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Abstract
A Cu-resistant somaclonal tobacco variant (NBCu 10-8-F1, C1), its BaG mother clone (C3), and the FoP tobacco clone (C2)
were cultivated at a wood preservation site on Cu-contaminated soils (239–1290 mg Cu kg−1 soil range) and an uncontaminated
control site (CTRL, 21 mg Cu kg−1) to assess their shoot DW yields and potential use for bioavailable Cu stripping. The Cu
concentration in the soil pore water varied between 0.15 and 0.84 mg L−1. Influences of Cu exposure and soil treatments, i.e.,
untreated soil (Unt), soils amended with compost and either dolomitic limestone (OMDL) or zerovalent iron grit (OMZ), on plant
growth and shoot ionome were determined. All transplants survived and grew even at high total soil Cu. Shoots were harvested
after 3 months (cut 1). Subsequently, bottom suckers developed and were harvested after 2 months (cut 2). Total shoot DWyield
(cuts 1 + 2) varied between 0.8 and 9.9 t DW ha−1 year−1 depending on tobacco cultivars, soil treatments, and soil Cu exposure. It
peaked for all cultivars in the OMDL plots at moderate Cu exposure (239–518 mg kg−1 soil), notably for the C2 plants. Cut 2
contributed for 11–43% to total shoot DWyield. Increase in shoot DWyield diluted shoot Cu concentration. At low Cu exposure,
total shoot Cu removal peaked for the variant. At moderate Cu exposure, shoot Cu concentrations were similar in all cultivars, but
total shoot Cu removal was highest for the C2 plants. At high Cu exposure (753–1140 mg kg−1), shoot Cu concentrations peaked
for the C2 plants in the Unt plots, the C1 and C2 plants in the OMZ plot, and the C3 ones in the OMDL plots. Shoot Cu removal
(in g Cu ha−1 year−1) ranged from 15.4 (C2 on the CTRL soil) to 261.3 (C2 on moderately contaminated OMDL soils). The C2
plants phytoextracted more Cu than the C1 and C3 ones in the Unt plots and in the OMDL plots at moderate Cu exposure. In the
OMDL plots with high Cu exposure, shoot Cu removal was highest for the C1 plants. Soil amendments improved shoot Cu
removal through increase in either shoot DW yield (OMDL—3-fold) or shoot Cu concentration (OMZ—1.3-fold). Increased
shoot Cu concentration induced an ionome imbalance with increased shoot Al, Fe, B, andMg concentrations and decreased P and
K ones. Copper concentrations in plant parts varied in decreasing order: roots > leaves > inflorescence (cymes including seeds) >
stem, whereas Cu removal ranked as roots > stem = leaves > inflorescence.
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Abbreviations
APX Ascorbate peroxidase
C1 Cu-resistant somaclonal tobacco

variant (NBCu 10-8-F1)
C2 Tobacco clone Forchheimer Pereg (FoP)
C3 Tobacco mother clone Badischer

Geudertheimer (BaG)
CCA Chromated copper arsenate
CEC Cation exchange capacity
CPM Compost made of poultry manure

and pine bark chips
CTRL Control soil
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CuR Shoot Cu removal
CuSH Shoot Cu concentration
CuSPW Total Cu concentration in the soil pore water
CuT Total soil Cu
DHAR Dehydroascorbate reductase
DL Dolomitic limestone
DOM Dissolved organic matter
DW Dry weight
EC Effective concentration
EU European Union
ISE Ion selective electrode
OM Organic matter
OMDL Compost + dolomitic limestone
OMZ Compost + zerovalent iron grit
PAH Polycyclic aromatic hydrocarbons
NA Nicotianamine
PCA Principal component analysis
ROS Reactive oxygen species
SDWY Shoot dry weight yield
SFWY Shoot fresh weight yield
SL Shoot length
SOD Superoxide dismutase
TE Trace elements
TOC Total organic carbon
UNT Untreated soil
WC Water content
WHC Water holding capacity
Z Zerovalent iron grit

Introduction

The use of Cu-based salts as wood preservatives has resulted
in Cu-contaminated soils at many wood preservation sites
(Bes et al. 2010; Frick et al. 2019; Tardif et al. 2019). Parts
of the EU affected by Cu accumulation in soils due to other
human activities (e.g., mining and smelting, fungicides,
manufacturing processes, etc.) and factors influencing Cu dis-
tribution in topsoils are also reported (Villanneau et al. 2008;
El Hadri et al. 2012; Tóth et al. 2016; Ballabio et al. 2018).
Although Cu is an essential cofactor in many physiological
processes of plants, e.g., photosynthesis, mitochondrial respi-
ration, oxidative stress responses, and transduction of ethylene
signal, excessive Cu exposures impact the plant growth
(Yruela 2009; Printz et al. 2016; Shahbaz and Pilon 2019).
Sparse plant cover and low plant diversity commonly oc-
curred on highly Cu-contaminated soils (Ginocchio et al.
2004; Bes et al. 2010; Lillo-Robles et al. 2019). Soil erosion
from barren area, Cu leaching from contaminated topsoils,
and transfer into food chains can endanger animal and human
health and can impact ecosystem services (Maderova et al.
2011; Marchand et al. 2011; Antoniadis et al. 2019; Rehman
et al. 2019; Taylor et al. 2020).

There are various phytomanagement options for reducing
the pollutant linkages associated to Cu-contaminated soils. In
situ stabilization and aided phytostabilization have been eval-
uated in field trials to sustainably minimize the dispersion and
biological action of bioavailable soil Cu in excess and to pro-
mote a vegetation cover on Cu-contaminated soils, notably at
wood preservation sites (Cordova et al. 2011; Kumpiene et al.
2011, 2019; Carcamo et al. 2012; Lagomarsino et al. 2011;
Pardo et al. 2018; Xue et al. 2018). Phytoextraction, i.e., bio-
available contaminant stripping by harvested plant parts, com-
bined with incorporation of soil conditioners (so-called aided
phytoextraction) is another option (Kolbas et al. 2011; Mench
et al. 2018; Burges et al. 2020). Merging together the cultiva-
tion of non-food crops for supplying plant-based feedstock,
the amelioration of metal(loid)-contaminated soils, and risk
management is developing at field scale (Vangronsveld et al.
2009; Meers et al. 2010; Mench et al. 2010a, 2018; Witters
et al. 2012; Herzig et al. 2014; Kidd et al. 2015; Cundy et al.
2016; Thijs et al. 2018).

Up to our knowledge, no Cu hyperaccumulators are
validated in field trials for Europe, although the Cu-
tolerant Diyarbakır ecotype of Brassica nigra L.
(Cevher-Keskin et al. 2019) and Hirschfeldia incana
(L.) Lagr.-Foss. ecotypes (Mench et al. 2017) are under
investigations. Even though Elsholtzia splendens Nakai
ex F. Maek. from China is cla imed as a Cu-
hyperaccumulator (Li et al. 2018), a Chinese population
cultivated in potted Cu-contaminated soils from a
French wood preservation site (3.5–2600 mg Cu kg−1)
displayed small plants after a 2-month growth period,
with no visible foliar symptom but low shoot biomass
(0.51 ± 0.09 g DW plant−1) and 72.4 mg Cu kg−1 in
shoots and 2675 mg Cu kg−1 in roots, being not rele-
vant for Cu phytoextraction at field scale (Mench et al.
2010b). Bioaugmentation with plant growth–promoting
rhizobacteria and/or bacterial endophytes, sometimes
combined with chelating agents, are other options
assessed for Cu-phytoextraction (Benizri and Kidd
2018; Abbaszadeh-Dahaji et al. 2019; Ren et al.
2019). Chemically induced (hyper)accumulation is how-
ever impaired by various environmental risks, e.g., met-
al leaching from the root zone and toxic effects on
microbes (Nowack et al. 2006; Mench et al. 2010a).
Regarding secondary Cu-accumulators, few long-term
field evaluations of suitable (non-food) crops adapted
to local conditions and of their agronomic management
are available (Faessler et al. 2010a; Mench et al. 2018;
Burges et al. 2020).

Commercial cultivars and mutant lines of sunflower were
assessed at a wood preservation site after incorporation of
compost and dolomitic limestone into Cu-contaminated soils:
shoot DWyield (SDWY—0.2–7, 0.4–5.3 t ha−1 year−1), shoot
Cu removal (i.e., 3–59, 19–88 g Cu ha−1 year−1), and oilseed
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yield (0.02–3.9 t ha−1 year−1) depended on sunflower types,
Cu exposure, and annual climatic conditions (Kolbas et al.
2011; Mench et al. 2018). Sunflower cropping, however, must
be interrupted by crop rotation to avoid allelopathy and in-
crease in fungal diseases. Annual crops for such crop rotation
targeting Cu phytoextraction include maize (Zea mays L.) and
tobacco (Nicotiana tabacum L.) (Faessler et al. 2010a; Herzig
et al. 2014), the last one having less water requirements. The
Cu amount phytoextracted by maize, sunflower, and tobacco
averaged 165, 270, and 285 g ha−1 year−1, respectively, over
the 6 years of crop rotation (Faessler et al. 2010a). Copper
tolerance of some tobacco cultivars is reported (Keller et al.
2003; Kolbas et al. 2013) while tobacco species are potentially
suitable for bioavailable Cd and Cu stripping in southwest
(SW) France (Mench et al. 1989; Hattab et al. 2016) and
Belgium (Vangronsveld et al. 2009; Thijs et al. 2018).
Metal-resistant somaclonal variants of tobacco have been se-
lected and tested in Switzerland and Belgium (Lyubenova
et al. 2009; Vangronsveld et al. 2009; Herzig et al. 2014;
Thijs et al. 2018). Compared with parental lines, the best var-
iants had a higher shoot metal concentration, i.e., 5–7-fold for
Cu, 2–5-fold for Cd, and 1.5-fold for Zn, in hydroponics and
their antioxidant status differed (Guadagnini 2000;
Lyubenova et al. 2009). Such tobacco variants are candidates
for non-food crop rotation on metal-contaminated soils, but
their productivity and shoot metal removal in SW Europe,
notably at sites with Cu-contaminated soils, remained not
documented.

Plant biomasses harvested at phytomanaged sites, no-
tably tobacco shoots, can be processed by various tech-
nologies, e.g., pyrolysis, hydrothermal oxidation, fermen-
tation, gasification, etc., to produce different compounds,
e.g., biochar, hydrogen fuel, oil and glycerine, biofuel,
bioethanol, bioplastic and activated carbons, Cu fertil-
izers, derived catalysts in syntheses of functionalized aro-
matic derivatives, etc. (Van Ginneken et al. 2007;
Andrianov et al. 2010; Bohmert-Tatarev et al. 2011;
Clavé et al. 2016; Gonsalvesh et al. 2016; Grisan et al.
2016; Poltronieri 2016; Asad et al. 2017; Huang et al.
2018; Yuan et al. 2019; Zhang et al. 2019a, b).

This study aimed at determining the phytoextraction capac-
ity of one Cu-resistant tobacco variant and two tobacco clones
by measuring their shoot DW yields and shoot Cu removals,
depending on total soil Cu and soil treatments in field plots
established at a wood preservation site in SW France. The
questions were: (1) Does the somaclonal variant accumulate
more Cu in shoots than both clones in field plots as in hydro-
ponics? If yes, at which soil Cu exposure does this difference
most expressed? (2) Are the phenotypic traits of tobacco var-
iant and both clones changed as Cu exposure increases? (3)
What is the Cu distribution in plant parts? (4) What is the
influence of soil conditioners on plant biomass and shoot
ionome?

Materials and methods

Site

The wood preservation site (10 ha), located in Saint Médard
d’Eyrans, SWFrance (N 44°43.353,W 000°30.938), has been
used for over a century (Mench and Bes 2009). Creosote, Cu
sulfate (1913–1980), chromated copper arsenate type C
(1980–2006), Cu hydroxycarbonates (17.3%) with
benzylalkonium chloride (4.8%), and finally Tanalith E (Cu
carbonate 16.4%, tebuconazole 0.18%, and propiconazole
0.18% w/w) were successively used (Mench et al. 2018). No
preserved wood was stored on the field trial at least since
2003. Site characteristics are detailed in Mench and Bes
(2009), Bes et al. (2010), and Kolbas et al. (2011).

Climatic conditions are typically oceanic. Air humidity and
precipitations were low at the beginning of the 2010 growing
season as compared to previous years (Fig. 1). Anthropogenic
topsoils are developed on an alluvial sandy soil (Fluvisol–
Eutric Gleysols, World Reference Base for soil resources,
Table 1). Initial risk assessment and soil investigation pits
(0–1.5 m) revealed a major Cu contamination in topsoils (0–
25 cm) with spatial variation (65 to 2400 mg Cu kg−1 soil),
which mirrored wood washings, whereas total soil As and Cr,
i.e., 10–53 mg As and 20–87 mg Cr kg−1 in topsoils, were
relatively low in all soil layers (Mench and Bes 2009; Kolbas
et al. 2011) (Table 1).

The field trial (10 m × 11 m), located at the P1–3 sub-site,
consisted in four blocks (2 m × 10 m) (Kolbas et al. 2011). In
March 2008, the topsoil was loosened with a tiller (0–50 cm
soil depth), the integrity of the deeper soil horizons being
preserved. Compost made from poultry manure and pine bark
chips (CPM, 5% w/w; Orisol, Cestas, France) and dolomitic
limestone (DL, 0.2% w/w, containing 30% CaO and 20%
MgO combined with carbonates, fineness index 80% <
0.16 mm, neutralizing power 58; Prodical Carmeuse, Orthez,
France) were incorporated in April 2008 into topsoils of three
blocks (henceforth referred to OMDL #1 to #3). Each
amended block was divided in 10 plots (1 m × 2 m). One
additional plot (#33, OMZ) was amended with 1% of
zerovalent iron grit (Z, Bes and Mench 2008) and 5% of
compost (CPM). The whole block #4 remained untreated
(UNT, plot #31). An uncontaminated plot (#32, 1 m × 2 m,
control soil, CTRL) with a similar soil type (Fluvisol) was also
managed at a kitchen garden located 18 km from the site
(Gradignan, France). Overall, 27 plots were cultivated with
the tobacco plants in 2010, after growing sunflowers in
2008–2009, to assess a suitable crop rotation (Table 2).
Topsoils and soil pore waters from all plots were collected
and analyzed (Table 2) as described by Kolbas et al. (2011).
In contaminated plots, total soil Cu (0–25 cm soil layer)
exceeded the background values for French sandy soils, i.e.,
3.2 mg and 8.4 mg Cu kg−1 for median and upper whisker
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values (Baize 1997), and for topsoils in Aquitaine region,
France, i.e., 13.9 mg and 55.8 mg Cu kg−1 for median and
upper whisker values (El Hadri et al. 2012).

Plants

One Cu-resistant somaclonal variant (C1—NBCu 10-8-F1
2009, derived from the BaG clone) and two metal-tolerant
clones (C2—Forchheimer Pereg FoP-F1 2009; C3—

Badischer Geudertheimer BaG-F1 2004) of tobacco
(Nicotiana tabacum L.), henceforth referred to cultivars for
convenience, were used (Guadagnini 2000; Lyubenova et al.
2009; Herzig et al. 2014). Tobacco seeds were sown (February
4, 2010) and seedlings were transplanted (March 5) in plastic
pots (7 cm × 7 cm × 7 cm) containing a mixture of peat, sand,
and control soil at growing stage 1000 (CORESTA 2019).
Pots were placed in a greenhouse and then plants at growing
stage 1003–1005 (CORESTA 2019) were transplanted in all
field plots (April 14). In each plot, the plantation design
consisted of three rows with four plants for each cultivar in a
row, resulting potentially in 12 plants/plot/cultivar and a den-
sity of 180,000 plants ha−1, which is higher than the common
one for tobacco crop but permits to increase the overall bio-
mass yield (Sheen 1983). Four additional C2 plants were
transplanted at the plot #11 edge to study metal distribution
in plant parts. Split applications of NPK fertilizer (NFU 42-
001, 15-15-15) were made (40 kg N, 40 kg P2O5, 40 kg K2O,
and 60 kg SO3 per ha on April 26 and 20 kg N, 20 kg P2O5,
20 kg K2O, and 30 kg SO3 on May 20). Irrigations
(7.5 m3 ha−1) were made on April 14 and 26, May 28, and
June 14 and 28, as these periods displayed abnormal drought
in 2010 (Fig. 1).

Shoots were manually harvested (cut 1, July 19) at growth
stage 9000 (CORESTA 2019). Stems were cut 1 cm above the
soil surface and root systems let in place. For studying metal
distribution in plant parts, roots, stems, leaves, and inflores-
cences (cymes with seeds in capsules) were separately collect-
ed for the four additional C2 plants (plot #11). Thereafter,
bottom suckers began to develop, and their shoots were har-
vested on September 20 (cut 2). For both harvests, plant num-
ber per plot was recorded and shoot length and FWyield were
measured for all plants. Roots were firstly washed with tap
water. Plant parts were rinsed two times with distilled water,
blotted with ash-free filter paper, air-dried (40–50 °C) in a
greenhouse until constant weight, and weighed (DW). Water
content (WC, %) in harvested plant parts was determined.
Plant samples were grounded in a stainless mill (Gondard,
2 mm). Weighed aliquots of plant materials (0.5 g DW) were
wet digested under microwaves (Marsxpress, CEM) with
5 mL supra-pure 14 M HNO3 and 2 mL 30% (v/v) H2O2 not
stabilized by phosphates. Certified reference material (BIPEA
maize V463) and blank reagents were included in all series.
Element concentrations 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 was < 5%.

Statistical analysis

All analyses were performed using the R software version
2.13.1 (Foundation for Statistical Computing, Vienna,
Austria). A principal component analysis (PCA) was
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Fig. 1 Climatic conditions during the 2008–2010 period at the field trial:
(a) monthly air humidity (%), (b) monthly rainfall (mm), and (c) monthly
air temperature (°C)
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performed on both plant and soil parameters. Values were
centered and scaled prior to analysis. A correlation coefficient
matrix was then computed on the same parameter list using
the Pearson coefficient Rp. Correlations were considered sig-
nificant at p < 0.05. We tested the interactive effects of total
soil Cu (CuT, covariate) and cultivar (three-level factor) on
SL, SDWY, CuR, and CuSH using a mixed analysis of co-
variance (ANCOVA) model. Plots were included as a random
variable in the model. We ran quadratic rather than linear
models because parameter responses to CuT may display a
hormesis shape (Calabrese and Blain 2009). Data were aver-
aged per plot and cultivar prior to analysis of each plant pa-
rameters. All data were log transformed to meet parametric
model assumptions (homoscedasticity and normality of
residuals).

We tested the effects of amendments, Cu exposure, and
cultivars on all plant parameters considered in the PCA anal-
ysis using two-way ANOVA models on non-averaged data
taken from five plots consisting in five different conditions
(amendment/Cu exposure factor). Differences between culti-
vars within each amendment/Cu exposure condition and

between all amendment/Cu exposure conditions for each cul-
tivar were tested using the Scott–Knott clustering algorithm.
The same analysis was used to discriminate differences in
biomass, Cu concentration, and Cu removal between the plant
parts. Homoscedasticity and normality of residuals were met
for all models.

Total soil Cu in amended blocks #1 and #2 were similar, so
in further calculations, their data were merged as the OMDL
#1 + 2 treatment with moderate total soil Cu, whereas data
from the amended plots of block #3 with high total soil Cu
were merged within the OMDL #3 treatment (Table 2).
Distribution of shoot DWyield versus shoot Cu concentration
was fitted using non-linear least squares estimates of the pa-
rameters of a Michaelis–Menten equation: f(x) = a × x/(p + x).

Results and discussion

All transplants survived and developed in all plots, without
visible symptom on aerial parts. In comparison, sunflower
mortality rate in the previous year varied from 0% to 85%

Table 1 Main soil properties (0–0.25 m soil depth)

Soil P1–
3·

OMZ UNT CTRL Soil survey
in 1998

Background values in
French sandy soilsa

French
screening
valuesa

Soil quality
criteriac

B C

Sand % 85.5 83 83.7 66.5

Silt % 8.3 14 10.9 15.5

Clay % 5.9 3 5.4 18.0 4.2

C/N 17.2 17.4 15.9 13.8

Organic C g kg-1 7.75 13.6 10.02 41.3

OM % 1.6 2.89 1.45 4.0 3.7

CEC cmol kg-1 3.5 5.33 3.09 16.1

pH 7.0 7.18 6.3 7.9

As mg kg−1 9.8 9.83 7.31 3.6 10–22 1.0–25b 12 12

Cd mg kg−1 0.12 0.06 0.03–0.24 0.70 1.4/10 22

Co mg kg−1 < 2 4.86 1.90 1.4–6.8 30 40/50 300

Cu mg kg−1 1460 1290 1016 21 308–14,585 3.2–8.4 35 63 91

Cr mg kg−1 23 90.7 20.4 18 123–691 14.1–40.2 100 64 87

Fe mg kg−1 6090 35,725 6301 6550 6000–14,300

Mn mg kg−1 181 394 160 189 72–376

Ni mg kg−1 5 38.6 5.9 7.5 4.2–14.5 70 45 89

Pb mg kg−1 27 24 21 24 16.4–58.7 60 70/140 260/600

Tl mg kg−1 0.24 0.29 1 1

Zn mg kg−1 46 49.5 37.2 51 17–48 150 250 410

pCu2+ 7.66d 8.03 6.92 12.38

* Sub-samples from the P1, P2, and P3 soils were combined to form the P1–3 soil sample—data from preliminary investigations in year 2006, before set
up of field trial. aMedian and high vibrissae values except for As (Baize 1997; Baize and Tercé 2002); b frequent As mean values for all French soil types
(Baize and Tercé 2002); c B: agricultural/residential, C: commercial/industrial (Canadian Council of Ministers of the Environment 2020); d pCu2+ =
3.20 + 1.47 pH − 1.84 log10 (CuT) (Sauvé 2003). Bold value indicates a concentration in excess compared to background level

CTRL uncontaminated control soil, OMZ compost + zerovalent iron grit, UNT untreated soil
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on the same plots and sunflowers did not survive in the UNT
plot (Kolbas et al. 2011). Tobacco plants would be more tol-
erant but may benefit of transplantation rather than sowing
and the small volume (9 cm3) of clean soil attached to plantlet
roots. Indeed, on a series of potted Cu-contaminated soils
from the same site, these tobacco plants have demonstrated a
higher Cu tolerance to excess Cu than sunflower plants
(Kolbas et al. 2013).

Shoot yield versus soil Cu exposure and soil
treatments

The PCA on soil and plant parameters explained 69% of the
total variance (axe #1, 41%; axe #2, 28%) (Fig. 2) and showed

several correlations listed in the correlation matrix (Table 3).
Shoot growth traits (group 1—SDWY, SFWY, and SL) were
highly correlated (Table 3). Shoot WCwas not affected by Cu
exposure. Soil parameters characterizing Cu exposure (group
2—CuTand CuSPW) co-varied similarly (0.92) and well cor-
related with shoot Cu concentration (0.81 and 0.76,
respectively, Table 3). Relationship between the Log10SL
and Log10CuTwas well fitted by a curvilinear model for each
cultivar with a hormesis effect (Calabrese and Blain 2009)
around 400–500 mg Cu kg−1 soil (p = 0.012; Fig. 3a). The
ANCOVA test indicated also a significant hormesis for
SDWY (p = 0.04, Fig. 3b). Such field trial results confirmed
the increase in shoot DWyield of FoP plants at moderate total
soil Cu reported in a pot experiment (Kolbas et al. 2013).

Table 2 Concentrations of metal(loid)s in topsoils of field plots and main properties of their soil pore waters

Total soil concentrations (mg kg−1) Soil pore water

Blocka Plot number Cu Cr Ni Zn Co As CuSPW
mg Cu L−1

b pCu2+ Free Cu ratio
(%)

pH in SPW TOC in SPW
mg C L−1

OMDL #1 2 273 18.3 5.1 98.4 1.8 6.0 0.200 7.11 2.47 7.2 100.9

OMDL #1 3 334 19.2 4.8 42.9 1.7 6.5 0.264 7.41 0.93 7.2 112.1

OMDL #1 4 384 19.4 4.9 48.4 1.7 6.9 0.251 6.90 3.20 7.2 95.3

OMDL #1 5 333 19.3 5.1 64.5 2.1 6.6 0.248 7.20 1.62 7.4 124.0

OMDL #1 6 239 17.6 5.2 59.4 1.9 5.9 0.171 7.20 2.35 7.3 96.4

OMDL #1 7 359 17.8 5.0 62.4 1.9 6.7 0.258 7.12 1.89 7.3 145.5

OMDL #1 8 268 16.4 5.1 58.1 2.0 5.3 0.266 7.27 1.29 7.3 172.0

OMDL #1 9 348 21.1 5.3 69.7 1.8 8.6 0.188 7.01 3.28 7.2 76.0

OMDL #2 12 336 17.3 4.8 80.8 1.8 6.3 0.211 7.40 1.21 7.4 125.7

OMDL #2 13 518 19.4 4.8 50.7 1.8 6.9 0.206 7.31 1.53 7.3 92.1

OMDL #2 14 382 17.5 4.9 50.1 1.7 5.6 0.324 7.23 1.17 7.0 111.5

OMDL #2 15 379 19 5.1 56.6 1.9 6.9 0.219 7.39 1.18 7.0 97.6

OMDL #2 16 317 17.4 4.8 51 1.9 5.9 0.208 7.31 1.49 7.0 102.1

OMDL #2 17 352 20 5.2 51.2 1.9 7.1 0.256 7.21 1.53 7.1 104.3

OMDL #2 18 357 19.5 5.1 52.3 1.9 7.2 0.217 7.36 1.29 7.3 119.7

OMDL #2 19 258 18.2 5.5 52.2 2.0 6.2 0.247 7.35 1.15 7.0 93.4

OMDL #3 22 1140 18.4 5.3 45.4 1.8 6.7 0.785 6.23 4.84 7.1 110.0

OMDL #3 23 819 15.8 4.9 35.7 1.8 4.8 0.764 6.41 3.21 7.0 115.9

OMDL #3 24 952 16.5 4.9 41.7 1.7 5.0 0.795 6.21 4.91 6.9 123.6

OMDL #3 25 961 19.3 4.7 39.1 1.5 5.7 0.837 6.30 3.85 6.8 110.2

OMDL #3 26 753 16.2 5.0 39 1.8 5.4 0.776 6.35 3.70 6.7 136.0

OMDL #3 27 1070 17.1 5.4 51.6 1.9 5.9 0.590 6.48 3.58 6.9 120.0

OMDL #3 28 894 16.2 5.3 47.9 2.0 5.3 0.729 6.39 3.54 6.8 159.8

OMDL #3 29 1020 16.7 5.6 53.8 2.0 5.1 0.743 6.78 1.41 7.2 150.0

UNT 31 1016 18.8 6.0 35.2 1.8 5.7 0.547 5.38 49.08 5.9 43.8

CTRL 32 21 18 7.5 51 0.7 3.6 0.150 7.44 1.56 7.9 60.7

OMZ 33 1290 52.3 19.5 57.6 2.94 8.45 0.298 6.49 3.01 7.18 nd

a Plots #1 to #19 (blocks OMDL #1 + #2) correspond to moderate total soil Cu and plots #22 to #29 (block OMDL #3) correspond to high total soil Cu.
b pCu2+ = − log10(Cu2+ ), analyzed by Cu-ion selective electrode. Bold value indicates a concentration in excess compared to background level

nd not determined, SPW soil pore water, TOC total organic carbon, CuSPW total Cu concentration in the soil pore water, CTRL uncontaminated control
soil, OMDL compost + dolomitic limestone, OMZ compost + zerovalent iron grit, UNT untreated soil
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Despite a high rise in total soil Cu and CuSPW, shoot DW
yield only slightly decreased (r = − 0.31 with CuT and − 0.29
with CuSPW, Table 3), confirming the Cu resistance of these
tobacco cultivars (Kolbas et al. 2013). On all plots, the SL and
SDWY significantly differed between cultivars (ANCOVA
test; p < 0.01), being in decreasing order: C2 > C1 > C3
(Fig. 3a, b). However, based on each plot, the SL and
SDWY values only differed between cultivars for the
OMDL #3 and OMZ plots (Table 4). The total SDWY (i.e.,
cuts 1 + 2 in t DW ha−1 year−1) peaked for all cultivars in plot
#12 (CuT—336 mg Cu kg−1 soil; CuSPW—0.21 mg Cu L−1)
up to 7.3, 9.9, and 5.3 for C1, C2, and C3, respectively. At
high total soil Cu (753–1140 mg Cu kg−1), SDWYpeaked in
plot #28 (i.e., 4.9, 3.1, and 2.4 t DW ha−1 year−1 for C1, C2,
and C3, respectively). Plant growth in this plot was similar to
that in the control soil (Table 4). Shoot DW yields of cut 2
ranged from 0.03 (plot #9) to 1.43 (plot #12) t DW ha−1 con-
tributing between 9.9% (OMDL #1 + 2) and 43.1% (OMZ) to
the total SDWY (Table 5). Higher SDWY of bottom suckers
in the OMDL #3 plots may be due to higher amount of nutri-
ents remaining in the soil after cut 1 and the lower growth of
the main stem. In previous field trials, the SDWYof tobacco
cultivated in the 15–525 mg Cu kg−1 soil range varied be-
tween 8 and 12.6 t DW ha−1 year−1 (Table 6). Unfavorable
weather conditions (i.e., droughty spring and summer in 2010,

Fig. 1), higher soil Cu contamination, and low soil fertility
(Table 1) would explain lower shoot DW yields obtained in
our field trial. Higher Cu tolerance and shoot yields of tobacco
cultivars compared to sunflower in our Cu-contaminated plots
may be related to their high antioxidant capacity. On a Zn/Cd/
Pb-contaminated soil, tobacco plants originating from the FoP
clone had high APX activities, while the NBCu variants (BaG
origin) exhibited strong induction of the DHAR activity, and
both BaG and FoP descendants displayed high SOD and CAT
activities (Lyubenova et al. 2009).

Shoot Cu concentrations

Both total soil Cu (ANCOVA, p < 0.001, Fig. 2c) and cultivars
(ANCOVA, p = 0.02, Table 4) influenced shoot Cu concentra-
tions. After log transformation, CuSH linearly varied with
total soil Cu (Fig. 2c). Roughly over 753 mg Cu kg−1 soil,
shoot Cu concentrations of C1 and C2 plants were lower than
those of C3 ones (Table 4), which may be due to their numer-
ically higher SDWY values (i.e., dilution effect). Differences
were less than in hydroponics (i.e., 5–7 times for Cu;
Guadagnini 2000). Considered separately, shoot Cu concen-
trations may lead to misconception due to the dilution effect
reducing their values as shoot biomass increased (Fig. 4). The
SDWY and CuSH were negatively correlated (R2 = − 0.49;

Fig. 2 PCA and correlations
between plant parameters
(SDWY, shoot DW yield; SFWY,
shoot fresh weight yield; SL,
shoot length; CuR, shoot Cu
removal; and WC, water content
of shoots), shoot element
concentrations (Al, B, Ca, Cu, K,
Fe, Mg, Mn, P, and Zn) and soil
parameters of Cu exposure
(CuSPW, total Cu concentration
in the soil pore water; CuT, total
soil). The numbers 1 to 4
correspond to groups of positively
correlated parameters
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p < 0.001; Table 3). Based on all cultivars, the relationship
between SDWY and CuSH values was fitted using non-
linear least squares estimates of the parameters of a
Michael is–Menten equat ion, i .e . , SDWY = 1.32
CuSH/(CuSH − 13.01) (R2 = 0.62; p < 0.01), which indicated
an EC50 value in the 28–32 mg Cu kg−1 shoot DW range
(Fig. 4). This agreed with upper critical Cu threshold values
in shoots (Ali et al. 2002; Macnicol and Beckett 1985;
Mocquot et al. 1996). Copper mainly accumulates in intracel-
lular structures such as the vacuoles and therefore the number
of cells is related with Cu concentrations (Printz et al. 2016).
On the whole dataset, mean shoot Cu concentration was
33 mg Cu kg−1 DW and varied from 6 mg (C2 in the CTRL
plot) to 75 mg kg−1 (C2 in the OMZ plot; Table 4). In the
literature, shoot Cu concentrations reported for tobacco grown
in field trials ranged from 5 to 90 mg kg−1 (Table 6).

Shoot Cu removal

Shoot Cu removal (g Cu ha−1 year−1) was computed with
shoot Cu concentration (mg Cu kg−1 DW) and shoot biomass
(t ha−1 year−1) (Table 4, Fig. 3d). Assuming similar shoot Cu

concentrations for both cuts, additional shoot Cu removal by
the bottom suckers would be in the 7.2–73.5 g Cu ha−1 year−1

range and consequently, annual shoot Cu removal varied be-
tween 15.4 and 261.3 g Cu ha−1 year−1, depending on culti-
vars and soil treatments (Table 4). The CuR value differed
between cultivars (ANCOVA, p = 0.0011, Fig. 3d), displaying
highest values for the C1 plants as Cu exposure increased in
the OMDL #3 plots (Table 4). These values were significantly
higher than those for sunflowers on the same OMDL #3 plots
in 2008 (10–58 g Cu ha−1 year−1; Kolbas et al. 2011) and in
2016 (47–70 g Cu ha−1 year−1; Mench et al. 2018), but were
slightly lower than previous findings for tobacco (~ 280 g Cu
ha−1 year−1; Kayser et al. 2000; Faessler et al. 2010a)
(Table 6). As highlighted by the PCA (Fig. 2), shoot Cu re-
moval was more correlated with plant growth parameters
(group 1), in particular shoot DW yield, than with shoot Cu
concentration (Table 3). In contrast to sunflower, CuT and
CuSPW less influenced shoot Cu removal by tobacco (r =
0.26 and r = 0.28, respectively), one difference being the
growth of bottom suckers after cut 1. However, following
years have demonstrated that this depends more and more
on water supply and summer climatic conditions, in line with
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progressive global warming. Shoot Cu removal opposed to
group 3 and slightly negatively correlated with Mn and P
(r = − 0.36 and − 0.4, respectively) (Fig. 2; Table 3).

Shoot concentrations and removals for other
elements

Tobacco plants growing in contaminated soils generally dis-
play disturbances in nutritional status, specifically in Mg and
P contents (Faessler et al. 2010a). Here, the shoot ionome
showed significant dilution effects due to changes in SDWY
for Al and Fe as for Cu (Fig. 2, Table 3). Shoot Al, Fe,Mg, Ca,
and B concentrations positively correlated with shoot Cu con-
centration, and shoot P and K concentrations negatively
(Table 3). Both cellular Ca and Mg homeostasis can help to
quench oxidative stress in Cu-stressed plants (Kinraide et al.
2004), whereas B involved in carbohydrate transport has a
synergetic relationship with Ca in tobacco (Lopez-Lefebre
et al. 2001). Free Cu+ in the cytosol induces ROS generation
thereby opening non-selective cationic channels, allowing the
Ca2+ entry and inducing root growth (Printz et al. 2016).
Shoot K, P, Zn, and Mn concentrations (group 3) co-varied
and were opposed to soil Cu exposure and shoot Cu concen-
tration (group 2, Fig. 2, Table 3). Such elements are essential
for plant nutrition. Their antagonism with Cu concentrations
in soil and shoots confirmed previous findings for old leaves
of Cu-exposed Elsholtzia splendens (Wu et al. 2009) and may
reflect impaired Cu-stressed roots causing ion (e.g., K+) and
solute leakages (Woolhouse andWalker 1981) and a malfunc-
tion of root transporters (Printz et al. 2016). A crosstalk is
suggested between Cu and Zn absorption, but how Cu excess
mediates with ZIP transporter expression remains unclear
(Printz et al. 2016). Total soil Zn slightly exceeded its back-
ground levels for French sandy soils in several amended plots,
in line with compost addition (Table 2). However, mean
values for shoot Zn concentrations (24–39 mg Zn kg−1 DW)
and shoot Zn removal (118–290 g Zn ha−1 year−1) were within
the lower published ones (Tables 5 and 6).

Aluminum and Fe (group 4) co-varied and negatively cor-
related with group 1 (Fig. 2). The mutual synergy between
both elements were reported in the flue-cured tobacco nutri-
tion (Chang et al. 1999). Aluminum has an oxidative potential
in plant tissues and enhances the Fe-mediated lipid peroxida-
tion, notably in phospholipid liposomes, which alters the per-
meability of the plasma membrane and leads to cell death
(Yamamoto 2019). Positive relationships between shoot Al,
Fe, and Cu concentrations, mainly driven by plant growth and
soil treatments (Table 3), agreed with Fe/Cu correlation in
maize (Ali et al. 2002), although it is usually negative for other
plants (Palmer and Guerinot 2009). Shoot Cu, Al, and Fe
concentrations peaked in the UNT and OMZ plants having
low shoot biomass (Table 4) and exceeded their common
values in tobacco shoots (Table 5).
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Influence of soil amendments on shoot ionome

Compost and dolomitic limestone incorporated into Cu-
contaminated soils of this wood preservation site enhance
plant growth, promote microbial activity, and reduce Cu
leaching from the root zone (Bes and Mench 2008;
Lagomarsino et al. 2011; Marchand et al. 2011; Mench et al.
2018; Burges et al. 2020). In the OMZ soil, Z caused a major
shift in Cu distribution to the fraction bound to poorly crystal-
line Fe oxyhydroxides (Kumpiene et al. 2011), but this did not
promote shoot DW yield nor induce a decreased shoot Cu
concentration for the OMZ plants. The soil conditioners, how-
ever, influenced labile Cu pool in soils (Table 2), biometrical
traits of tobacco (Fig. 3a, b), and shoot ionome of cultivars
(Table 4), confirming that tobacco is responsive to improving
amendments (Faessler et al. 2010b; Lyubenova et al. 2009).
At similar high CuT values (1016–1290 mg Cu kg−1 soil), the
UNT, OMZ, and OMDL #3 (plot #29) plants significantly
differed for SL, SDWY, CuR, and shoot ionome (Table 5).
While CuSH was slightly higher in the OMZ plants, the
SDWYand CuR of OMDL #3 plants were higher. The UNT
and OMZ plants had similar low SDWY values at both cuts,
but the CuSH of OMZ plants was 1.3-fold higher which in-
creased their shoot Cu removal (Table 5). In the OMZ and
UNT soils, the C2 plants showed higher total CuR (120 and
97 g Cu ha−1 year−1) than the C1 and C3 plants (Table 4).
Conversely, total SDWY and CuR were higher for the C1
plants in OMDL #3.

The UNT plants had low shoot P concentrations but high
shoot Cu, Al, and Fe concentrations. Similar trends occurred
for the OMZ plants, with increased shoot Cu concentrations
due to the composition of zerovalent iron grit (Kumpiene et al.
2011). Shoot concentrations of other elements were in the
common ranges (Table 5). Shoot ionome did not differ be-
tween OMDL #1 + 2 and OMDL #3, except for Cu
(Table 5). Shoot Cu concentration of the OMDL #3, UNT,
and OMZ plants exceeded its upper critical threshold value
(28–32mg Cu kg−1) (Table 4). Adding compost in the OMDL
soils led to Cu binding with organic matter, particularly the
coarse compost fraction (Lagomarsino et al. 2011), whereas
liming may likely promote both this binding and Cu precipi-
tation and sorption to (hydr)oxides and clays (Rachou et al.
2007). The lower Cu2+ ion concentration in the soil pore water
of OMDL #3 soils than that of UNT soil (Table 2) was only
reflected in shoot Cu concentration for the C2 plants (Table 4).

Biomass, Cu concentration, and Cu amount of plant
parts

Aerial parts (stem, leaves, and inflorescence) represented 80%
of the total biomass of FoP plants, the stem having the highest
DW yield (Fig. 5a). Roots had a lower biomass than stem but
the highest Cu concentration (Fig. 5b). Consequently, Cu
amount peaked in roots (Fig. 5c), corresponding to an exclud-
er strategy which may partly include Cu sorption on the root
surface Fe/Mn plaque (Ye et al. 2001). Copper concentrations
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shoot Cu concentration (CuSH)

Environ Sci Pollut Res



in the FoP tobacco parts were in decreasing order: roots >
leaves > inflorescence (including seeds) > stem (Fig. 5b),
whereas Cu amounts followed the decreasing order: roots >
stem = leaves > inflorescence (Fig. 5c). Distributions of con-
taminants and roots in soil layers affect plant establishment
and their phytoextraction ability (Keller et al. 2003). In our
case, soil Cu contamination was mainly located between 0.2
and 0.7 m and, based on visual observations, roots remained in
the 0–30 cm soil layer. Low Cu concentration in inflores-
cences including seeds, which contained up to 40% oil per
DW, enables their use for biofuel production (Grisan et al.
2016; Poltronieri 2016). Tobacco leaves contain 1.7–4% oil
per DW (Koiwai et al. 1983), which is extractable as fatty acid

methyl esters, major components for biodiesel quality
(García-Martínez et al. 2017). Based on a maximum SDWY
of 9.8 t ha−1 year−1 and seed yield of 13% (1.27 t ha−1 year−1),
the oil production may reach 0.84 t ha−1 year−1. The fermen-
tation of tobacco biomass for producing bioethanol is also
feasible (Olofsson et al. 2008). Bio-based muconic acid, a
versatile chemical intermediate whose derivatives, i.e., capro-
lactam, terephthalic acid (a precursor to polyethylene tere-
phthalate, a common thermoplastic polymer resin of the poly-
ester family), and adipic acid, are widely used in the plastic
industry, the production of synthetic fibers for textiles or in-
dustry (mainly nylon), and food (acidifying agent), can be
produced from tobacco using specific bacteria (Eudes et al.
2018).

Phenotypic responses obtained for shoot Cu concentration
and other tobacco parameters, i.e., SL, SDWY, and CuR, may
reflect the parental proximity between the NBCu variant and
the BaG clone (Guadagnini 2000). As the FoP clone resulted
in higher shoot Cu removal at moderate soil Cu exposure, its
somaclonal variants may deserve more investigations.

Conclusion

Merging aided phytoextraction and sustainable production of
non-food crops is a developing strategy for phytomanaging
Cu-contaminated soils. A Cu-resistant tobacco variant and
two tobacco clones were cultivated in field plots with increas-
ing total soil Cu and three soil treatments at a wood preserva-
tion site in SW France. Thanks to climatic conditions and
cultural practices, shoots of main stem were firstly harvested
(cut 1) and then shoots of bottom suckers (cut 2). Both shoot
Cu concentration and Cu removal responded to changes in soil
Cu exposure and shoot DW yields. Shoot Cu removal ranged
from 13 to 173 g Cu ha−1 for cut 1 and annual shoot Cu
removal may reach 15–261 g Cu ha−1 year−1 assuming similar
shoot Cu concentrations in cut 2. At high total soil Cu, the
incorporation of compost and dolomitic limestone (OMDL)
into the soil was more efficient than compost with zerovalent
iron grit (OMZ) to increase shoot Cu removal. Such soil con-
ditioners allowed obtaining similar shoot yield at high total
soil Cu compared to the uncontaminated control soil and
higher shoot yield at moderate soil Cu exposure. Shoot Cu
removal (cut 1) peaked for the FoP plants in the OMDL plots
with moderate soil Cu contamination and the untreated plot.
The NBCu variant phytoextracted more Cu than the BaG and
FoP clones in the OMDL plots with high soil Cu contamina-
tion. Copper concentrations in the FoP plant parts were in
decreasing order: roots > leaves > inflorescence > stem, and
Cu removals ranked as: roots > stem = leaves > inflorescence.
Shoot K, P, Mn, and Zn concentrations were negatively affect-
ed by Cu excess. As shoot DWyield mainly influenced shoot
Cu removal, the selection of tobacco cultivars for Cu

Fig. 5 (a) biomass (dry weight), (b) Cu concentration, and (c) Cu
removal (CuR) of plant parts for the FoP-F1 tobacco cultivated in plot
#11 (total soil Cu = 285 mg kg−1)
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phytoextraction through in vitro breeding should account for
both Cu concentrations in aerial plant parts and potential shoot
production for financial returns.
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