plants. In most cases, the
correlation between the stem length and the shoot biomass
was weak because inoculated plants had short but thick stems
and bigger leaves. This confirmed that stem length is a weak
indicator of phytotoxicity for sunflower plants exposed to Cu
excess (Kolbas et al. 2014).

Shoot DW yield

In the 13-517 mg Cu kg ' soil range, the SE and SEF
modalities stimulated shoot DW yield whereas the RE inocu-
lant or control treatments did not influence this parameter
(except for CMg at 13-214 Cu kg ' and RE at 416 Cu kg ',
but differences were not significant) (Fig. 1c). In this Cu
range, the SE inoculant increased shoot biomass between
1.6- and 2-fold compared to the control plants. The shoot
DW yield of SE plants was also significantly higher than that
of SEF plants but only at the lowest Cu exposures (13—
114 mg Cu kg soil). In addition, the SE inoculant signifi-
cantly reduced the number of visual symptoms of Cu phyto-
toxicity induced by Cu excess (i.e. chlorosis and necrosis) at
moderate Cu level. These data suggest a beneficial effect of
seed endophytes on shoot yield as previously reported for
several metal(loid)-stressed plants (Glick 2010; Lyubun and
Chernyshova 2010; Sessitsch et al. 2013; Wang et al. 2013),
but showed that this beneficial effect is dependent on the Cu
exposure level. Here, the seed endophytic strains present in
the SE inoculant belonged mainly to the genera Bacillus sp.
identified as Bacillus atrophaeus (when possible to species
level) and also some members of the genera Rhodococcus
(identified as Rhodococcus erythropolis). The bacterial densi-
ty of the inoculum was low (105 CFUs mL™" inoculum) but
comparable with what has been found for different plant
species, e.g. seed inoculum of N. tabacum (Mastretta et al.,
2009). After filtration to 0.2 um, no cultivable endophytic
bacteria were found in the SEF extract; however, the presence
of uncultivable strains cannot be completely ruled out (Rylo
Sona Janarthine and Eganathan 2012). Additional experi-
ments such as denaturing gradient gel electrophoresis technol-
ogy (PCR-DGGE), fluorescence in situ hybridization (FISH)
and scanning electronic microscopy (SEM) observations are
needed to address their presence.

The beneficial effects of endophytic bacteria are generally
attributed to 1-aminocyclopropane-1-carboxylate (ACC) uti-
lization, the production of indoleacetic acid (IAA) and
siderophores and solubilization of phosphates (Reed and
Glick 2005; Ma et al. 2009; Rajkumar et al. 2012). To
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Fig. 1 Plant morphological responses to increasing soil Cu exposure P>
(mgkg " soil) using CMg and SEF modalities and SE and RE inoculants:
a, b stem length (SL, cm), ¢, d shoot DW yield (DW SH, g DW plant '), e,
f root DW yield (DW RT, g DW plant ') and g, h total DW yield (DW
TOT, g DW plant ). # test indicates significant differences between
inoculated and control (C) plants; *P<0.05

maintain constant levels of ACC in the extracellular medium,
plants must exude larger ACC amounts that cannot be con-
verted into ethylene (Glick 2010; Sessitsch et al. 2013). The
presence of growth stimulation factors depends on endophytic
bacteria: Within these microbial communities, nearly 20 to
80 % of the strains produce IAA, 7 to 36 % have the ACC
deaminase and 40 to 95 % produce siderophores (Burd et al.
2000; Idris et al. 2004; Kuftner et al. 2008; Sziderics et al.
2007). All of the root endophytic strains included in the
root endophyte consortium (RE) were able to produce
siderophores, and some of them have ACC deaminase
and can solubilize inorganic phosphorus (Table 1). The phe-
notypic characterization of collections of bacterial strains is a
routine procedure when selecting for interesting bacterial in-
oculants for phytoremediation purposes. However, the plant
growth-promoting traits which are studied in vitro frequently
do not correlate with the actual effects of the inoculants when
used in a plant bacterial system (Becerra-Castro et al. 2012). It
is therefore not wholly unsurprising that the RE inoculants did
not influence shoot DW yield (Fig. 1).

An additional beneficial effect might be caused by the
presence of either Mg®" and SO4> ions or seed and bran
compounds in the small volume of seed macerate, notably to
explain the responses of SEF plants (Kinraide et al. 2004;
Lequeux et al. 2010; Zagorchev et al. 2013). As the shoot
yield of CMg plants was not, or was only slightly, increased
and remained lower than that of SE and SEF plants (Fig. lc,
d), this does not support a single biological action of MgSO,.
The higher effect of the SE inoculant compared to SEF sug-
gests the influence of endophytic bacteria present in the SE
inoculant and not only that of soluble bioactive compounds in
seed extracts. The effect of the SEF modality could be due to
antimicrobial and antioxidant compounds, polyphenols such
as resveratrol oligomers, allelochemicals or flavonoids such as
procyanidins from endophyte-infected grasses (Sarkar et al.
2009; Li et al. 2009; Kiran et al. 2011; Wood et al. 2002;
Wu et al. 2011).

Root DW yield

The root DW yield was significantly increased by CMg, SE
and SEF modalities in plants grown between 13 and
517 mg Cu kg ' soil. Compared to C plants, the root DW
yield of CMg plants was enhanced by 1.3- to 2.2-fold in the
13-315 mg Cu kg ' soil range. Root DW yield was promoted
by 1.2- to 3.2-fold for SE and SEF plants between 13 and
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517 mg Cu kg' soil. At lower soil Cu concentrations, the
increase in root DW yield was more pronounced with SE
compared to SEF. However, at higher total soil Cu concentra-
tions, SE and SEF modalities had no effect on root yields. A
hormesis effect, which is rare for roots, was found for the SEF
and CMg plants, respectively, at 114 and 214 mg Cukg ™" soil.
These values were lower than those for stem length. The RE
inoculant had a weak but significant beneficial effect at 416
and 617 mg Cu kg ' soil.

Both RE and CMg modalities contained MgSO,, but the
RE plants had a lower root DW yield than the CMg and SE
plants at 13 and 214 mg Cukg ' soil range. This may indicate
a negative influence of the Cu-tolerant, cultivable root endo-
phytes obtained from A. capillaris. Not all root endophytic
strains may have the same effect. Since we used a consortium
of root endophytes as an inoculant, we could possibly have
introduced a mix of both beneficial and pathogenic strains
leading to an overall negative effect of the combination.
Similarly, the inoculation of Lupinus luteus with endophytic
bacteria extracted from roots of another species decreased its
biomass because exogenous endophytic bacteria differing in
biochemical behaviour from endogenous endophytes may
induce defence reactions and have a negative effect on the
plant growth (Barac et al. 2004). Compant et al. (2005b)
reported the release of phenolic compounds after inoculation
with endophytic bacteria, which is a typical defence response
of plants against pathogenic bacteria. Bazely et al. (2007)
suggested a cost for the host plant to support the endophyte
presence. Only 1-5 % of the total bacterial community is
thought to be cultivable (De la Iglesia et al. 2006), and it is
possible that potential pathogenic entities for the plant are
selected. We combined ten root endophytic strains which were
the dominant isolates observed. They were isolated on the
basis of morphological traits and functional responses, but
several of them were in fact the same strain when BOX
profiles were then compared (Table 1). In our final RE inoc-
ulant, some strains were therefore added at a much higher rate
than others. No attempt was made to re-isolate the inoculated
RE strains, so we do not know which of them survived or their
competitiveness. Nonetheless, the RE inoculant stimulated
plant growth at 416 and 617 mg Cu kg ' soil, suggesting that
the activity and influence of these inoculants may also depend
on the plant exposure to Cu.

Chlorophyll content

All modalities showed a higher total chlorophyll content
(Chl TOT) at low Cu level, a gradual decrease as soil Cu
concentration increased and a bronzing effect at high Cu
exposure(Fig. 2a, b). RE plants showed a significant increase
at 416 mg Cu kg ' soil compared with C and CMg plants. At
high Cu exposure (1020 mg Cu kg_l), ChITOT of RE plants
was lower than that of control plants (Fig. 2a). In general,
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Fig. 2 Plant functional responses to increasing soil Cu exposure using p>
CMg and SEF modalities and SE and RE inoculants: a, b total
chlorophyll content (Chl TOT, mg m2), ¢, d shoot Cu concentration
(Cu SH, mg kg™! DW), e, froot Cu concentration (Cu RT, mg kg™! DW)
and g, h shoot Cu removal (Cu MM, ug plant™"). ¢ test indicates
significant differences between inoculated and control (C) plants;
*P<0.05

visible chlorosis occurred somewhat earlier (416 mg Cu kg '
soil) for C and CMg plants than for SE and SEF plants
(617 mg Cu kg ' soil), which showed a significant increase
in chlorophyll content and the weakening hormesis effect in
the range between 13 and 617 mg Cu kg ' soil, except at 114
and 214 mg Cu kg '. The maximum improving effect
(2.9-fold) was recorded for SE at 517 mg Cu kg™ soil,
but at this Cu exposure, difference between the SE and
SEF modalities was not significant. The lack of significant
differences between the SE and SEF modalities may be
due to the low bacterial density of the SE inoculant.
Similarly, the chlorophyll content of plants exposed to
metals (Ni, Zn and Pb) increased when ecither the wild
type or a bacterium mutant of Kluyvera ascorbata was
present (Burd et al. 2000). Increase in chlorophyll content was
also reported for Cajanus cajan after inoculation by Profeus
vulgaris (+38 %, Rani et al. 2008) and for Alnus firma seed-
lings growing in a polymetallic contaminated soil after inoc-
ulation of endophytic bacteria (Babu et al. 2013).

Copper in plant tissues and shoot Cu removal
Shoot Cu concentration

Inthe 13-315 mg Cu kg ' soil range, shoot Cu concentrations
of control and all treated plants increased in a similar manner
(except for CMg at 13 mg Cu kg ' soil, which was signifi-
cantly higher than others) and levelled off around
20 mg Cu kg ' without any differences between the treat-
ments (Fig. 2¢, d). When total soil Cu reached 416 mg kg ',
shoot Cu concentration of control plants exceeded the upper
critical threshold value (i.e. 25 mg kg™ Kolbas et al. 2014),
then it peaked to 40 mg kg ' in plants grown in
718 mg Cu kg ' soil and decreased thereafter. Between 416
and 819 mg Cu kg ' soil, the RE and CMg plants had lower
shoot Cu concentrations than the C (Fig. 2d), SE and SEF
plants (Fig. 2c). Compared to control plants, both SE and SEF
modalities decreased shoot Cu concentrations at 517 mg
Cu kg ! soil, while above this level of Cu exposure, shoot
concentrations were only reduced by the SE inoculant.
Shoot Cu concentration of RE plants increased progres-
sively and reached the upper critical threshold value only
at the highest Cu exposures (819-1020 mg Cu kg soil).
Overall, inoculated plants did not display higher shoot Cu
concentration than the control plants.



Environ Sci Pollut Res

e w
) Chl TOT 2 Chl TOT
600 - Oc 500 - Oc
@ CcMg 450 - @ SEF
*
500 - HRE 400 | ** * SE
T 350 *
1 *
400 -
300 - *
300 - x 250 - *
200 -
200 1 * 150 -
100
100 -
50 -
0 - - 0 - H I
13 114 214 315 416 517 617 718 819 919 1020 13 114 214 315 416 517 617 718 819 919 1020
@ mg Cu kg™ @ mg Cukg”
Cu SH oc Cu SH
- 70 @ CMg —'U) 70
2 ] ERE x oc
o g @ SEF|
£ 60 - 60 - M SE
50 50 -
40 | 40 -
*
*
30 * 30 | *
£ *
*
20 - * 20 |
*
10 - I 107 ii
0 - H H 0 -
@ 13 114 214 315 416 517 617 718 819 919 1020 @ 13 114 214 315 416 517 617 718 819 919 1020
mg Cu kg™ mg Cu kg™
CuRT oc CuRT
" 2500 - M cMg "2 2500
X HWRE x Oc
o o
£ * * £ I SEF
2000 - 2000 - msE
*
* *
1500 - ok 1500 - .
*
*
*
1000 - 1000 -
500 - 500 -
N | Al |
o o= o [
@ 13 114 214 315 416 517 617 718 819 919 1020 m 13 114 214 315 416 517 617 718 819 919 1020
mg Cukg™ mg Cukg™'
Cu MM oo Cu MM o
30 - Ecmg o 40 -
‘-'E BRE € O SEF
s R W SE
Q *
g25 1 2 .
30 -
2 4
0 25 4 * *
*
15 20 - *
*
15
10 -
*| 10 |
5 #
* ] 1l '
0 - o0
13 114 214 315 416 517 617 718 819 919 1020 13 114 214 315 416 517 617 718 819 919 1020
@ mg Cu kg™ E mg Cukg™'

@ Springer



Environ Sci Pollut Res

Root Cu concentration

In the 13-315 mg Cu kg ' soil range, all plants showed a
gradual linear increase in root Cu concentration (Fig. 2e, f).
Increased Cu concentration in roots compared to shoots re-
flects the preferential accumulation of this metal in sunflower
roots (Alaoui-Sosse et al. 2004; Navari-Izzo et al. 2006). At
416 mg Cu kg ' soil, root Cu concentration was higher in both
SE and SEF plants (Fig. 2f). Above this soil Cu exposure,
control root concentrations levelled up to 1000 mg Cu kg .
In contrast, root Cu concentration of inoculated plants
exceeded this value at 617 mg Cu kg ' soil and then
levelled up to 1500 Cu kg ', except that of RE plants which
continued to increase and reached 2000 Cu kg'. In the
416-617 mg Cu kg ' soil range, the SE and SEF modalities
increased root Cu concentration and simultaneously presented
higher root and shoot DW values (Fig. 1d, f and h); therefore,
this was not a dilution effect. At high Cu exposure, the RE
inoculant and Mg supply increased root Cu concentration
(Fig. 2e), which may promote Cu phytostabilization
(Dickinson et al. 2009). Magnesium may promote Cu com-
partmentalization and defence mechanisms (Shaul 2002).
Root endophytic bacteria may enhance Cu exposure and
storage in roots. For instance, microbes from the rhizosphere
of E. splendens are likely key players in facilitating Cu
solubility in contaminated soil and Cu accumulation in
roots (2.5-fold) (Chen et al. 2005).

Influence of endophytic bacteria on metal(loid) uptake
depends on the plant species and origin of the bacterial strain,
i.e. inoculation increased Zn, Cd and Pb in Salix caprea
(Kuftner et al. 2008) and Cu in B. juncea (Ma et al. 2009)
but decreased As in sunflower (Lyubun and Chernyshova
2010). In S. caprea, a rhizosphere soil isolate reduced root
metal concentrations, whereas the endophytic bacterial
strain enhanced foliar metal concentrations but not plant
growth. Root endophytes may promote root functions and
TE uptake through the release of protons, siderophores,
organic acids, phenolic compounds and polyamines
(Rajkumar et al. 2009). Other mechanisms such as metal-
binding peptides produced by bacterial strains may be
involved in the enhancement of metal uptake by plants.
Phytochelatins, metallothioneins and metallohistins are pro-
duced by certain bacteria in response to trace element stress
(Sessitsch et al. 2013). Moreover, some metal-resistant
PGPB such as Mesorhizobium amorphae CCNWGS0123
contains metal transporters from P-type ATPase, cation
diffusion facilitator (CDF), hydrogenase/urease accessory
proteins (HupE/UreJ) and chromate ion transporter (CHR)
family involved in Cu, Zn, Ni as well as chromate resis-
tance and homeostasis (Xie et al. 2014). Here, all root
endophytic strains were siderophore producers, and several
strains were able to produce organic acids to solubilize inor-
ganic P and presented ACC deaminase activity (Table 1).
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Solubilization of P may indirectly increase the plant mineral
nutrition (Malinowski et al. 2004; Glick and Stearns 2011).

Shoot Cu removal

In all treatments, shoot Cu removal, i.e. shoot DW
yieldxshoot Cu concentration, peaked between 114 and
214 mg Cu kg ' soil (Fig. 2g, h). Differences were
mainly induced by changes in shoot DW yield related
to root growth and plant metabolism. In the 13-
517 mg Cu kg ' soil range, both SE and SEF modali-
ties promoted shoot Cu removal by 30 and 120 %
compared with control plants. In comparison, shoot Cu
removal was increased by 8 % in A. firma seedlings
(Babu et al. 2013) and 100 % in B. juncea (Ma et al. 2009).
The abiotic CMg solution had a weak, insignificant positive
effect at low total soil Cu (13114 mg kg ' soil). In contrast,
RE did not enhance shoot Cu removal. Bacterial cell-free seed
extract and seed endophytic bacteria showed the most prom-
ising influence for promoting Cu phytoextraction and, in
particular, at low and moderate Cu exposures (Fig. 2h). In
the 13-517 mg Cu kg ' soil range, shoot Cu concentrations
remained similar to the control, SE and SEF plants (Fig. 2d),
meaning that the higher shoot DW yields for SE and SEF
plants did not have a dilutive effect. Consequently, the main
drivers for increasing shoot Cu removal were likely root
development and functioning (Fig. 1f), maintenance of root-
to-shoot Cu translocation (Fig. 2d) and shoot production
(Fig. 1 d, h).

Endophytic bacteria may improve Cu tolerance and plant
growth through several biological mechanisms. Bacterial
ACC deaminase can limit ethylene production in stressed
plant (Hardoim et al. 2008; Sun et al. 2010; Glick and
Stearns 2011; Sessitsch et al. 2013). Four root endophytic
strains had this activity (Table 1), but the RE inoculant did
not promote shoot Cu removal (Fig. 2g) and influenced root
Cu concentration at high soil Cu exposure (Fig. 2¢). Secretion
of phytohormones, especially of IAA, can lead to the forma-
tion of ACC, its root exudation and absorption by endophytic
bacteria, which in turn convert it into ammonium and
«-ketobutyrate. Here, no root endophytic strains were
characterized as IAA producers (Table 1). Soluble bio-
active compounds in seeds and bran, e.g. those listed
above with antimicrobial and antioxidant properties, as
well as the metal tolerance and phenotypic traits of alleged
endophytic bacteria in 4. capillaris seeds deserve more attention
(Truyens et al. 2014).

To gain more information for data interpretation, further
studies are pending: (1) identification of soluble bioactive
compounds, notably elicitors, in the bacterial cell-free seed
extract; (2) characterization of potential role of each seed
endophyte and testing of the most effective consortium for
bioaugmentation; (3) attempt to re-isolate our inoculants in the
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tissues of sunflower and use of improved tracking methods of
bacterial inoculants to confirm their presence; (4) field testing
of inoculated commercial cultivars and mutant lines of sun-
flower, potentially suitable for phytoextraction (Kolbas et al.
2011), with efficient endophytic bacterial consortia; and (5)
examination of the number and distribution of endophytic
bacteria in the tissues and seeds of sunflower.

Conclusions

Across this soil series, the inoculation of germinated, surface-
sterilized sunflower seeds with bacterial cell-free and crude
extracts of Cu-tolerant A. capillaris seeds similarly improved
shoot Cu removal by sunflower when total soil Cu ranged
from 14 to 517 mg kg ', Over 517 mg Cu kg ™" soil, both seed
extracts had no effect on plant parameters and Cu concentra-
tions in sunflower shoots and roots. In the 13—114 mg Cukg
soil range, shoot and root DW yields were more promoted by
crude seed extracts, which contained endophytic bacteria
belonging mainly to the genera Bacillus sp. and some
members of the genera Rhodococcus. This suggested a
beneficial seed-located endophytic bacterial influence in
addition to soluble bioactive compounds in the bacterial
cell-free extract. In contrast, cultivable endophytes from
surface-sterilized roots of Cu-tolerant A. capillaris increased
shoot and root DW yields of sunflower at high total soil Cu
(416617 mg kg "), enhanced root Cu concentration as total
soil Cu reached 819-1020 mg kg™, but did not promote shoot
Cu removal. The root- and seed-located endophytic strains
and composition of bacterial cell-free seed extracts must be
further investigated to explain such inoculated plant responses
and induced molecular mechanisms.
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