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Abstract In order to decrease the concentration of toxic
metals in contaminated lands, phytoextraction can be
suitable considering the use of plant species with high
potential for biomass production, such as biomass sorghum
(Sorghum bicolor L.). We assessed a biomass sorghum
(BRS716) potential as a copper phytoextractor as well as
the physiological stability under this stressful condition. A
completely randomized experimental design was used for a
greenhouse experiment in which sorghum plants were
submitted to a range of Cu" concentrations: 2.3, 10.9,
19.6, 30.5, 37.6 and 55.6 mg dm . The plant growth was
not affected by increasing Cu®* concentrations, suggesting
that this species is tolerant to copper. There was a decrease
in photosynthetic rate according to the increase in Cu®"
concentration, but not at a level that could disturb plant
metabolism and eventual death. The values obtained for
transfer index ranged from 0.62 to 0.11 which evidenced
the restriction of Cu®" transport to the aerial parts. The
more Cu®" available in soil, the smaller the amount of
Cu”" transported to aerial parts of sorghum. So, our results
show that biomass sorghum has potential to be used for
Cu®" phytoextraction in concentration of up to
20 mg dm ™. Also, in heavily Cu?>* polluted sites, it can be
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Introduction

Population growth, urbanization, economic and techno-
logical development have been causing changes in pro-
duction systems and waste generation, in both quantity and
quality. It is an imminent threat to ecosystems and human
health due to complex composition and hazardousness of
waste generation. These wastes can reach soil and water
that are essential natural resources for the survival of all
living beings on the planet (Thyberg and Tonjes 2016). In
recent decades, human activities have led to increase in
pollution, contamination and degradation of natural
resources. The main pollutant action is the inadequate
disposal of solid waste and the excessive use of chemicals,
since much of the waste is not disposed off in a proper way
(Subramani et al. 2014) and this contributes to the increase
of trace elements in the environment.

The trace elements, some of them known as heavy
metals, are naturally found in soil as a product of parent
rock weathering (Bolan et al. 2014; Mehr et al. 2017).
However, intense anthropogenic activities have increased
heavy metals concentration in soil, resulting in a risk of
pollution and contamination. One of the main environ-
mental problems of metals in excessive concentrations in
soil is degradation of the area, generally reaching the flora,
fauna, surface water, and groundwater, resulting in damage
to plants and other living organisms, thus altering natural
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cycles, biochemical processes and causing health problems
(Mehr et al. 2017). A problem associated with the toxicity
of heavy metals is that they interact with a large range of
molecules and that are not degraded, making them highly
bioaccumulated in living organisms (Palma et al. 2015;
Carvalho et al. 2018).

The main heavy metals naturally found in soils are:
Cadmium (Cd), Copper (Cu), Lead (Pb), Zinc (Zn),
Chromium (Cr), Nickel (Ni), Barium (Ba), Cobalt (Co) and
Mercury (Hg) (Kabata-Pendias 2004; Nogueira et al.
2018). Some of these elements, in small amounts, are vital
for biological functions in living beings. However, the
increase in their concentration make them toxic. Other
metals, which are not essential to living organisms, even in
small quantities, are harmful because they can interact with
biomolecules and produce stable complexes that may result
in metabolic disturbances, culminating in plant growth
inhibition and death (Stankovic et al. 2014).

Among the metals mentioned, copper (Cu®") is an
essential metallic element for plants that participates in
carbohydrates, nitrogen, lignin and chlorophyll metabolism
(Broadley et al. 2012). This metal can be generally found at
high concentrations in sites of vineyards, due to Bordeaux
mix application, and in mining areas whose disposals are
not well managed, resulting in pollution (Andreazza et al.
2011). When copper concentration in soils is above the
limit tolerated by plants, it can cause foliar necrosis and
decrease overall growth and development of plants
(Pefiarrubia et al. 2015). However, some plant species can
tolerate higher concentration of some toxic metal elements
through physiological or/and biochemical processes (An-
toniadis et al. 2017). These processes can be used for
phytoremediation.

An interesting strategy for phytoremediation is the use
of plant species with high biomass production potential,
such as biomass sorghum. This sorghum variety can reach
15 to 20 t ha™' in each cycle and is burnt to generate
energy in factories/industries. The species presents high
energy yield per hectare and has a short cycle, with the
capacity to produce large amount of biomass (Rodrigues
Castro et al. 2015). This may present a great opportunity to
generate bioenergy material in unproductive lands, which
can generate income from unused land. This approach is
very well demonstrated in the work of Evangelou et al.
(2012). However, besides the notable relevance of this
approach, the studies concerning sorghum tolerance to
heavy metals considered the sweet, forage or grain sor-
ghum varieties (Jia et al. 2017; Tian et al. 2015; Soudek
et al. 2014). Thus, there is a lack of research exploring
biomass sorghum varieties for heavy metal/copper toler-
ance and its full potential as a phytoremediator crop.
Therefore, we aimed to evaluate the physiological response
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and the potential of biomass sorghum (cultivar BRS 716)
as a copper phytoremediator (Cu™).

Materials and methods

Plant material, growth conditions and experimental
design

For this experiment, biomass sorghum (BRS 716) was
used, kindly provided by Dr. Rafael Augusto Costa Parrella
from EMBRAPA Maize and Sorghum. The experiment
was carried out in a greenhouse at the Plant Tissue Culture
Laboratory at Instituto Federal Goiano - Campus Rio
Verde, Rio Verde - GO. Plants were allowed to grow for
nearly 50 days under natural sunlight in the greenhouse
and were monitored every day for water demand in order to
avoid drought stress. The temperature inside the green-
house was monitored and an average of 31° C was recor-
ded. The experimental design was completely randomized
containing 6 copper concentration applied in soil: 0, 30, 60,
90, 120 and 150 mg dm™3 to obtain nearly 10, 20, 30, 40
and 50 mg dm™> of bioavailable Cu®* (Fig. 1), besides the
natural Cu®" content in soil, which was 2.3 mg dm—3.
Each treatment was composed of 5 biological repetition
totalizing 30 experimental units.

Soil preparation and analysis

The collected soil was homogenized in a concrete mixer,
sieved in 2 mm mesh and left to dry at the environmental
temperature. Afterwards, a bulk sampling was performed
for chemical characterization and textural analysis. These
results are shown in Table 1.

After soil drying, a volume of 2 dm® was packed in 3
litres plastic bags in order to carry out the artificial copper
contamination. The artificial contamination was carried out
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Fig. 1 Correlation between Cu®>" applied and Cu®* bioavailable in
soil after addition of Cu®* solution in soil. Soil Cu®>* bioavailable
(mg dm™?): 2.3, 10.9, 19.6, 30.5, 37.6 and 55.6
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Table 1 Chemical and textural
soil features of the soil before

any artl.ﬁcu?llly 5911 pH 4.9
contamination with copper

Soil parameters

O.M. (g dm™) 23
Al (mmol, dm™?) 1

H + Al (mmol, dm™%) 42
SB (mmol, dm ™) 39.2
V% 48
m % 2
C.E.C (mmol, dm™>) 81.2
Ca/CTC % 20
Mg/CTC % 20
P (mg dm™?) 6

K (mmol, dm™) 7.2
Mg (mmol, dm™>) 16
Ca (mmol, dm™>) 16
$-S03? (mg dm™) 11
Cu (mg dm™>) 1.8
Fe (mg dm ™) 14
Zn (mg dm™) 0.3
Mn (mg dm™) 10.1
B (mg dm™) 0.15
Clay (%) 57.8
Sand (%) 26
Silt (%) 16.2
Density (g cm™>) 1.5

using CuCl,-2H,O (copper chloride dihydrate) from a
12 g L' stock solution of free Cu®" and dilutions were
conducted to reach each desired copper concentration in a
final volume of 400 mL of solution per plastic bag.
Afterward, the soil was kept incubated in a greenhouse for
15 days. After incubation, the soil was homogenized and
transferred to plastic seed bags. Then, 10 biomass sorghum
seeds were planted in each pot. After 15 days, some plants
were taken out to keep only 2 plants per pot. Soil deter-
mination of free available Cu”>" was carried out 15 days
after incubation following a DTPA extractor according to
Lindsay and Norvell (1978) and determination by flame
atomic absorption spectrometer (FAAS).

Plant nutrition

To avoid mineral nutrition deficiency, the following
nutrients and amounts were supplied: 74 mg of ammonium
(NH,"), 400 mg of phosphate (H,PO,”), 10 mg of sul-
phate (SO427), 7 mg of zinc (Zn”) and 2 mg of boric acid
(H5;BO3). All these nutrients were applied directly to the
soil in a final volume of 50 mL of nutrient solution.

Plant analysis
Plant Growth parameters

To determine the growth response of plants subjected to
copper stress, the following growth parameter measure-
ments were performed: shoot length (S.L., cm); leaf area
(L.A., cmz); number of leaves (N.L., units); root length
(R.L., cm); root volume (R.V., cm3); shoot dry mass
(S.D.M., g); root dry mass (R.D.M., g); total biomass (T.B.,
g); ratio between shoot dry mass and total biomass (D.S.M/
T.B.); ratio between root dry mass and total biomass
(R.D.M./B.T.) and ratio between leaf area and shoot dry
mass (L.A./S.D.M., cm? gfl).

Photosynthetic measurements

To determine photosynthetic response of plants under
copper stress, a gas exchange analysis was performed using
a portable infrared gas analyzer (IRGA, LI 6800xt, Li-Cor,
Nebraska, USA, with a PAR of 1000 pmol m—2 s~ ).

The following gas exchange analysis were performed:
transpiration rate (E, mmol H,O m~2 s™'); net photosyn-
thesis (A, pmol CO, m~2 s_l); water use efficiency
(WUE = A/E); internal CO, concentration (Ci,
pmol mol_l); external CO, concentration (Ca,
pmol mol ™ '); ratio between internal and external concen-
trations of CO, (Ci/Ca) and stomatal conductance (gs, mol
H,Om ?s™ ).

Copper determination in shoots

To determine copper concentration in plant tissues, the
dried shoots or roots were milled. 250 mg of milled plant
material was digested in 3 mL of HNOj;: HCIO, acidic
solution (5:1 v/v) for 12 h. Thereafter, the digester block
temperature was raised to 50° C every 30 min until it
reached 200° C and completed digestion of plant material.
The resulting clear extract was adjusted to 25 mL with
milli-Q water which was then used to detect copper on a
flame atomic absorption spectrometer (FAAS).

Phytoremediation potential determination

We determined the phytoremediation potential for biomass
sorghum by using Tolerance Index (Tol.l.: BMyea/
BM_ onwor) and Translocation Index (T.I.: Cu.S/Cu.WP)
according to Rahman et al. (2013) and Sauerbeck (1991).
BM;car: total biomass of treatment; BM opnior: total biomass
of control; Cu.S: copper content in shoots; Cu.WP: copper
content in whole plant.
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Statistical analysis

Statistical analysis was performed using SISVAR software
(Ferreira 2011), in which data were submitted to analysis of
variance and regression analysis at 5% of significance.

Results

Sorghum photosynthetic responses to increasing
copper concentrations in soil

The net photosynthesis (A) was affected according to the
copper concentration increase in the soil; this variable was
most affected in 55.6 mg dm™3 treatment, in which we
found a value of 15.57 for A which represents 67% of A for
control plants (Table 2). However, other features such as
transpiration rate (E), stomatal conductance (gs), internal
CO, concentration (Ci), instant carboxylation efficiency
(A/Ci) as well as its ratio and water use efficiency (WUE)
were not affected under the different concentrations of
copper (Table 2).

Biomass sorghum growth and phytoremediation
potential under copper stress

We confirmed the increase in copper availability according
to our treatments (Table 1) and sorghum growth was not
affected by the increasing Cu®" concentrations in soil
(Table 3). Carbon partitioning was nearly 67% SDW and
33% RDW from control to 37.6 mg dm™3 treatments,
changing to nearly 50% SDW and 50% RDW in the
55.6 mg dm ™~ treatment (Fig. 2).

Table 2 Gas exchanges features of biomass sorghum BRS-716

grown in soil with increasing concentrations of copper: transpiration

rate (E, mmol H,O m~> s_l), net photosynthesis (A, pmol CO,
—2

m~2 s~ 1), water use efficiency (W.U.E.), stomatal conductance (gsw,

Copper concentration and content showed distinct pat-
terns between shoot and root. In shoots, concentration and
content decreased from 19.6 mg dm ™3 treatment, while for
roots, copper concentration and content tended to increase
according to the increased copper in the soil (Table 4).
Consequently, the copper translocation index clearly
decreased as copper concentration increased in the soil,
ranging from 0.58 to 0.11 for 10.9 and 55.6 mg dm™>
treatments, respectively (Table 4). Additionally, we
observed an increase in the copper tolerance index
according to the increase in copper in the soil, this ranged
from 1.0 to 1.57 from control to the highest copper con-
centration (Table 4).

Discussion

Leaf gas exchanges are stable in BRS-716 biomass
sorghum under copper stress

Copper is essential for photosynthesis as well as for
mitochondrial activities since it is a component of cupric
protein plastocyanin in photosynthetic process and it is also
a component of the complex IV in the respiration chain in
mitochondria (Merchant and Dreyfuss 1998). For this
reason, it is clear that this element is important to the
biological process. However, it is frequently reported that
metal excess can disrupt any of the processes mentioned
above (Vernay et al. 2007; Gonzalez-Mendoza et al. 2013;
Panda et al. 2015) and the way that an excess of metals can
exert their toxicity is by direct interaction with non-target
proteins or molecules, as well as by indirectly promoting

mol H,O m~2s7!), external CO, concentration (Ca, pmol mol™Y),

internal CO, concentration (Ci, pmol mol™Y), internal and external
CO, ratio (Ci/Ca)

Cu*" E A W.UE gswW Ca Ci Ci/Ca A/Ci
treatments

23 20400 21.01 £1.5 10271.22 +288.1 0.113 £ 0.01 400.03 &+ 0.01 87.98 & 10.0 0.22 + 0.01 0.25 & 0.03
10.9 20+ 00 1861 +£22 10,299.59 £+ 183.4 0.100 &+ 0.01 400.01 &+ 0.01 86.97 + 7.6 0.22 +£0.01 0.21 £ 0.02
19.6 1.0 £ 0.0 14.03 &+ 1.3 10360.61 + 2144 0.073 &£ 0.01 400.00 & 0.01 76.80 = 13.0  0.19 & 0.01 0.19 £ 0.02
30.5 20+ 00 16.60 & 1.2 9597.21 +£473.7  0.099 £ 0.01 399.95 + 0.01 11091 +17.2 0.28 £ 0.01 0.16 = 0.02
37.6 20+ 00 1795+ 0.6 10,195.35 £ 2723 0.095 £ 0.01 400.04 & 0.01 8497 +10.0 0.21 £ 0.01 0.22 + 0.04
55.6 20+ 0.0 1557 £1.1 1024220 £ 437.7 0.084 £ 0.01 399.98 + 0.01 85.60 £ 15.3  0.21 £ 0.01 0.20 £ 0.03
Significance ns * ns ns ns ns ns ns
Regression - X - - - - - -

*p <0.05.n=5

x Significant linear regression

ns non-significant regression, p > 0.05
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g g ; &' 0 g ; an excess of reactive oxygen species (ROS) production
s} HHHHHH (Souza et al. 2017).
o . . . . .
jol ilevgrey For a phytoremediation purpose, it is interesting that
; ;1) § ‘2 % E § § - photosynthesis shows stability during the stress event when
5o plants are able to keep their growth under unfavourable
S o conditions such as metal toxicity. In this way, one of our
2 g 225522 findings in this work was gas exchange stability in biomass
;<: HHHHHAH sorghum under copper stress (Table 2). Despite the fact
< A 8IS | that net carbon assimilation (A) was slightly affected, all
~ < VN N N N o
é 8 other gas exchange features were not affected. Based on
e E‘ these results, we considered that photosynthetic activity is
E 3 PERRS S stable under copper toxicity in biomass sorghum as well as
SE|S|HHHHHH that which has been reported for elephant grass (Liu et al.
; Q \ — .
3 2 ARR&I S, | 2009). These authors inferred that photosystem apparatus
17} —_— = = = = .. .
% = was not severely damaged by copper stress. Additionally, it
S m seems to be a specific feature of each plant species based
§ =) P e I on the same work of Liu et al. (2009), who found that
:§ s|HHHHAAH copper negatively affected photosynthesis in two other
EElalegges § - grass crops, Vetiveria zizanioides and Phragmites australis.
é = Photosynthetic activity decrease could not be explained
T = by copper effect on sorghum plants growing under the
%0?{) PRI B higher doses, once copper tra.lnsplortation t(? aeri.al parts was
= HHHHHAH decreased and its concentration increased in soil (Table 4).
(=] . . .
2 2 S|$S2FSE8 Photochemical approach has been considered in the work
22 o= 22l E of Sharma et al. (2017) who found that copper was able to
22 . .
5 E disturb photochemical process at 5 mM copper concen-
MM o= N~ o tration. Effects on photochemical process directly impacts
g RN carbon fixation since these two processes are biochemically
é% g 338888 linked to each other. However, although this kind of
g % 218822 IIXL 2 response can explain the decrease in photosynthesis, it does
£% not seem to apply to our findings because copper concen-
z g o tration in leaves did not reach phytotoxic amounts.
=5 T e IS B e . N o .
3E e e A A== According to Kriamer (2010), the critical toxicity amount
ENi g % :'o: ; ; ; ; for copper ranges from 20 .to 3.0 mg kg~! DW and our
g Elz| v v v b v d & finding for copper concentration in higher doses treatments
£ < is below the referenced concentrations for phytotoxicity
o - - cited above. The intriguing fact is that under non-toxic
s 0 o~ — LT o .
; g S g ggd copper concentration in soil, in the second and third
g “g H H H H H H treatments, the carbon fixation was shown to be higher than
E:E: < % £ E 8 8 % for other treatments where copper concentrations were
%} SIileERsSeR% e | higher. A good explanation for this can be related to sor-
g & hum tolerance and an efficient use of higher amounts of
%) - g g
2= S copper in leaf tissues (Table 4) because these two copper
g ) n e o o — o o . . . . .. .
&5 - S S = = O A concentration is above the phytotoxicity limit considered
2% AR 5 by Kréimer (2010).
CEILA|IZ22S 53S9 . S It is well known that the photosynthetic apparatus is
= wn AN AN~ — — = @ . . .
Sg 8 gln versatile, which means that plants can coordinate the work
o . .
] 3 E flow and stress response in order to keep all photosynthetic
§ E % § machinery working properly (Ashraf and Harris 2013). In
(% § £ 8 - gﬂ this sense, based on E, gs and Ci values, we strongly
" § 5 § 2 |7 believe that when net CO, assimilation has been decreased
- w2 = . .
% S |4 Lo e g Lgo £l temporally, as an adaptation to the stress, then higher
= S ) . .
FSIOIA 22683 |8 values of A would be recovered. This behaviour has already
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Fig. 2 Carbon partitioning between shoot and root in biomass
sorghum grown in soil with increasing copper concentrations. n = 5

been reported for other abiotic stresses such as elevated
temperatures in maize (Crafts-Brandner and Salvucci
2000) and, therefore, it may also be applied to the condition
of copper stress in sorghum. Furthermore, considering the
normal A rate recovering, the biomass sorghum capacity
for phytoremediation can be strongly considered as it will
be able to produce high amounts of biomass even in a
stressful environment and can then be suitable for bioen-
ergy feedstock production in copper polluted areas.

The BRS-716 biomass sorghum suitability
for copper phytoremediation

A great concern has been raised about phytoremediation
process feasibility, mostly due to the cost, further plant
material disposal, and economic interest. In this way, some
researches began to consider the use of high biomass crops
as phytoremediators after the growth season, when above
ground plant materials can be mechanically harvested and
then delivered to factories as feedstock for burning and

Table 4 Phytoremediation features of biomass sorghum BRS 716
grown in soil with increasing concentrations of copper: copper
concentration in shoot (C.C.S.—mg kg~"); copper content in shoot
(C.C.S.*—pg plant™"); copper concentration in roots (C.C.R.—

energy generation. This approach has been well presented
in a review of Evangelou et al. (2012). Considering this
trend, some high biomass producing crops have been
assessed for metals tolerance. However, there has been
little research into biomass sorghum production in con-
taminated land for bioenergy purposes.

The feasibility for using BRS-716 biomass sorghum for
copper phytoremediation could be determined based on its
high tolerance to copper that was found in our experiments
(Table 2, 3). Generally, copper tends to be highly toxic to
several organisms (Sipos et al. 2013), however there are
few reports considering copper toxicity in high biomass
producing plants for bioenergy purpose. Li et al. (2014)
showed that Arundo donax and Miscanthus sacchariflorus,
two energy grasses, were tolerant to high zinc and chro-
mium concentrations such as 2000 and 1000 mg kg_l,
respectively, for each metal. In this sense, although there is
no evidence for sorghum tolerance to copper, our findings
allow us to suggest that BRS-716 biomass sorghum can be
an extremely interesting energy crop for phytoremediation
of copper contaminated land because we found no effect in
growth, as well as high values of phytoremediation indi-
cators (Tables 2, 4). Specially, with regard to copper, the
energy grass Elymus elongatus showed extreme sensitivity
to this metal at a low concentration of 10 uM in nutrient
solution. In this experiment this plant showed low values of
stomatal conductance as well as decreased root and shoot
growth, which lead the authors to conclude that this crop is
not suitable for copper phytoremediation (Sipos et al.
2013). Thus, we can confirm that any plant considered for a
phytoremediation purpose must be assessed for different
metals toxicity, tolerance, and extraction potential.

Other sorghum materials have already been tried for
metals other than copper, and a high level of tolerance for

mg kg™ !); copper content in roots (C.C.R.*—ug plant*'); copper
concentration in whole plant (C.C.W.P.—mg kg™'); copper content
in whole plant (C.C.W.P.*—png plantfl); translocation index (T.I);
Cu tolerance index (Cu-Tol.I)

Cu®" treatments C.C.S. C.CS.* C.CR. C.CR.* CCWP. C.CWP* TI Cu-Tol.I
23 19+43 6917237 44176 67.45 £ 16.7 91 £ 19 136.62 & 37.8  0.46 = 0.07 1.00 £ 0.0
10.9 68 £17.8 151.51 £225 69 £4.2 11531 £ 119 205 £36  266.81 £299 0.58 £0.02 1.06 £ 0.08
19.6 36 £ 11.2 11626 + 13.8 81 £ 4.0 14739 £ 263 153 £31  263.64 £ 265 045+ 0.05 1.02+£0.07
30.5 18+12 6804176 173 £151 360.11 £89.2 418 + 182 428.15 £ 829 020 £0.08 1.21 +0.28
37.6 18 £0.7 551395 165 £ 132 312.09 £ 554 294 £ 58 36722 £632 0.15+0.02 1.20=+0.11
55.6 18 £24 5079 £ 6.4 171 £ 12.6  502.13 £ 129.0 378 £62  552.92 + 1323 0.11 £0.02 1.57 £0.29
Significance * * * * * * * ns
Regression X X X X X X X -

¥ <005.n=5

x Significant linear regression

ns non-significant regression, p > 0.05
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chromium, cadmium and zinc have been found (Bon-
franceschi et al. 2009; Soudek et al. 2014; Jia et al. 2016).
The tolerance level can define how much the crop can grow
in stressful conditions and then we can predict the con-
taminant extraction capability. In our experiment, we found
a higher tolerance index for sorghum under the highest
copper concentration, 1.57 (Table 4) which we related to
the decrease in copper transfer to the aerial parts (Table 4).
According to these results, we could conclude that sorghum
kept copper accumulation in the roots, increased carbon
allocation to root production and then prevented copper
accumulation in the aerial part. We noticed that response
from 19.6 mg dm > treatment to the highest copper con-
centration treatment (Table 4) and all these features can be
considered very relevant to a phytoremediation program of
soil restoration, once sorghum cultivation contributes to
improve several aspects of soil characteristics such as the
increase of organic matter and stimulation of microbial
activity, which leads to an improvement in soil quality, as
reported by Gomez-Sagasti et al. (2016).

Copper uptake and transportation is tightly regulated by
the COPT transporters and is expressed in different plant
organs from root to pollen germination (Yruela 2005).
However, plants possess other copper transporters that are
related to homeostasis within cells that control the thresh-
old between toxicity and functionality (Grotz and Guerinot
2006; Kramer et al. 2007). In this sense, little research has
considered copper accumulation in energetic crops. We
found that copper is mainly retained in roots of biomass
sorghum without negative effects to roots and aerial parts
development and we can therefore consider this crop as a
good option for copper phytoremediation of contaminated
land as also reported by Li et al. (2016). These authors
inoculated a sorghum cultivar with a copper tolerant strain
endophytic bacterium, Enterobacter sp. K3-2, and then
showed the great potential of sorghum for phytoremedia-
tion. Additionally, these authors also showed that copper is
mainly retained in roots, as is also reported by Toler et al.
(2005) and by Jia et al. (2017) except for cadmium. Sub-
sequently we may consider copper accumulation in roots as
a common feature for sorghum plants.

This is an interesting feature because we can note
important advantages from this behaviour: firstly, copper
can be phytoestabilized in soil by the root system, thus
preventing copper spread in the soil; secondly, as biomass
sorghum showed tolerant to copper, its large amount of
biomass can be harvested for bioenergy purposes; and
finally, the cycle can be repeated until copper contamina-
tion decreases to an acceptable concentration. Additionally,
the BRS-716 biomass sorghum has already been assessed
for production in cultivated land and Rodrigues Castro
et al. (2015) showed that it can produce up to 37 t ha~"' of

dry matter with more than 4000 kcal kg™

which has a great energetic potential.

Considering 37 t ha~' of dry mass produced for sor-
ghum BRS716 (Rodrigues Castro et al. 2015), the tolerance
index and the amount of copper accumulated in shoots
(Table 4), we can assume that in the lowest shoot copper
accumulation found in harvestable parts (i.e. 18 mg kg™'
dry weight—Table 4), a single crop cycle would extract
660 g of copper from soil in a hectare, which is a consid-
erable amount of copper extraction. This is due to the high
biomass production linked with the high level of tolerance
of this plant species whose growth is not affected by toxic
levels of copper tested. This approach has been explored so
that phytoremediation could operate independently of
hyperaccumulator plants (Rab€lo et al. 2018; Souza et al.
2018) because these plants, although very specialized in
accumulating high amounts of toxic metals, they produce
such little amount of biomass. This is not desired for
contaminant removal in phytoremediation (Rascio and
Navari-Izzo 2011). Therefore, the approach with high
biomass plant species engages with the possibility to gen-
erate economic revenues from plant material produced in
contaminated lands (Fissler et al. 2010; Evangelou et al.
2015).

Finally, other supporting data for our finding is related to
copper toxicity threshold. As reported by Kramer (2010), the
critical copper toxicity concentration in living tissues is from
20 to 30 ppm, which means that any organism may experi-
ence toxic effects of this metal in such conditions. Our data
shows that the copper retainment in root does contribute to
decreased copper accumulation in aerial parts, which
allowed sorghum plants to grow vigorously as being suited
for phytoremediation and subsequent use as feedstock for
bioethanol production, as reported by Tian et al. 2015.

of dry mass,

Conclusions

Biomass sorghum BRS-716 is tolerant to excess copper in
soil and can be used for the phytoremediation of contam-
inated land. This is therefore an interesting approach to
generating economic values from contaminated land that is
not used for food production.
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Appendix: Complementary statistical data

This table displays statistical elements that showed sig-
nificance in results for net photosynthesis (A, pmol CO,
m~2s™'); copper concentration in shoot (C.C.S.—
mg kg™ "); copper content in shoot (C.C.S.*—pg plant™");
copper concentration in roots (C.C.R.—mg kg™ '); copper
content in roots (C.C.R.*—pg plant™'); copper concen-
tration in whole plant (C.C.W.P.—mg kg™ '); copper con-
tent in whole plant (C.C.W.P.*—pg plant™') and

translocation index (T.I).

Variable Regression model Equations R? ANOVA
r p

Table 2 A Linear y = — 0.0253x + 19.19 0.337 3.01 0.03

Table 4 C.CS. Linear y = — 0.1662x + 41.97 0.215 5.20 0.002
Table 4 C.CS.* Linear y = — 0.6575x + 148.97 0.263 3.39 0.018
Table 4 C.CR. Linear y = 0.9691x + 44.38 0.852 31.92 0.000
Table 4 C.CR.* Linear y = 2.8347x + 38.14 0.894 5.90 0.001
Table 4 C.C.W.P. Linear y = 1.8763x +116.27 0.666 3.11 0.026
Table 4 C.C.W.p.* Linear y =2.1771x + 187.11 0.742 3.02 0.029
Table 4 T.L Linear y = — 0.0032x + 0.58 0.788 14.69 0.000
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