
Ecotoxicology (2020) 29:444–458
https://doi.org/10.1007/s10646-020-02184-6

Rhizobium response to sole and combined exposure to cadmium
and the phytocompounds alpha-pinene and quercetin

Paulo Cardoso 1
● Tiago Nunes2 ● Ricardo Pinto1

● Carina Sá2 ● Diana Matos2 ● Etelvina Figueira 1

Accepted: 23 February 2020 / Published online: 18 March 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Soils can be contaminated with substances arising from anthropogenic sources, but also with natural bioactive compounds
produced by plants, such as terpenes and flavonoids. While terpenes and flavonoids have received much less attention from
research studies than metals, the effects that phytocompounds can have on soil organisms such as beneficial microorganisms
should not be neglected. Herein we report the sole and combined exposure of Rhizobium to cadmium, to the monoterpene
alpha-pinene and to the flavanol quercetin. A range of environmentally relevant concentrations of the phytocompounds was
tested. Physiological (growth, protein content and intracellular Cd concentration), oxidative damage (lipid peroxidation,
protein carbonylation) and antioxidant mechanisms (superoxide dismutase, catalase, glutathione, glutathione-S-transferases,
protein electrophoretic profiles) were assessed. Results suggest that exposure to both phytocompounds do not influence
Rhizobium growth, but for combined exposure to phytocompounds and Cd, different responses are observed. At low
concentrations, phytocompounds seem to relieve the stress imposed by Cd by increasing antioxidant responses, but at high
concentrations this advantage is lost and membrane damage may even be exacerbated. Thus, the presence of bioactive
phytocompounds in soil may influence the tolerance of microorganisms to persistent toxicants, and may change their impact
on the environment.
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Introduction

The pressure to produce food for an ever-expanding world
population has boosted agricultural practices such as the
application of chemical fertilizers and biocides with the aim
of increasing productivity. Soils receive many of these
products, and organisms living in the soil are especially
vulnerable to changes induced by fertilizers (Geisseler and
Scow 2014) and biocides (Kalia and Gosal 2011). Soil
microorganisms provide important services in soil fertility
maintenance and ecosystem productivity (Gattinger et al.
2008), both in agricultural and natural areas. Rhizobia in
particular were reported to be involved in mineralization of

organic compounds, solubilization of nutrients, synthesis of
plant growth promoting substances, production of anti-
microbials and nitrogen fixation (Marschner 1995; Gopa-
lakrishnan et al. 2015). Changes in soil microorganism
communities may impact services provided to ecosystems
with consequences to fertility and productivity. Thus, it is
important to identify pressures imposed on soil bacteria in
order to understand how bacteria are affected and what are
the repercussions to the environment.

Cadmium (Cd) is classified as the seventh most toxic
substance in the 2017 Priority List of Hazardous Substances
by the Agency for Toxic Substances and Disease Registry
(Agency for Toxic Substances and Disease Registry 2017).
Cd interacts with calcium and zinc metabolism, reacts with
thiol groups, displaces essential biological metals and
induces oxidative stress, thus inhibiting protein function and
electron transport chains (Nies 1999; Pacheco et al. 2008;
Prévéral et al. 2009; Cuypers et al. 2010), inducing mem-
brane and protein damage and formation of DNA adducts
(Nies 1999; Lemire et al. 2013; Cardoso et al. 2017). These
multitude of effects entail reduced growth, long log phases,
lower cell densities, and ultimately bacterial death (Les and
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Walker 1984; Sinha and Mukherjee 2009). Therefore, even
at low concentrations the potential to affect soil microbial
communities should be high (Shentu et al. 2008). More than
half of the Cd present in some agricultural soils comes from
the application of fertilizers made from phosphate rock,
which contain approximately 32 milligrams of cadmium per
kilogram (mg Cd/kg) of phosphorus fertilizer, but the level
can be as high as 200 mg Cd/kg (Gilbert 2018). Addition-
ally, industry, sludge amendment and mining activities are
also routes of Cd entry into soils (Volesky and Holan 1995;
Garbisu and Alkorta 2001). Cd concentrations in agri-
cultural soils are generally above reference levels. In soil
solution, Cd concentrations are usually found between
0.3 μg and 6 mg L−1 (0.0027–53 μM) (Helmke 1999;
Kabata-Pendias 2011), but this element can reach con-
centrations higher than 300 mg L−1 (2669 μM) at highly
contaminated sites (Itoh et al. 1979). Thus, plans to cut Cd
levels in phosphate fertilizers as a way to decrease exposure
of European citizens to Cd are currently on the European
Union agenda (Gilbert 2018).

Other constraints to soil microorganisms have a natural
origin and result from the activity of other communities
occupying the same area. Plants synthesize compounds with
proven insecticidal (Ibanez et al. 2012), bactericidal (Cowan
1999) and fungicidal activity (Kuc 1992), enabling them to
endure environmental conditions and to persist in those
systems, but with potential side effects to organisms inha-
biting the same site which are not the direct targets of this
biological war, like many soil microorganisms. Two of the
compounds most commonly synthesized by plants are
alpha-pinene (α-pinene), a monoterpene, and quercetin, a
flavonol (Noma and Asakawa 2010; Ay et al. 2016). In
soils, volatile isoprenoids have important ecological roles
(Loreto et al. 2014) that influence the rhizosphere commu-
nity, including nutrient cycling (Asensio et al. 2008) and as
growth substrates (Kleinheinz et al. 1999; Demyttenaere
et al. 2000; Vokou et al. 2002; Yoo and Day 2002; Owen
et al. 2007). Monoterpenes, in particular, were reported to
inhibit the net mineralization of nitrogen and net nitrifica-
tion in soil (White 1991, 1994).

α-pinene is one of the major phytocompounds released
by a wide range of species throughout the world, namely
conifers such as those from the genus Pinus (Yang et al.
2016), for example Pinus silvestris (Judzentiene and Kup-
cinskiene 2008) and Pinus halepensis (Llusia and Penuelas
2000), but also by other plants such as several Eucalyptus
species (Faria et al. 2011), Juniperus communis (Sybilska
et al. 1994), Cistus ladanifer (Verdeguer et al. 2012), and
Bupleurum fruticosum (Llusia and Penuelas 2000), among
others. At ecologically relevant concentrations, α-pinene
disrupts energy metabolism by acting as an uncoupler of
oxidative phosphorylation, and by inhibiting the electron
transport chain (Abrahim et al. 2003), generating reactive

oxygen species (ROS). The oxidative stress originated by
ROS induces lipid peroxidation, damaging the membrane,
and activates antioxidant enzyme systems (Singh et al.
2006). Plants emitting high levels of α-pinene include
Eucalyptus sp., Pinus sp. and Quercus sp. (Singh et al.
2006). Conifers produce high amounts of α-pinene which
accumulate preferentially in the needles, being needle litter
the main source of α-pinene (Asensio et al. 2008). On
pinewood soils, α-pinene was detected at concentrations
reaching 3000 μM (Asensio et al. 2008), whereas in soils
occupied by other species concentrations are much lower.
On beech rich-areas, α-pinene was detected in concentra-
tions between 0.15 and 2 μM (Maurer et al. 2008).

Quercetin is produced by different plants species ranging
different taxonomic groups, for instance Camellia sinensis
(Jeganathan et al. 2016), Helianthus annuus (Karamać et al.
2012) and Allium sativum (Pan et al. 2018). In soils covered
by white clover quercetin concentrations can surpass 827
nmol/Kg soil (Carlsen et al. 2012). Flavonoids can have
suppressive effects on germination and growth of other
plant species (Grant and Sallans 1964; Newman and Rovira
1975; Macfarlane et al. 1982), diseases (Carlsen and
Fomsgaard 2008) and soil rhizobacteria (Hale and Mathers
1977; Hale et al. 1979). Quercetin can be used as a carbon
source by soil microorganisms (Inderjit 2005) and to
overcome oxidative stress since quercetin is a powerful
antioxidant (Zhang et al. 2011). Additionally, the ability of
quercetin to make complexes with metals, including with
Cd, was reported (Ravichandran et al. 2014). Thus, in
addition to the antioxidant ability quercetin may also help
microorganisms to tolerate stress induced by Cd by com-
plexing the metal, and decreasing its toxicity.

In stable ecosystems, communities are well adapted to
the prevailing conditions. However, the consequences
for microorganisms arising from phytocompounds
accumulation in soils are still poorly understood and in
communities additionally challenged by anthropogenic
(cadmium) constraints little is known about the effects of
the interaction of these two types of influences on soil
microorganisms. Thus, the present study aims to evaluate
the effect that a toxic element (Cd) and naturally
occurring bioactive compounds (α-pinene and quercetin)
have on soil microorganisms, especially those playing
important roles in soil fertility such as rhizobia. For this,
a Rhizobium strain was grown in the presence of Cd and
two concentrations of α-pinene and quercetin. The con-
centrations of the compounds chosen represent con-
centrations found in areas occupied by plants that
synthesize low and high concentrations of the two
compounds. The effects of individual and combined
exposure to the metal and each compound were eval-
uated by the response signatures of Rhizobium to oxi-
dative stress, cellular damage and antioxidant endpoints.
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Materials and methods

Experimental conditions

Rhizobium sp. strain E20-8 (partial 16S rRNA sequence
Genbank accession number KY491644), isolated from
Pisum sativum L. root nodules grown in a non-
contaminated field in Southern Portugal, and previously
described as tolerant to Cd (Corticeiro et al. 2013), was
grown in tubes containing 5 mL of yeast mannitol broth
(YMB) medium (Somasegaran and Hoben 1994) supple-
mented with cadmium (0, 7.5, 10 and 20 μM), α-pinene (0,
0.3, 30, 300 and 3000 μM) and quercetin (0, 0.01, 0.025,
0.05, 0.10, 0.50 and 1.00 μM), in order to determine the
tolerance to Cd, α-pinene and quercetin and to choose the
conditions for further work. Quercetin (Cayman Chemical
Company) and α-pinene ((1-S)-(-)alpha-Pinene, 98%, Acros
Organics) stock solutions were prepared with ethanol
(100%) and sterilized deionized water (1:1). Ethanol con-
centration used was confirmed to have no effect on rhizobia
growth. Inoculated tubes were incubated at 26 °C in an
orbital shaker (150 rpm) until late exponential phase (14 h).
Growth was determined by measuring optical density at
620 nm. The relationship between optical density and cell
concentration was obtained by direct cell counting in a
Neubauer chamber. Cell concentration was expressed in
million cells per milliliter (M cells mL−1).

Considering Rhizobium tolerance to Cd (10 μMCd
inhibited growth significantly compared to control) and to
both organic compounds (none of the quercetin and α-
pinene concentrations inhibited growth), two Cd (0 and
10 μM), three α-pinene (0, 0.3 and 3000 μM) and three
quercetin (0, 0.01 and 1 μM) concentrations were chosen for
the toxicity tests. Cells were grown in triplicate in YMB
medium in a total of six different conditions for the Cd and
α-pinene experiment: 0 μM Cd+ 0 μM α-pinene (control);
0 μM Cd+ 0.3 μM α-pinene; 0 μM Cd+ 3000 μM α-
pinene; 10 μM Cd+ 0 μM α-pinene; 10 μM Cd+ 0.3 μM α-
pinene; and 10 μM Cd+ 3000 μM α-pinene; cells were also
grown in six different conditions for the Cd and quercetin
experiment: 0 μM Cd+ 0 μM quercetin (control); 0 μM
Cd+ 0.01 μM quercetin; 0 μM Cd+ 1 μM quercetin; 10 μM
Cd+ 0 μM quercetin; 10 μM Cd+ 0.01 μM quercetin; and
10 μM Cd+ 1 μM quercetin. Both α-pinene and quercetin
experiments were repeated three times, so in total 3 ×
3 samples were obtained for each condition. The cadmium
concentration used (10 µM) is environmentally relevant
(Kabata-Pendias 2011). The concentrations of quercetin and
α-pinene chosen represent concentrations found in areas
occupied by plants that synthesize low and high con-
centrations of the two compounds (Asensio et al. 2008;
Maurer et al. 2008; Carlsen et al. 2012). Although com-
pounds are accumulated in soils (solid phase) and their

concentrations reported by soil mass (e.g., µmole/Kg) and
not by soil volume, the uptake route for toxic compounds
(and nutrients) for organisms is the aqueous phase, since a
compound is only absorbed if it is in solution, regardless of
their concentration in the soil. Thus, the trial was performed
in liquid medium.

Intracellular cadmium concentration

Cells were collected by centrifugation at 10,000 × g for
10 min, washed twice in deionized water and centrifuged. In
order to remove Cd ions associated to cell walls, intact cell
pellets were suspended in 2 mL of 0.1 M HNO3, sonicated
in a water bath for 5 min and centrifuged at 10,000 × g for
10 min (Lima et al. 2006). This procedure is crucial since it
limits contamination of intracellular Cd by extracellular Cd
ions. Supernatant was discarded and cell pellets were sus-
pended in 1 mL of deionized water. The resulting suspen-
sion was transferred to polytetrafluoroethylene (Teflon)
bombs and 1.8 mL of H2O2 (30%) and 0.2 mL of con-
centrated HNO3 (65%) were added. Cells were digested
overnight at 115 °C. The cooled digest was made up to
5 mL with deionized water, and the concentration of intra-
cellular cadmium was determined by inductively coupled
plasma mass spectrometry (ICP-MS) analysis. Cadmium
concentration was expressed as ng Cd per million cells
(ng CdM cells−1).

Biochemical parameters

Cells were collected after centrifugation at 10,000 × g for
10 min at 4 °C, washed twice with deionized water, and
frozen at −80 °C for further use. Frozen cells were sus-
pended in specific extraction buffers and lysed in an ultra-
sonic probe for 20 s, keeping tubes in an ice bath, and
extracts centrifuged at 12,000 × g for 10 min at 4 °C. For
lipid peroxidation (LPO), samples were extracted using
20% (v/v) trichloroacetic acid (TCA). For catalase (CAT),
superoxide dismutase (SOD), glutathione-S-transferases
(GSTs), reduced glutathione (GSH), oxidized glutathione
(GSSG), protein carbonylation (PC) and protein content,
sodium phosphate buffer (50 mM sodium dihydrogen
phosphate monohydrate; 50 mM disodium hydrogen phos-
phate dihydrate; 1 mM ethylenediaminetetraacetic acid
disodium salt dihydrate (EDTA); 1% (v/v) Triton X-100;
1% (v/v) polyvinylpyrrolidone (PVP); 1 mM dithiothreitol
(DTT), pH 7.0) was used.

Protein content

Protein content was determined by the Biuret method
(Robinson and Hogden 1940). The amount of protein was
determined spectrophotometrically at 540 nm, using

446 P. Cardoso et al.



bovine serum albumin (BSA, Sigma) as standard
(1.25–10 mg mL−1). Results were expressed in µg protein
per million cells (µg M cells−1).

Oxidative damage

Lipid peroxidation (LPO) was measured by quantification
of thiobarbituric acid reactive substances (TBARS),
according to the protocol described by Buege and Aust
(Buege and Aust 1978), based on the reaction of lipid
peroxidation products such as malondialdehyde (MDA)
with 2-thiobarbituric acid (TBA), forming TBARS. The
amount of TBARS was quantified spectrophotometrically at
532 nm and calculated using the molar extinction coefficient
of MDA (1.56 × 105M−1 cm−1). Results were expressed in
nmol of MDA equivalents per million cells (nmol MDA eq
M cells−1).

Protein carbonylation (PC) was measured by the quan-
tification of carbonyl groups (CG) based on the reaction of
2,4-dinitrophenylhydrazine (DNPH) with CG, according to
the DNPH alkaline method described by Mesquita et al.
(2014) with modifications described by Udenigwe et al.
(2016). The amount of CG was quantified spectro-
photometrically at 450 nm (22,308 M−1 cm−1 extinction
coefficient) and results were expressed in μmol of CG per
million cells (μmol CG.M cells−1).

Antioxidant enzymes

Superoxide dismutase (SOD) activity was determined
spectrophotometrically by the reaction of nitro blue tetra-
zolium (NBT) with superoxide radicals to form NBT
diformazan, based on the method described by Beauchamp
and Fridovich (Beauchamp and Fridovich 1971). Absor-
bance was measured at 560 nm and SOD standards
(0.01–60 U) were used. One unit of enzyme activity (U)
corresponds to a 50% reduction of NBT. Results were
expressed in milliunits (mU) per million cells (mU SOD.M
cells−1).

Catalase (CAT) activity was determined by the reaction
of CAT with methanol in the presence of H2O2 (Johansson
1988). A standard curve was built using formaldehyde
standards (2.5–30 μM). One unit (U) was defined as the
amount of enzyme that caused the formation of 1.0 µmol
formaldehyde, per min. Results were expressed in milliunits
(mU) per million cells (mU CAT.M cells−1).

Glutathione-S-transferases (GSTs) activity was
determined using the method described by Habig et al.
(1974) and modified by Corticeiro et al. (2013). GSTs
catalyze the conjugation of 1-chloro-2,4-dinitrobenzene
(CDNB) with glutathione (GSH), forming a thioester
product. The reaction can be followed by the absorbance
increase at 340 nm and GSTs activity determined using

CDNB extinction coefficient (9.6 mM cm−1). Results
were expressed in milliunits (mU) per million cells (mU
GSTs M cells−1).

Reduced (GSH) and oxidized (GSSG) glutathione con-
tents were determined by the method described by Rahman
et al. (2006). Absorbance was read at 412 nm for both
determinations. Standard curves were built using GSH and
GSSG standards (1–90 μM) and results were expressed in
μmol of GSH and GSSG per million cells (μmol GSH
M cells−1 and μmol GSSG M cells−1).

Protein profiles

Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), carried
out in bis-Tris precast gels (4–20%) 0.75 mm thick (Bio-
Rad) following the system of Laemmli (Laemmli 1970).
Molecular weight standards used were purchased from Bio-
Rad (Prestained SDS-PAGE standard—Broad Range). Gels
were stained with Coomassie Brilliant Blue R-250 (Bio-
Rad). Densitometric readings were performed using a Bio-
Rad densitometer, Model GS 710. The molecular weight
and relative amount of proteins corresponding to each band
were calculated using Quantity-One Software (Bio-Rad) as
described by Figueira et al. (2005).

Statistical analysis

One-way ANOVA followed by Tukey’s multiple com-
parisons test was performed using GraphPad Prism ver-
sion 6.00 for Windows (GraphPad Software, La Jolla
California USA). Parameters were analyzed following a
one-way hierarchical design, with the exposure to dif-
ferent Cd and α-pinene conditions or to different Cd and
quercetin conditions, alone or in combination, as fixed
factor. The null hypothesis tested was: no significant
differences exist among tested conditions. Significant
differences were considered for p < 0.05, and were
identified in figures with different lowercase letters.
Heatmaps were built using Metaboanalyst 3.0 (Xia et al.
2015). A matrix gathering the descriptors (growth, LPO,
Prot, PC, SOD, CAT, GSTs, GSSG and GSH) per con-
dition was used to calculate a Euclidean distance simi-
larity matrix. This similarity matrix was simplified
through the calculation of the distance among centroids
matrix based on the conditions, which was then sub-
mitted to ordination analysis performed by Principal
Coordinates (PCO) using Primer+Permanova (Primer-E,
Plymouth). Pearson correlation vectors of biomarkers
(correlation > 0.93) were provided as supplementary
variables and superimposed on the PCO graph, allowing
to identify the descriptors that contributed the most to
differences among conditions.
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Results

Toxicity tests

α-pinene (0.3 and 3000 μM) did not induce growth altera-
tions in Rhizobium sp. strain E20-8 compared to control (no
addition of α-pinene). Exposure to 10 μMCd significantly
inhibited cell growth. Addition of either 0.3 or 3000 μM of
α-pinene to 10 μM Cd did not change the growth inhibition
caused by Cd (Fig. 1a). Addition of quercetin (0.01 and
1 μM) did not affect Rhizobium growth in the absence of
Cd. Quercetin attenuated the negative effect of Cd on
Rhizobium growth (7% at 1 μM and 56% at 0.01 μM), but
this effect was not statistically significant (p > 0.05) (Fig. 1b).

Intracellular cadmium concentration

In conditions without Cd (CTL, 0.3 μM α-pinene, 3000 μM
α-pinene, 0.01 μM Quercetin and 1 μM Quercetin) Cd
concentration was lower than the detection limit (10−4 ng
Cd M cells−1). Cells grown in medium with 10 μMCd
accumulated similar concentrations in the α-pinene and in
quercetin experiments (0.86 ng and 0.88 ng Cd per million
cells, respectively). Addition of α-pinene increased around
40% cell Cd concentration, although not significantly
(Fig. 2a). Addition of 0.01 μM quercetin did not change
significantly intracellular Cd concentration compared to Cd
alone. However, addition of 1 μM quercetin significantly
increased (73%) Cd inside cells (Fig. 2b).

Fig. 1 Growth of Rhizobium cells. a α-pinene experiment (conditions:
0 μM Cd and 0 μM α-pinene (CTL), 0 μM Cd and 0.3 μM α-pinene
(0.3 α-P), 0 μM Cd and 3000 μM α-pinene (3000 α-P), 10 μM Cd and
0 μM α-pinene (Cd), 10 μM Cd and 0.3 μM α-pinene (Cd+ 0.3 α-P),
10 μM Cd and 3000 μM α-pinene (Cd+ 3000 α-P)). b quercetin
experiment (conditions: 0 μM Cd and 0 μM quercetin (CTL), 0 μM Cd
and 0.01 μM quercetin (0.01 Qc), 0 μM Cd and 1 μM quercetin (1 Qc),

10 μM Cd and 0 μM quercetin (Cd), 10 μM Cd and 0.01 μM quercetin
(Cd+ 0.01 Qc), 10 μMCd and 1 μM quercetin (Cd+ 1 Qc)). Sig-
nificant differences (p < 0.05) among tested conditions for each
experiment (α-pinene and quercetin) are represented with different
letters. Values are means of 3 independent experiments with 3
replicates each

Fig. 2 Intracellular cadmium concentration in Rhizobium cells. a α-
pinene experiment (conditions: 10 μM Cd and 0 μM α-pinene (Cd),
10 μM Cd and 0.3 μM α-pinene (Cd+ 0.3 α-P), 10 μM Cd and
3000 μM α-pinene (Cd+ 3000 α-P)). b quercetin experiment (condi-
tions: 10 μM Cd and 0 μM quercetin (Cd), 10 μM Cd and 0.01 μM

quercetin (Cd+ 0.01 Qc), 10 μM Cd and 1 μM quercetin (Cd+ 1 Qc)).
Significant differences (p < 0.05) among tested conditions for each
experiment (α-pinene and quercetin) are represented with different
letters. Values are means of 3 independent experiments with 3
replicates each
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Oxidative damage

α-pinene increased LPO compared to control, not sig-
nificantly (23% increase) at 0.3 μM but significantly
(98% increase) at 3000 μM. Cd also increased sig-
nificantly LPO. Co-exposure to Cd and α-pinene
decreased LPO to levels similar to control for 0.3 μM,
but resulted in the highest LPO concentrations for
3000 μM α-pinene (Fig. 3a).

Quercetin also increased LPO, not significantly (59%
increase) at 0.01 μM and significantly (257% increase) at
1 μM. Cd induced LPO levels similar to the highest quer-
cetin concentration (1 μM). Co-exposure to Cd and quer-
cetin decreased LPO to levels similar to control for 0.01 μM+
Cd, and did not change LPO concentrations compared to
1 μM and Cd alone for 1 μM+ Cd (Fig. 3b).

α-pinene and quercetin did not change significantly
PC levels compared to control. Cd increased sig-
nificantly PC levels compared to control (Fig. 3c, d). Co-
exposure to Cd and α-pinene resulted in PC levels
similar to sole exposure to Cd, although for 0.3 μM α-
pinene values were not significantly different from con-
trol (Fig. 3c). The presence of quercetin in cells exposed
to Cd decreased PC for 0.01 μM, resulting in levels
similar to control, but did not change PC levels com-
pared to Cd alone (Fig. 3d).

Antioxidant and biotransformation enzymes

SOD activity was increased by α-pinene, Cd and co-
exposure to both. Sole exposure to Cd and 3000 μM
α-pinene and co-exposure to Cd and 0.3 μM α-pinene
induced identical SOD activities (p < 0.05). Co-exposure to
Cd and 3000 μM α-pinene generated a significant increase
in SOD activity relatively to all other conditions (Fig. 4a).

The two quercetin concentrations originated contra-
dictory responses in SOD activity: 0.01 μM significantly
increased SOD activity and 1.0 μM decreased it 32%
compared to control, although not significantly. Cd sig-
nificantly increased SOD activity. Combined exposure to
Cd and 1 μM quercetin did not influence SOD activity
relatively to Cd alone, but co-exposure of Cd and 0.01 μM
quercetin significantly increased SOD activity relatively to
the remaining conditions (Fig. 4b).

CAT activity was not influenced by α-pinene or quer-
cetin (Fig. 4c, d). Conditions with Cd (alone or in combi-
nation with both phytocompounds) significantly induced
CAT activity compared to control, with the lowest con-
centration of both compounds inducing similar CAT
activities compared to Cd alone and the highest con-
centration further increasing CAT activity (Fig. 4c, d).

α-pinene did not change GSTs activity but Cd increased
it compared to control. Co-exposure to Cd and α-pinene

Fig. 3 Cell damage of Rhizobium cells in α-pinene experiment (con-
ditions: the same of Fig. 1a) and in quercetin experiment (conditions:
the same of Fig. 1b). a lipid peroxidation in α-pinene experiment.
b lipid peroxidation in quercetin experiment. c protein carbonylation in
α-pinene experiment. d protein carbonylation in quercetin experiment.

Significant differences (p < 0.05) among tested conditions for each
experiment (α-pinene and quercetin) are represented with different
letters. Values are means of 3 independent experiments with 3
replicates each
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increased GSTs activity not significantly in 0.3 μM (29%),
but significantly in 3000 μM (Fig. 4e). Quercetin increased
(58 and 42% for 0.01 and 1 μM, respectively) GSTs activity
although not significantly compared to control. Cadmium
significantly increased GSTs activity. Co-exposure to Cd
and 0.01 μM quercetin did not induce further changes than
those observed for sole exposure to Cd; but co-exposure to
Cd and 1 μM significantly induced higher GSTs activity
than any other condition (Fig. 4f).

Glutathione

Both α-pinene concentrations induced significant increases
in GSH. Cd influence was higher (p < 0.05) than α-pinene.
Co-exposure to Cd and α-pinene further increased cells
GSH content (≈25%) but not significantly compared to Cd
alone (Fig. 5a).

Quercetin did not influence GSH concentration. Cd sig-
nificantly increased GSH (>200%). Co-exposure to Cd and
0.01 μM quercetin decreased GSH to control levels. Addi-
tion of 1 μM quercetin to Cd did not reduce significantly
GSH compared to Cd alone (Fig. 5b).

Both α-pinene concentrations induced significant
increases in GSSG and Cd further increased these con-
centrations (p < 0.05). Co-exposure to Cd and both α-pinene
concentrations did not significantly change GSSG levels
compared to Cd alone (Fig. 5c). Quercetin did not influence
GSSG concentration and Cd significantly increased it
(≈300%). Co-exposure to Cd and 0.01 μM quercetin
decreased GSSG to control levels. Addition of 1 μM quer-
cetin to Cd also reduced significantly GSSG but not to
control levels (Fig. 5d).

Protein profiles

The changes in protein content and electrophoretic profiles
of Rhizobium cells grown in sole or combined presence of
Cd, α-pinene and quercetin, compared to control, were
analyzed (Fig. 6). In α-pinene experiment, the overall
amount of protein was not changed by α-pinene, but
increases were noticed in Cd exposed cells. The simulta-
neous exposure to Cd and α-pinene resulted in a decrease in
protein to control level at Cd+ 0.3 µM α-pinene. At Cd+
3000 µM α-pinene the highest protein concentration was

Fig. 4 Enzyme activity of Rhizobium cells in α-pinene experiment
(conditions: the same of Fig. 1a) and in quercetin experiment (con-
ditions: the same of Fig. 1b). a Superoxide dismutase (SOD) activity in
α-pinene experiment. b SOD activity in quercetin experiment. c Cat-
alase (CAT) activity in α-pinene experiment. d CAT activity in
quercetin experiment. e Glutathione S-transferases (GSTs) activity in

α-pinene experiment. f GSTs activity in quercetin experiment. Sig-
nificant differences (p < 0.05) among tested conditions for each
experiment (α-pinene and quercetin) are represented with different
letters. Values are means of 3 independent experiments with 3
replicates each
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Fig. 5 Glutathione content of Rhizobium cells in α-pinene experiment
(conditions: the same of Fig. 1a) and in quercetin experiment (con-
ditions: the same of Fig. 1b). a Reduced glutathione (GSH) in α-pinene
experiment. b GSH in quercetin experiment. c Oxidized glutathione
(GSSG) in α-pinene experiment. d GSSG in quercetin experiment.

Significant differences (p < 0.05) among tested conditions for each
experiment (α-pinene and quercetin) are represented with different
letters. Values are means of 3 independent experiments with 3
replicates each

Fig. 6 Protein analysis of Rhizobium cells in α-pinene experiment
(conditions: the same of Fig. 1a) and in quercetin experiment (con-
ditions: the same of Fig. 1b). Protein content (prot) in α-pinene (a) and
quercetin (e) experiments. Venn diagrams showing common upregu-
lated proteins in different conditions of α-pinene (b) and quercetin (f)
experiments, and common downregulated proteins in different

conditions of α-pinene (c) and quercetin (g) experiments. Heatmaps of
protein expression in different conditions of of α-pinene (d) and
quercetin (h) experiments. For protein content (A and E) significant
differences (p < 0.05) among tested conditions for each experiment (α-
pinene and quercetin) are represented with different letters and values
are means of 3 independent experiments with 3 replicates each
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observed, although not significantly different from sole
exposure to Cd (Fig. 6a).

Differences in the expression of 41 proteins were
observed (Fig. 6b–d). In over-expressed proteins (Fig. 6b)
0.3 µM α-pinene induced few changes (4 proteins).
Exposure to 3000 µM α-pinene (alone or in combination
with Cd) induced the highest number of proteins over-
expressed, unique of each condition (30% and 44%,
respectively) or common to other conditions. Cd alone
induced the overexpression of 9 proteins, but only one was
unique of this condition. In Cd+ 0.3 µM α-pinene 15
proteins were over-expressed, but only one was unique of
this condition (Fig. 6b). Cd+ α-pinene co-exposure con-
ditions (0.3 and 3000 µM) were those with the highest
number of proteins down-expressed (15 and 17, respec-
tively) some of which were specific for each condition (4
and 7, respectively). Fewer proteins (11 to 14) were
downregulated when cells were exposed to a single factor
(Cd or α-pinene) (Fig. 6c).

The heatmap evidences that the greatest differences in
protein expression were observed between control and
Cd+ 3000 α-pinene. In control high molecular weight
(>45 KDa) and low molecular (<40 KDa) proteins are less
and more abundant respectively than in other conditions,
especially than in Cd+ 3000 α-pinene for which the
opposite trend is observed (higher and lower expression in
proteins with higher and lower molecular than 50 KDa,
respectively). In 0.3 and 3000 α-pinene the majority of
alterations were over-expression of proteins with lower
molecular weight proteins and down-expression of high
molecular weight proteins. At 0.3 α-pinene few proteins
were over-expressed, with most changes occurring by
downregulation (78%), mainly of high molecular weight
proteins. In Cd condition the number of proteins over
(both high and low molecular weight) and down-
expressed (especially low molecular weight) were simi-
lar (Fig. 6d).

In quercetin experiment, the overall amount of protein
was increased, although not significantly, by the phyto-
compound. Increases were noticed in Cd exposed cells. The
simultaneous exposure to Cd and quercetin (both con-
centrations) resulted in a decrease in protein to levels not
significantly different from sole exposure to quercetin, but
significantly higher than control (Fig. 6e). Differences were
observed in the expression of 18 proteins (Fig. 6f–h). When
compared to control most of the over-expressed proteins
were specific of a condition or common to two conditions.
Exposure to 0.01 µM quercetin induced the highest number
of proteins over-expressed relatively to control (12).
Exposure to other conditions induced the expression of a
lower number of proteins (3–6) (Fig. 6f). Cd and Cd+
0.01 µM quercetin decreased the expression of a high
number of proteins (8 and 11, respectively) some of which

were specific of a condition. Fewer proteins (1–5) were
downregulated when cells were exposed just to quercetin
(0.01 and 1 µM) or to Cd+ 1 µM quercetin (Fig. 6g).

The heatmap (Fig. 6h) evidences the differences in
protein profiles among conditions in quercetin experi-
ment. In control high molecular weight (>60 KDa) and
low molecular (<50 KDa) proteins are less and more
abundant respectively than in other conditions. The
influence of 0.01 μM quercetin mainly increased the
expression (9 proteins were upregulated and just one was
downregulated) of proteins of different molecular
weights. Exposure to Cd+ 0.01 μM quercetin and 1 μM
quercetin resulted in an identical number of increases
and decreases of protein expression (5 or 6), but with
opposite effects on the smaller proteins (<60 KDa), with
increases on 1 μM quercetin and decreases on Cd+
0.01 μM quercetin. The presence of Cd alone or in
combination with 1 μM quercetin also altered proteins
expression, mostly downregulations (Fig. 6h).

Principal components ordination

Principal Components Ordination (PCO) diagram evi-
denced PCO1 as the main axis explaining most of the
variation (70.8%) obtained among conditions (Fig. 7).
Along PCO1, two groups are clearly separated, conditions
without Cd (control, 0.01 µM quercetin, 1 µM quercetin,
0.3 µM α-pinene and 3000 α-pinene) on the negative side
and conditions with Cd (Cd, Cd+ 0.01 µM quercetin,
Cd+ 1 µM quercetin, Cd+ 0.3 µM α-pinene and Cd+
3000 α-pinene) on the positive side of the axis. PCO2
explained 12.8% of total variation, separating co-exposure
of Cd and low concentration of both phytocompounds
(Cd+ 1 µM quercetin and Cd+ 0.3 µM α-pinene) on the
positive side from high quercetin conditions (1 µM quer-
cetin and Cd+ 1 µM quercetin) on the negative side of the
axis. The remaining conditions (control, Cd, 0.01 µM
quercetin, 0.3 µM α-pinene, 3000 µM α-pinene and Cd+
3000 µM α-pinene) were located near Axis 2 origin.
Conditions without Cd were highly correlated (r > 0.95)
with growth, thus reflecting the low impact of phyto-
compounds on Rhizobium. High quercetin concentration
was highly correlated with LPO (r ≥ 0.93), evidencing the
damage that high quercetin concentration caused in
membranes.

Co-exposure to Cd and low concentration of both
phytocompounds evidenced high correlation with SOD
(r > 0.93) and low correlation with LPO (r < 0.2). Con-
ditions with Cd were highly correlated with antioxidant
and biotransformation responses (CAT, GSTs, SOD,
GSH, GSSG) especially Cd+ 3000 µM α-pinene (r >
0.93), evidencing the higher activation of these
mechanisms at this condition.
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Discussion

It is well known that cadmium negatively affects soil
microorganisms (Vig et al. 2003), yet litle information is
available on the effects of phytocompounds towards these
organisms. Moreover, different phytocompounds exhibit
distinct biological activities (Sikkema et al. 1995; Cushnie
and Lamb 2005). α-pinene and quercetin, two of the most
common phytocompounds in nature (Noma and Asakawa
2010; Ay et al. 2016), were described to have antimicrobial
activity, including at concentrations used in this study (Leite
et al. 2007; Silva et al. 2012). However, most information is
related to pathogenic bacteria (Leite et al. 2007; Wang et al.
2018) and the mode of action is poorly documented
(Cabiscol et al. 2000). Results obtained in this study
brought novel information on the effects of α-pinene and
quercetin on soil bacteria, under sole exposure or in com-
bination with other environment stressors, such as Cd.

The two concentrations of the phytocompounds used
represent the range limits found in the environment and are
in different orders of magnitude, two for quercetin and four
for α-pinene. Despite these differences, the concentrations
tested did not cause effects on the growth and protein
content of Rhizobium, evidencing that the general cell
metabolism was marginally affected.

α-pinene effects on bacterial growth were previously
reported, with 31 and 126 µM α-pinene inhibiting the
growth of Staphylococcus aureus, S. epidermidis, Strepto-
coccus pneumoniae and S. pyogenes (Leite et al. 2007).
Andrews et al. (1980) studied the toxic effects of α-pinene
and other terpenes produced by Douglas fir on Bacillus
strains and reported 100% inhibition at 0.13 mg/mL
(0.95 mM) α-pinene concentrations. In methicillin-resistant
Staphylococcus aureus the minimum inhibitory

concentration was 30.4 mM (Silva et al. 2012). Thus, bac-
terial tolerance to α-pinene is highly variable and species
dependent.

Quercetin was also reported to inhibit bacteria growth. S.
aureus, Escherichia coli, Proteus vulgaris, and Pseudo-
monas aeruginosa growth was reduced when cells were
exposed to concentrations between 66 and 1323 µM (Jai-
singhani 2017). Wang et al. (2018) reported that quercetin
significantly inhibited P. aeruginosa, Salmonella enterica,
S. aureus, and E. coli growth, being the bacteriostatic effect
of quercetin stronger on gram-positive than on gram-
negative bacteria. Antimicrobial activity of quercetin was
atributed to inhibition of DNA gyrase (Ohemeng et al.
1993; Plaper et al. 2003), cell wall damage (Wang et al.
2018), increased permeability of the inner bacterial mem-
brane and the dissipation of membrane potential (Mirzoeva
et al. 1997) and bacterial motility inhibition due to proton
motive force disruption (Mirzoeva et al. 1997; Stepanović
et al. 2003).

In our study, sole exposure to both phytocompounds
had an oxidizing effect on membranes, since LPO
increased significantly at high concentrations, but damages
were not extensive to cytosolic proteins. Due to their
lipophilic character α-pinene and quercetin can easily
intercalate into the organized structures of phospholipids
within membranes (van Dijk et al. 2000). This interaction
may lead to membrane oxidation, influencing membrane
permeability and altering the electrochemical potential and
ion transport (Sikkema et al. 1995; Mirzoeva et al. 1997;
van Dijk et al. 2000). Membrane lipid oxidation also
destabilizes processes associated with this cellular struc-
ture, such as the electron transport chain, increasing O2

−

production and further oxidizing membranes (Cabiscol
et al. 2000). Damage caused by O2

− can efficiently be

Fig. 7 Principal Coordinate Ordination (PCO) diagram based on
descriptors (lipid peroxidation (LPO), protein carbonyl groups (CG),
reduced (GSH) and oxidized (GSSG) glutathione concentrations,
superoxide dismutase (SOD), catalase (CAT) and glutathione S-

transferases (GSTs) activity and growth) of Rhizobium cells in α-
pinene experiment (conditions: the same of Fig. 1a) and in quercetin
experiment (conditions: the same of Fig. 1b). Pearson correlation
vectors of descriptors were superimposed (r > 0.93)
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combated through SOD isoforms located near the O2
−

generation site, i.e., close to membranes. In fact, mem-
brane associated Cu, Zn SOD was already reported in
bacteria (Battistoni 2003), allowing a rapid and efficient
O2

− scavenge, and thus protecting other cellular structures
from the toxic effects of membrane generated O2

−. In our
work, SOD activity was enhanced in the two α-pinene
concentrations and in the low quercetin concentration,
which may constitue a way of controlling the generated
O2

− burst, but at high quercetin concentration SOD
activity decreased to values near control, leaving cells
more vulnerable to oxidative stress and explaning the high
LPO levels at this condition. Oxidized polyunsaturated
fatty acids are degraded to a variety of products. Some of
them, such as aldehydes, are very reactive and can damage
molecules such as proteins (Humphries and Szweda 1998;
Cardoso et al. 2017). Unlike reactive free radicals, alde-
hydes are rather long lived and can therefore diffuse from
the site of their origin and reach and attack targets which
are distant from the initial free-radical event (Cabiscol
et al. 2000). GSTs (a family of biotransformation
enzymes) use GSH to convert toxic aldehydes to alcohols
(Korpi et al. 2009; Schmidt et al. 2015), which are less
toxic and easily excreted (Sharma et al. 2004). GSTs
associated to membranes were detected in bacteria (Allo-
cati et al. 2009). If Rhizobium hold GSTs catalyzing
aldehyde degradation associated to membranes, then
aldehydes would be destroyed near generation site and
interference with cytosolic proteins would be minimized.
Indeed our results show that proteins were not damaged
(PC did not increase) by the two concentrations of both
phytocompounds, proving that damage did not reach
cytosol and did not affect cell metabolism, as shown by the
similar growth among control and exposure to both
phytocompounds.

Though not altering growth, both concentrations of α-
pinene and quercetin evidenced bioactivity in Rhizobium,
increasing the content of low molecular weight antioxidants
(GSH at 0.3 and 3000 μM α-pinene) and the activity of
antioxidant enzymes (SOD), without significantly altering
cellular redox status, protein content and growth, but
causing significant damage to membranes at high con-
centrations. Since these concentrations are environmentally
relevant, sites with phytocompounds concentrations close to
the low concentration used in this study do not seem to
affect soil bacteria such as Rhizobium, whereas high con-
centrations may induce membrane damage and alter mem-
brane functions, such as ion transport or oxidative
phosphorilation. On the other hand, cell metabolism
(growth, protein content, protein carbonylation) was little
affected. These results are relevant since little impact on soil
microbial communities is to be expected if exposure to
phytocompounds is the only constraint experienced by

organisms, but in systems also impacted by other con-
straints the consequences of co-exposure are difficult to
predict.

In the case of Cd, the ions accumulated in the cytosol
interfered both with membrane and cytosolic components.
Cadmium directly inactivates important proteins of cell
metabolism (Figueiredo-Pereira et al. 1998), can displace
redox active metals such as Fe and Cu, thus leading to
reactive oxygen species (ROS) burst (Pacheco et al. 2008;
Cuypers et al. 2010). Highly reactive ROS interact with
lipids, proteins and DNA, causing lipid peroxidation (LPO),
protein carbonylation (PC), affecting gene and protein
expression, membrane fluidity and permeability and
enzymes activity, disturbing cell homeostasis (Cuypers
et al. 2010; Monteiro et al. 2012), and ultimately compro-
mising growth and survival.

In the present study, Cd caused a significant growth
reduction in Rhizobium (≈60%). Protein content sig-
nificantly increased (>90%) and protein expression was
highly impacted both by up and downregulation, evidencing
the cellular effort to metabolically adapt to the changes
induced by Cd, being some pathways induced and their
enzymes (proteins) over-expressed and other repressed and
their enzymes down-expressed. In Cupriavidus taiwanensis,
protein folding-mediated GroEL and CdS biotransformation
were upregulated and pathways involved in ATP utilization,
such as cell motility were downregulated (Siripornadulsil
et al. 2014). When exposed to Cd stress, Rhodobacter
capsulatus also increased protein expression, upregulating
cadmium-binding and heatshock proteins (Mohamed
Fahmy Gad El-Rab et al. 2006). In Rhizobium legumino-
sarum protein expression was also changed by Cd, evi-
dencing the metabolic changes necessary to maintain cell
fitness under Cd stress (Nunes et al. 2018).

Cells tried to counteract Cd toxicity by inducing glu-
tathione synthesis. GSH detoxification includes immobili-
zation of cytosolic Cd ions in Cd-GSH complexes (Lima
et al. 2006; Corticeiro et al. 2013; Cardoso et al. 2018),
allowing cells to avoid Cd toxicity. When mechanisms of
toxicity avoidance are not effective free Cd ions inactivate
enzymes and originate ROS (Falasco et al. 2009; Cuypers
et al. 2010). Thus, repairing and antioxidant mechanisms
have to be activated. Siripornadulsil and collaborators
(Siripornadulsil et al. 2014) reported that the chaperone
GroEL was the most upregulated protein in the bacteria C.
taiwanensis exposed to Cd, evidencing the importance of
repairing protein alterations originated by Cd. The anti-
oxidant response can either be achieved by low molecular
weight antioxidants (GSH), which can directly scavenge
several ROS (Apel and Hirt 2004) or by the action of
antioxidant enzymes. In our study both GSH and anti-
oxidant enzymes activity (SOD and CAT) increased as a
response to fight ROS burst originated by Cd. When the
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antioxidant response is not sufficient to abrogate oxidative
stress damage overcomes. The toxic effects generated by
aldehydes (originated from peroxidized lipids) can be
minimized by the GSTs catalysed conversion of toxic
aldehydes to alcohols, decreasing protein oxidation (PC)
and restraining oxidative damage in cells.

In this work, Cd induced both membrane and cytosolic
damage, implying that mechanisms triggered were not able
to neutralize Cd toxicity, cell fitness was affected and
growth was decreased. A decresease in growth of bacteria
exposed to metals was also observed in other studies.
Corticeiro et al. (2006) observed that under exposure to Cd,
R. leguminosarum decreased growth and induced anti-
oxidant mechanisms. Chaudri et al. (1992) reported that Zn,
Cu and Ni reduced the number of R. leguminosarum cells in
the soil. Khalid and Jin (2013) observed that Zn and Pb
induced oxidative stress, and enhanced the activity of
antioxidant enzymes in P. putida and B. subtilis. Pacheco
et al. (2008) described Cd to inhibit growth, interfere with
respiratory chain and generate ROS in E. coli.

The lower damage relatively to sole exposure to Cd
observed in cells exposed to low concentration of both
phytocompounds can be related to SOD activity enhance-
ment (110% for quercetin and 17% for α-pinene) and higher
(24%) GSH levels for α-pinene compared to sole Cd
exposure. When exposed to Cd+ 0.01 μM quercetin it
seems that SOD decreased oxidative stress so effectively
that GSH synthesis and cell damage (LPO and PC) sig-
nificantly decreased to control levels, resulting in the relieve
of growth impairment imposed by Cd alone.

Co-exposure to Cd and α-pinene or quercetin at high
concentration did not relieve or even aggravated (LPO at
3000 μM α-pinene+Cd) cell damage imposed by sole
exposure to Cd. The further increase in the antioxidant
(SOD, CAT) and biotransformation (GSTs) activity and the
maintenance of glutathione synthesis were not able to
restrain cell damage, since lipid and protein oxidation was
mantained or even increased (LPO at 3000 µM α-pinene+
Cd) compared to sole Cd exposure. Co-exposure to high
phytocompounds concentration and Cd did not induce
higher cytoplasm damage even when intracellular Cd con-
centration was higher (73%) compared to sole Cd exposure
(1 µM quercetin+ Cd). The increase of antioxidant
mechanisms (CAT activity for both phytocompounds, and
SOD for α-pinene) and toxic compounds degradation
resulting from lipid peroxidation (GSTs activity), compen-
sated the extra toxicity resulting from co-exposure to high
phytocompounds concentration and Cd, resulting in growth
reduction similar to sole Cd exposure. Although both α-
pinene and quercetin induced similar effects in Rhizobium,
other phytocompounds affected bacterial cells differently.
In a previous study, farnesol decreased lipid peroxidation
levels, evidencing protective and stabilizing effects on

membranes, and the increase in farnesol concentration fur-
ther protected cells from Cd toxicity due to a decrease in
intracellular Cd concentration (Nunes et al. 2018).

Changes in protein expression show that the pathways
activated are not common to all conditions. In cells exclu-
sively exposed to 0.3 μM α-pinene few mechanisms were
activated. In the remaining conditions other pathways are
activated and these can be characteristic of one condition or
common to more than one. The combined exposure to
3000 μM α-pinene and Cd lead to over- and down-
expressed 85% of proteins, 8 and 7 of them only increas-
ing or decreasing in this condition. Down-expressed pro-
teins also evidence the cellular effort to adapt metabolically
to changes in the intracellular environment, being some
pathways induced and their enzymes (proteins) over-
expressed and other repressed and their enzymes down-
expressed. Thus, a higher number of down-expressed pro-
teins also evidences higher adaptation of cells to the new
intracellular conditions. The high impact on protein
expression observed in combined exposure to 3000 μM α-
pinene and Cd evidences the cell’s effort to adapt to the
stress imposed, which biochemical parameters proved to be
the condition imposing higher damage.

Conclusions

This study showed that exposure to different phyto-
compounds does not appear to influence Rhizobium fit-
ness even at high concentrations but combined with other
stress inducing agents, such as Cd, different and even
opposite responses were observed. At low concentrations
phytocompounds seemed to relieve the stress imposed by
Cd by increasing antioxidant responses. At high con-
centrations this protective effect vanished, and stress was
even exacerbated by co-exposure with Cd, although
growth was not further affected. It was also shown that
microorganisms growth is affected by many factors
besides toxic substances, like Cd. Factors such as the
presence of phytocompounds that can accumulate in soil
and that present bioactivity may also influence the tol-
erance of microorganisms to toxicants and may change
their impact on the environment. Consequently, the
composition and concentration of phytocompounds pre-
sent in soils are factors that should be taken into con-
sideration when evaluating the impact of metals or other
oxidizing agents in microbial communites. Phyto-
compounds should also be regarded as opportunities to
accellerate the development of more efficient tools and
technologies to remediate and restore impacted areas.
Therefore, the use of plant material with phyto-
compounds that increase the tolerance of microorgan-
isms to toxicants, such as Cd, should be a strategy to be

Rhizobium response to sole and combined exposure to cadmium and the phytocompounds alpha-pinene and. . . 455



considered in the future to reduce the impact of Cd
contamination and possibly other metals and oxidizing
agents in affected soil microbial communities.
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