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Abstract: Soil is an environment with numerous niches, where bacteria are exposed to diverse
conditions. Some bacteria are exposed earlier than others to pressure, and the emission of signals
that other bacteria can receive and perceive may allow a better response to an eminent stimulus.
To shed light on how bacteria trigger their response and adapt to changes in the environment, the
intra- and interspecific influences of volatiles on bacterial strains growing under non-stressed and
cadmium-stressed conditions were assessed. Each strain was exposed to its volatiles emitted by
cells growing under different conditions to test whether the environment in which a cell grows
influences neighboring cells. The five genera tested showed different responses, with Rhizobium
displaying the greatest influence. In a second experiment, 13 strains from different genera were
grown under control conditions but exposed to volatiles released by Cd-stressed Rhizobium cells to
ascertain whether Rhizobium’s observed influence was strain-specific or broader. Our results showed
that the volatiles emitted by some bacteria under stress are differentially perceived and translated
into biochemical changes (growth, alteration of the antioxidant response, and oxidative damage)
by other bacteria, which may increase the adaptability and resilience of bacterial communities to
environmental changes, especially those with a prooxidant nature. Cadmium (Cd) contamination
of soils constitutes a risk to the environment and human health. Here, we showed the effects of Cd
exposure on bacteria and how volatile communication influences the biochemistry related to coping
with oxidative stress. This knowledge can be important for remediation and risk assessment and
highlights that new biological features, such as volatile communication, should be considered when
studying and assessing the impact of contaminants on soil ecosystems.

Keywords: metals; volatile organic compounds; Rhizobium; biochemical parameters; bacteria—

bacteria interactions

1. Introduction

The environment is constantly influenced by natural and anthropogenic factors, caus-
ing changes in the conditions in which organisms live and impact communities [1,2].
Organisms such as bacteria may undergo transcriptional alterations that will have an im-
pact on their metabolism and survival [3,4]. However, some bacteria within a community,
known as persisters, can survive in unfavorable conditions by escaping the effects imposed
by constraints without undergoing genetic change [5]. The persistence of bacteria is a
current topic that has been extensively explored in the context of human health and is often
associated with antibiotic resistance [5,6]. Both mechanisms imply changing the diversity
of bacterial communities, replacing those that cannot survive these conditions with those
that adapt or persist in impacted environments.

Agricultural systems are particularly affected by soil mobilization, monoculture farm-
ing, and excessive use of agrochemicals and fertilizers [7-9]. The application of fertilizers
of chemical origin has allowed an increase in productivity and the supply of food for a
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growing population [10]; however, the levels of application sustaining high productivity
have several negative impacts [11,12]. One of the side effects is the increased cadmium (Cd)
concentration in phosphate fertilizers [13,14]. In soil, Cd concentration can vary between
0.07 and 1.1 mg Kg~!, but in agricultural soils can reach ~100 mg kg ! soil [15]. Numerous
methodologies have been developed (physical, chemical, biological, and biotechnological)
to mitigate biodiversity alterations and increase the resilience of bacterial communities to
impacted environments, such as metal contamination; however, the effectiveness of these
methods often falls short of expectations [16-19].

There are few sterile terrestrial ecosystems, as there are survivors who successfully
adapt to extreme and changing conditions [20]. In this way, a deep knowledge of the
strategies used by communities to adapt to new conditions could be the basis for adopting
more efficient mitigation strategies. Due to the high heterogeneity and complexity of soils,
microsites with different conditions are present, which results in organisms, especially
small ones such as bacteria, in the same soil being differently exposed to a constraint [21].
This fact certainly affects bacterial survival and may contribute to explaining, beyond
persisters, the fact that bacteria with different levels of tolerance are present in contaminated
soil. However, this tolerance variability may be based on other assumptions that need to
be unveiled.

Bacteria are capable of releasing a wide variety of volatile organic compounds
(VOCs) [22] with potential roles in microbe-microbe interactions [23]. These molecules
present low molecular weight (<300 Da) and high vapor pressure (0.01 kPa at 20 °C),
allowing a rapid evaporation and diffusion to the environment [22]. Several bacterial
VOCs have already been identified and have various capabilities ranging from antibacterial
activity, and resistance against biotic and abiotic factors, to promoting plant growth [24-26].
Communication is important when microbes live freely in the environment and may con-
tribute to establishing an equilibrium between microbes [27]. It is particularly important to
elucidate the role of interspecific communication as a mechanism to increase the survival of
bacteria challenged with stress. Knowledge of bacterial crosstalk can have implications for
bacterial ecology [28]. Bacterial volatiles can thus emerge as a tool to influence the bacterial
stress response, since changes in the transcriptome of other bacteria, namely, important
rhizobacteria, can be induced by bacterial volatiles [29].

However, the quantitative and qualitative modulation of the bacterial volatile profile
in adverse conditions remains largely unknown. Since VOCs are molecules that move in
the air, could changes in their production represent messages perceived at a distance, a
capacity common to bacteria? And would the message be perceived similarly by different
members of a bacterial community?

To answer the first question (intraspecific influence of VOCs), five genera of bacteria
were exposed to two different conditions (presence and absence of Cd) sharing the same
atmosphere and growth in each condition compared to bacteria exposed to only one
condition (no Cd or with Cd).

To answer the second question (interspecific influence of VOCs), the genus with the
highest airborne influence was placed to grow in divided plates in the presence of Cd
and the atmosphere shared with 13 bacterial genera growing without Cd. Growth and
biochemical endpoints were determined for each genus and compared to the same genus
without the volatile influence. The identification of the VOCs that may be inducing the
responses was also carried out.

2. Materials and Methods
2.1. Bacterial Cultures

Thirteen strains of bacteria previously isolated from root nodules of different legume
species [30] were used, including three strains of Rhizobium (Rz (KY491644), R1 (ON419188.1),
R2 (MH236721.1)), Paenibacillus (B) (MH236742.1), Pseudomonas (P) (MH236649.1), Flavobac-
terium (F) (MH236743.1), Erwinia (E) (MH236654.1), Herbaspirillum (H) (MH236662.1), Vari-
ovorax (V) (MH236738.1), Achromobacter (Am) (MH236656.1), Lysobacter (L) (MH236701.1),
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Acinetobacter (A) (MH236719.1), and Stenotrophomonas (S) (MH236676.1). All bacteria were
grown in yeast mannitol agar (YMA) and stored at 4 °C before the experiments.

2.2. Experimental Conditions

Experiment 1: To evaluate the influence of volatiles released by each strain on the
growth of cells of the same strain under two conditions (stressed and non-stressed cells),
the first experimental design was set up (Figure 1A). Divided Petri plates with a central
partition were used, allowing the exchange of volatiles from the two sides of the plate, as
described by Farag and Kim [31,32]. Each side of the plate was inoculated with 10 colonies
of a strain belonging to five different genera (Flavobacterium F, Herbaspirillum H, Pseudomonas
P, Variovorax V, and Rhizobium Rz). Each strain was grown under four different conditions:
A—grown in YMA and exposed to volatiles of cells also grown in YMA; B—grown in YMA
and exposed to volatiles of cells grown in YMA containing Cd (100 uM); C—grown in
YMA containing Cd (100 pM) and exposed to cells grown in YMA; D—grown in YMA
containing Cd (100 uM) and exposed to cells grown in YMA containing Cd (100 uM). Six
independent experiments, with three to five replicates (plates with 10 colonies on each
side), were performed. The inoculated plates were sealed with two layers of parafilm
and incubated for 3 days at 26 °C. After the incubation period, the bacterial colonies were
collected in a 2 mL microtube and weighed to evaluate the influence of the volatiles on
bacterial growth.
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Figure 1. Intraspecific influence of bacterial volatiles upon colonies growing under different condi-
tions: (A) Experimental design and procedure. A—cells grown in YMA and exposed to volatiles of
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cells also grown in YMA; B—cells grown in YMA and exposed to volatiles of cells grown in YMA
containing Cd (100 pM); C—=cells grown in YMA containing Cd and exposed to volatiles of cells
grown in YMA; D—cells grown in YMA containing Cd and exposed to volatiles of cells grown in
YMA containing Cd (100 pM). (B) Colony weight of the Flavobacterium strain. (C) Colony weight
of the Herbaspirillum strain. (D) Colony weight of the Pseudomonas strain. (E) Colony weight of the
Variovorax strain. (F) Colony weight of the Rhizobium strain. Violine plots were constructed with
24 replicates (3 to 5 replicates from 6 independent experiments). Different lowercase letters represent
significant statistical differences (p < 0.05) among conditions for each strain.

Experiment 2: To assess the influence of volatile compounds released by Rhizobium
Rz strain under Cd stress on other bacteria genera (Rhizobium (3 strains—Rz, R1, and
R2), Paenibacillus (B), Pseudomonas (P), Flavobacterium (F), Erwinia (E), Achromobacter (Am),
Herbaspirillum (H), Variovarax (V), Lysobacter (L), Acinetobacter (A), and Stenotrophomonas
(5)), a second experimental design was set up (Figure 2A). One side of a divided plate
containing YMA supplemented with 100 pM Cd was inoculated with Rhizobium Rz, and
the other side containing only YMA medium was inoculated with one of the 13 strains.
For the control condition, two sides of the plate contained YMA and were inoculated with
one of the 13 strains. Four independent experiments were performed, with three replicates
each. Plates were incubated, and growth was determined as described in Experiment 1.
The bacterial colonies were stored at —80 °C for further analysis.

2.3. Biochemical Analysis
2.3.1. Extraction

Samples were mixed with 1 mL of sodium phosphate buffer (50 mM sodium dihy-
drogen phosphate monohydrate, 50 mM disodium hydrogen phosphate 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), and lysed using
an ultrasound probe (Vibra Cell Ultrasonic Processor, Sonics, Newtown, USA ) for 60 s,
applying a continuous cycle with 50% amplitude. Samples were centrifuged at 10,000 x g
for 10 min, and the supernatant was collected and immediately used or frozen at —80 °C
for protein, protein carbonylation, LPO content, and SOD, CAT, and GST activity. For ETS,
the procedure was similar, but samples were centrifuged at 3000x g for 3 min.

2.3.2. Protein Content

Protein content was measured by the method described by Robinson [33]. In a 96-well
plate, 50 pL of the supernatant was mixed with 250 uL of the biuret reaction and incubated
in the dark for 10 min at room temperature. Absorbance was measured at 540 nm, and
bovine serum (BSA) was used as standard (1-20 mg/mL). The results are expressed in
milligrams per gram of fresh weight (mg BSA /g FW).

2.3.3. Protein Carbonylation

The method described by Mesquita [34] was used in this study. In a 96-well plate,
125 pL of supernatant was mixed with 120 pL of 2,4-dinitrophenylhydrazine (DNPH)
10 mM and incubated for 10 min at room temperature. Then, 60 pL of sodium hydroxide
(NaOH) 6 M was added and the mixture was incubated for more 10 min at room temper-
ature. Absorbance was measured at 450 nm with 10 s of agitation before reading. The
concentration was determined using the molar extinction coefficient of protein carbonyl-
DNPH hydrazine (¢ = 22,308 M~! cm™1), and the results were expressed in nanomoles per
gram of fresh weight (nmol/g FW).
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Figure 2. Influence of bacterial volatiles upon growth, oxidative damage, and antioxidant mecha-
nisms under different conditions: (A) Experimental design and procedure. A—cells grown in YMA
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and exposed to volatiles of cells also grown in YMA; B—cells grown in YMA and exposed to volatiles
of Rhizobium cells grown in YMA containing Cd (100 uM). (B) relative growth and biochemical param-
eters evaluated of strains exposed to volatiles released by E20-8 strain under cadmium stress (100 M).
1—relative growth of 13 strains compared to control (no cadmium exposure); Biochemical parameters
evaluated compared to control (no cadmium exposure): 2—Protein content, 3—Superoxide Dismu-
tase (SOD) activity, 4—Electron Transport System (ETS) activity, 5—Catalase (CAT) activity, 6—Lipid
Peroxidation (LPO), 7—Glutathione S-Transferase (GST) activity, 8—Protein Carbonylation (PC);
9—Principal Coordinate Ordination (PCO) of the biochemical determinants for each strain (Pear-
son correlation vectors were imposed: lipid peroxidation (LPO); Catalase activity (CAT); Electronic
Transport System activity (ETS); Protein content (Prot); Superoxide Dismutase activity (SOD); Glu-
tathione S-Transferase activity (GST); Protein Carbonylation (PC)). For growth, values are the means
of 12 replicates (3 replicates from 4 independent experiments) + standard error. For biochemical
analysis values are means of four replicates + standard error. Asterisks indicate significant differences
(p < 0.05) compared to control.

2.3.4. Lipid Peroxidation

Cell membrane damage was estimated based on the lipid peroxidation level using the
method described by Buege [35]. In a 2 mL microtube, 50 uL of supernatant was mixed
with 200 uL of 0.5% thiobarbituric acid (TBA) and 150 uL trichloroacetic acid (TCA) and
incubated for 25 min at 96 °C. The reaction was stopped by placing microtubes on ice. The
cooled mixture was pipetted into a 96-well plate, and the absorbance was measured at
532 nm. The malondialdehyde (MDA) extinction coefficient (¢ = 1.56 X 10° M~ em™1)
was used to calculate lipid peroxidation, and the results were expressed in nmoles of MDA
equivalents per gram of fresh weight (nmol MDAeq/g FW).

2.3.5. Superoxide Dismutase

Superoxide dismutase activity was evaluated using the methodology described by
Beauchamp [36]. In a 96-well plate, 25 uL of supernatant was mixed with 25 pL of xanthine
oxidase and 250 pL of reaction buffer containing nitroblue tetrazolium (NBT). The samples
were incubated for 20 min at room temperature in an orbital shaker (150 rpm), and the
absorbance was measured at 640 nm. Results were estimated in units of enzymatic activity
(U), referring to a 50% reduction of NBT, and expressed in U per milligram of fresh
weight (U/g FW).

2.3.6. Catalase

The methodology described by Johansson [37] was used to measure catalase activity.
In a 96-well plate, 25 uL of supernatant was mixed with 125 pL reaction buffer (potassium
phosphate 50 mM, pH7.0, EDTA 1 mM Triton X-100 1%), 37.5 pL methanol, and 25 uL
hydrogen peroxide (H,O;) 35.28 mM, and incubated for 20 min at room temperature in an
orbital shaker (150 rpm). After, 37.5 puL of potassium hydroxide (KOH) 10 M and 37.5 pL
purpald 34.2 mM were added and incubated for 10 min under the same conditions. Finally,
12.5 uL potassium periodate 65.2 mM was added and incubated for 10 min. The absorbance
was measured at 540 nm and formaldehyde 4.24 mM was used as standard (2.5-20 pg/mL).
Results are expressed in units of enzymatic activity (mU) per g of fresh weight (mU/g FW).

2.3.7. Glutathione S-Transferases

The methodology proposed by Habig [38] was used to determine the glutathione
S-transferase activity. In a 96-well plate, 100 uL of supernatant was mixed with 200 pL
reaction solution (potassium phosphate buffer 0.1 M, pH 6.5, reduced glutathione (GSH)
10 mM, and 1-chloro-2,4-dinitrobenzene (CDNB)) 60 mM. Absorbance was measured at
340 nm for 5 min at intervals of 15 s with agitation for 6 s before reading the absorbance.
The results are expressed in milliunits of enzymatic activity (mU) per gram of fresh weight
(mU/g EW).
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2.3.8. Electron Transport System

The methodology proposed by De Coen [39] was used to assess the activity of the
electron transport system. In a 96-well plate, 35.7 pL of supernatant was mixed with 107 pL
Tris buffer (0.13 M Tris-HCI, 0.3% (v/v) Triton X-100, pH 8.5), 35.7 uL NADH 1.7 mM and
35.7 uL NADPH 250 puM, and 71.4 pL p-iodonitrotetrazolium (INT) 8 mM. The reaction
was initiated by the addition of INT, and the absorbance was measured at 490 nm for
10 min at intervals of 25 s. Results were calculated using the formazan extinction coefficient
(e =15,900 M~! cm ') and expressed in nanomoles per minute per gram of fresh weight
(nmol/min/g FW).

2.4. Volatiles Released by Rhizobium sp. E20-8

Headspace-solid phase microextraction (HS-SPME) was used for the extraction and
gas chromatography coupled with mass spectrometry (GC-MS) for the detection and
identification of volatile compounds released by Rhizobium sp. E20-8. The methodology
proposed by Farag [40] was adopted with some modifications. The strain was grown
for three days at 26 °C in plates containing YMA medium or YMA supplemented with
1 mM Cd. After incubation, the bacterial content was collected using a stainless-steel
spatula into 12 x 32 mm, 2 mL screw vials for chromatography with screw caps, and
polytetrafluoroethylene (PTFE)/silicon septa. Each vial contained 300 mg of bacterial
colonies. Care was taken to avoid the collection of culture medium. Then, 10 pL of an
aqueous solution containing 1 ug of (Z)-3-Hexenyl acetate (Sigma-Aldrich, St. Louis, USA,
CAS 3681-71-8) was spiked into each vial before extraction to be used as internal standard,
using a Hamilton syringe. The internal standard was freshly prepared by diluting the
compound in Milli-Q water. A stable flex divinylbenzene/carboxen/PDMS 50/30 uM 1 cm
fiber (Supelco, St. Louis, USA) was inserted into the vial. Extraction was performed by
placing each vial in a water bath (50 °C) for 30 min. For each condition (YMA and YMA
supplemented with Cd), four vials were prepared and analyzed using GC-MS. The GC-MS
system was composed of an Agilent Technologies 7890B GC System coupled to an Agilent
Technologies 5977A MS. Tekno TRB-5MS (Teknokroma, Barcelona, Spain) was used in this
experiment. The GC-MS method was based on Farag [40] The main difference was the
MS source temperature, which, in our case, was 230 °C instead of 200 °C. The ratios of
peak height and the height of the internal standard were calculated, and identification of
the compounds was performed by comparison of spectra with spectra from the NIST14
database and comparing the Kovats retention index with values from the literature, which
were calculated by running a series of C8-C20 n-alkanes under the same conditions as
the samples).

2.5. Data Analysis

Data from bacterial growth and biochemical parameters were subjected to hypothesis
testing by Permutational Multivariate Analysis of Variance (PERMANOVA) using Primer 6
& PERMANOVA+. Monte Carlo permutations (9999) were used to run the PERMANOVA
tests. The pseudo-F values in the main tests were evaluated for significance, and when
p <0.05, pairwise comparisons were performed. The null hypothesis tested was that
there were no significant differences between the control and tested conditions. Principal
component analysis of GC-MS data was performed using Metaboanalyst 5.0 [41]. The ratio
of peak height/peak height of the internal standard was log-transformed (base 10) and
auto-scaled (mean-centered and divided by the standard deviation of each metabolite).
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3. Results
3.1. Mutual Airborne Influence of a Bacterial Strain Exposed to Different Conditions Varied among
Bacterial Genera

The airborne influence that a strain may impose on itself when experiencing different
conditions was evaluated by growing the same bacterial strain in divided Petri plates
(shared atmosphere) with conditions differing on each side of the plate (without Cd,
condition B and with Cd, condition C) and the growth compared to the same bacterial
strain growing under the same conditions on both sides of the plate (without Cd, condition
A and with Cd condition D). The experiment included five bacterial genera to ascertain
whether the influence was a common feature among bacteria or if it was species-dependent
(Figure 1A).

The Flavobacterium strain was poorly influenced by the volatiles produced by cells
growing under different conditions (Figure 1B). In the absence of Cd, the growth of bac-
teria in condition B was not significantly different from condition A, although a higher
heterogeneity among colony size was noted due to a higher proportion of smaller colonies,
reducing the average size compared to condition A. In the presence of Cd, the growth
between C and D conditions was also not significant, but a higher number of smaller
colonies and a lower number of larger colonies led to a slightly smaller average colony size
in C compared to D.

Herbaspirillum strains grown in the absence of Cd but influenced by the atmosphere of
Cd-exposed bacteria (condition B) were not significantly affected by the volatiles released
by Cd-stressed cells, but the reverse was not true, with cells growing in the presence
of Cd (C) being negatively affected by the volatiles produced by cells from condition B
(Figure 1C).

Volatiles from Pseudomonas (Figure 1D) and Variovorax (Figure 1E) induced significant
differences in the growth of colonies in both plate compartments. In condition C, the effect
was negative for both genera, with colonies being smaller in C than in D. Pseudomonas
colonies also grew less in B than in condition A, but in Variovorax, colony size was larger in
B than in A.

The most positive airborne influence was noticed in the Rhizobium strain (Figure 1F),
with colonies in B being significantly larger (75%) than in A, and with some colonies in
condition C showing higher growth than in condition D, and that a high heterogeneity of
sizes (larger and also smaller colonies) did not show a significant difference from D, but
that was also not significantly different from A.

3.2. The Volatiles Produced by Rhizobium Grown in Cd Influenced Distinctly the Growth of 13
Bacterial Strains

The universality among bacteria of the positive influence of the volatiles produced
by Rhizobium E20-8 (Rz in experiment 1) under Cd stress was investigated by growing in
the absence of stress 13 bacterial strains belonging to 11 genera, but receiving the airborne
influence of the volatiles released by Rz exposed to Cd by a shared atmosphere in divided
plates (Figure 2A). The volatile influence was evaluated through growth and biochemical
endpoints relatively to control (Figure 2B).

Two strains exposed to Rhizobium volatiles (Flavobacterium and Achromobacter) grew
significantly less (black bars), seven strains were not significantly influenced (grey bars),
and five strains showed significantly higher growth (orange bars) compared to control. Of
the three strains belonging to the genus Rhizobium (one was Rz), two were positively and
significantly influenced (Rz and R2), but R1 growth was not influenced.
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3.3. The Antioxidant and Biotransformation Mechanisms Seem to Be Induced in Strains That Grew
Less and to Be Reduced in Those That Grew More in the Presence of Rhizobium Volatiles (Rz VOCs)

The three enzymes assayed, superoxide dismutase (SOD), catalase (CAT), and
glutathione-S-transferases (GSTs) showed a trend to decrease activity with the increase
in strains growth caused by the Rz VOCs (Figure 2B). In GSTs, increases higher than 30%
were noticed in three strains (Flavobacterium, Rhizobium R1, and Herbaspirillum), but only
Flavobacterium showed a significant increase, and in the two strains with higher growth
(Acinetobacter and Erwinia), a significant decrease was observed. A 100% increase in CAT ac-
tivity was observed in the Achromobacter strain exposed to Rz VOCs. Most of the strains with
growth not significantly influenced by Rz VOCs also increased CAT activity between 20
and 50%, although not significantly, but in the Herbaspirillum strain CAT activity decreased
significantly. Most strains positively influenced by Rz VOCs showed a non-significant
decrease in activity (12% to 32%). SOD activity increased in the strains with lower growth
(Flavobacterium, Achromobacter, Rhizobium R1, and Variovarax) and did not vary or decreased
in others, significantly in Herbaspirillum, Acinetobacter, and Erwinia.

3.4. Changes in Cell Metabolism Seem to Be Inversely Related to the Influence of Rz VOCs on Growth

Protein content increased significantly in the three strains with lower growth (Flavobac-
terium, Achromobacter, and Rhizobium R1) and decreased significantly in the strain most
positively influenced by Rz VOCs (Figure 2B). The same trend was perceived in the electron
transport chain (ETS) activity, with the Flavobacterium and Achromobacter strains increasing
significantly and Rhizobium Rz and Erwinia significantly decreasing ETS activity.

3.5. Strains with Lower Growth Evidenced Higher Membrane and Protein Damage

Lipid peroxidation (LPO) significantly increased in the two strains that grew less in
the presence of Rz VOCs and in one strain (Pseudomonas) whose growth was not influenced.
Most strains with growth increased by Rz VOCs decreased LPO levels, although not
significantly (Figure 2B). Protein carbonylation (PC) followed a similar trend, with two
strains whose growth was less affected by Rz VOCs (Rhizobium R1 and Pseudomonas)
showing higher increases in PC, and most positively influenced strains evidencing small
variations in PC levels, except strain Acinetobacter, which presented a significant decrease.

3.6. Most Biochemical Changes Were Highly Correlated with Strains That Grew Less under the
Influence of Rz VOCs

Principal coordinates analysis (PCO) shows that the abscissa axis (PCO1) is responsible
for 48.3% variation, separating strains positively from those negatively influenced by Rz
VOCs, based on their different biochemical responses (Figure 2B). The ordinate axis (PCO2)
is responsible for 37.8% variation, separating strains by the biochemical mechanisms
activated. Biochemical parameters were mostly correlated with strains that grew less
by the influence of Rz VOCs, but different strategies were noticed. Achromobacter strain
induced CAT activity, but membranes were still vulnerable to VOCs, with LPO being highly
correlated with this strain. GSTs and SOD activities were highly correlated with Rhizobium
R1 and Flavobacterium strains and so was protein carbonylation.

3.7. Exposure to Cd Alters Rhizobium Volatilome

HS-SPME and GC-MS of the volatiles released by Rhizobium Rz grown in the control
and in the presence of Cd allowed the identification of 10 volatile compounds. The exposure
to Cd led to changes in the volatilome of the bacterial strain, as evidenced in Figure 3A.
Samples of control and Cd-exposure were separated by component 1 of the principal com-
ponent analysis, which explained 85.9% of the variation. For most compounds, emissions
increased in cells exposed to Cd (Figure 3B).
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Figure 3. Volatiles released by Rhizobium sp. E20-8 under control and Cd-exposed conditions:
(A) Principal Component Analysis (PCA). (B) Boxplots of the detected compounds. Peak intensity of
compounds from 4 replicates (vails containing bacterial cells grown under control or Cd-exposed
conditions) was log-transformed.
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4. Discussion

Volatiles are involved in the interactions between bacteria and other organisms (in-
cluding other bacteria) [42]. Tyc [43] reported that the growth of bacterial strains was
either stimulated, inhibited, or unaltered when exposed to volatiles emitted by bacteria of
different species. Bacillus subtilis and Escherichia coli were capable of inhibiting competitor
biofilms [44]. Burkholderia ambifaria produced volatiles with high bioactivity independently
of the environment where they were produced (clinical environment, rhizosphere, or plant
root) [45], showing that the origin of the bacterial isolates is likely not a crucial factor behind
interactions and producing a general effect. The authors in [46] also observed a general
trend of bacteria influencing their peers, with 40% of cocultures containing at least one
strain facilitating the other’s growth. On the contrary, mechanisms such as necrosignal-
ing, which was detected in both Gram-negative and Gram-positive bacteria, influenced
swarming resistance to antibiotics and appeared to be species-specific [47].

The aforementioned studies address the influence between bacteria of different species,
yet the interactions that may occur between the same bacteria under different conditions,
which often occur in soil microheterogeneity, are virtually unknown. This was one of the
impetuses for this study. To test whether changes that occur in a bacterial cell can influence
other cells of the same bacterial strain growing under different conditions (non-stressed
and Cd-stressed), whether this influence can be transient, and whether it is a universal
feature. Our results confirmed that stress conditioned the cells directly exposed to Cd,
but also influenced nearby bacteria of the same strain not exposed to Cd. It was shown
that this influence can be volatile, since the shared atmosphere of divided plates with
different Cd conditions at each side induced differences in growth. This volatile influence
is not a common characteristic among bacteria, since from the five bacterial strains tested,
positive, negative, and no influence on non-stressed cells were observed. Among the strains
tested, Rhizobium E20-8 was the strain whose volatiles released by Cd-stressed cells had the
most positive effect on non-Cd-stressed cells. The ability of different strains belonging to
11 bacterial genera to perceive the volatiles released by Cd-stressed Rhizobium E20-8 showed
distinct responses. Some strains benefited from E20-8 volatiles (higher growth or lower
oxidative stress), while others were impaired or not influenced. These results are indicative
of the heterogeneity of the effects of volatiles, which depend on the receptor bacteria,
and are also evidence of the bacterial volatiles importance as a mechanism of interaction
between bacteria, intra and interspecifically. Several bacterial volatiles have been linked
to the stimulation of bacterial stress resistance, namely, 2,3-butanedione, glyoxylic acid,
hydrogen sulfide, nitric oxide, ammonia, indole, trimethylamine, 1-methylthio-3-pentone,
and 2-amino-acetophenone [48].

Our study provided additional compounds that may be inducers of stress resistance or
stress biomarkers, which were released by Rhizobium E20-8 cells facing Cd stress and absent
in control conditions. Indeed, the analysis of the Rhizobium E20-8 volatilome revealed
volatiles, such as 1-butanol, 2-nonanone, and 1-undecene, which may be linked to the
effects of the E20-8 strain on itself and other bacterial genera (Figure 3).

1-Undecene was reported to be responsible for the in vitro inhibition of Legionella
pneumophila growth by Pseudomonas fluorescens [49]. Bacillus subtilis and Escherichia coli
inhibited competitor biofilms by releasing 1-butanol and 2-nonanone [44]. In our study, the
shift of Rhizobium E20-8 volatilome induced by Cd evidenced that the same compounds
(1-butanol, 2-nonanone, and 1-undecene) may also be used to signal Cd stress and evidence
the activity of the same compounds towards different stresses. Due to their ability to work
as inhibitors of competitive biofilms, we can hypothesize that these compounds may be
released by Rhizobium E20-8 as a mechanism of competition under stressful conditions.
However, this mechanism proved to be effective against some strains but not against others.
Moreover, our study showed that in the presence of the volatiles emitted by Rhizobium
E20-8, effects could be observed not only for cells of the same strain but also across strains
and genera, with changes in growth, antioxidant enzyme activity, metabolism, and damage.
These compounds were involved in oxidative stress response, and the blend of volatiles
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produced by Rhizobium E20-8 influenced the oxidative status of each strain differently. An-
tioxidant and biotransformation mechanisms were induced in strains negatively affected
by volatilome changes and decreased in the positively influenced strains. Responses at
the subcellular level are important since mitigation of reactive oxygen species is crucial
for bacterial survival [50]. Previous research has shown that growth, antibiotic produc-
tion, and gene expression of the bacterium Pseudomonas fluorescens Pf0-1 were influenced
by the volatiles released by four phylogenetically different strains (Collimonas pratensis,
Serratia plymuthica, Paenibacillus sp., and Pedobacter sp.) and that the bacterial volatiles
induced chemotactic motility and oxidative stress responses and growth of P. fluorescens
was stimulated [51]. The generation of reactive oxygen species is involved in lethal attacks
between interspecies competition, both in contact-dependent and contact-independent
interactions [52]. Indeed, the strains evidencing higher oxidative effects generated by
E20-8 volatiles grew less, evidencing higher susceptibility to this type of interaction. The
released volatiles produced as a result of stress also impacted the metabolism of positively
influenced receptor cells and may be sensed as warning signals, as suggested by previous
results [53], inducing changes and triggering in advance the response of non-stressed cells
to eminent stress.

The present study shed light on the effects that volatiles may have on the biochemical
and metabolic status of different bacterial cells. By studying the interspecific interactions
between strains of different genera, and reporting the effects not only on antioxidant ma-
chinery but also on metabolism and damage, our study contributes to advance knowledge
on bacterial interactions, since most bacteria—bacteria studies are performed using two mi-
crobial cultures usually belonging to different species [54] and are often limited to changes
in growth. These results also point out that volatile communication is interpreted differently
among members of a community, contributing to changes in its diversity and abundance.
Communication in microbial communities is important to facilitate survival and evidence
is accumulating on the ability of bacterial cells to sense and respond to volatiles, with
influence (stimulation or inhibition) in antibiotic resistance, biofilm formation, and vir-
ulence [42]. Volatile emissions by microbes have been reported to increase, in the soil,
when there is a lower diversity of microbes [55], suggesting that the volatile communica-
tion between soil microorganisms might be a mechanism on which communities rely for
equilibrium. Our results bring evidence that in a microbial community, the response of
an organism to a change (e.g., metal stress) not only corresponds to the direct effect of the
stressor on the organism but is also influenced by other organisms, helping to understand
why responses in the laboratory are often not replicable in the environment. These findings
are fundamental to a better understanding of bacterial ecology and how they respond
to stress conditions as a community, from agricultural to clinical standpoints. However,
questions remain on how bacterial VOCs affect bacterial growth and biochemistry. Would
exposure to different stresses induce the same or different influences? Exposing bacteria to
individual VOCs could clarify the specific effects of each compound. Metabolomics and
transcriptomics approaches could bring information to assess how the same blend of VOCs
has different effects in different bacteria.

5. Conclusions

The present study shows that some strains (here, denominated as “inducer” bacteria)
have a higher ability, through volatiles, to influence the response of others. These bacteria
may play an important ecological role by influencing the growth and metabolism (partic-
ularly the antioxidant response) of neighboring bacteria, helping define the response of
a microbial community facing stresses, especially those changing cell redox status, and
expectably making it more resilient to new conditions.

The identification of strains (“inducer” bacteria) and the volatiles they produce can
be used as a biotechnological approach for contaminated sites, increasing the resilience of
the existing bacterial community to contamination and restoring the activities of native
soil microflora such as nutrient cycling, nitrogen fixation, improvement of soil structure
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and degradation, and the detoxification of pollutants in the soil. This way, the recovery of
contaminated sites can be boosted, rendering remediation strategies more efficient. The
negative influence that “inducer” bacteria and their volatiles have on some bacteria also
demonstrates the potential to be used in a clinical context, by sensitizing pathogenic bacteria
and making them more vulnerable to antibiotics, which can be important in the current
context of increasing resistance to antibiotics.

Author Contributions: E.F. designed the study. P.C., R.P. and T.L. carried out the investigation. E.E,,
P.C. and R.P. contributed to the plotting and statistical analysis. P.C. and E.E. contributed to the
interpretation of the data. P.C. and E.F. drafted and revised the manuscript. PC., R.P, T.L. and E.F.
contributed to the manuscript preparation. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by the MIRACLE project (2022.03612.PTDC), funded by Foun-
dation for Science and Technology (FCT), I.P./MCTES, through national funds (PIDDAC). The authors
also acknowledge funding by Foundation for Science and Technology (FCT) through PhD scholar-
ships of Ricardo Pinto (SFRH/BD/132332/2017) and Tiago Lopes (2023.01311.BD), and financial
support to CESAM by FCT/MCTES (UIDP /50017 /2020 + UIDB/50017 /2020 + LA /P /0094 /2020),
through national funds.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no competing interests.

References

1. Smith, M.D. An Ecological Perspective on Extreme Climatic Events: A Synthetic Definition and Framework to Guide Future
Research. J. Ecol. 2011, 99, 656-663. [CrossRef]

2. Reichstein, M.; Bahn, M.; Ciais, P.; Frank, D.; Mahecha, M.D.; Seneviratne, S.I.; Zscheischler, J.; Beer, C.; Buchmann, N.; Frank,
D.C,; et al. Climate Extremes and the Carbon Cycle. Nature 2013, 500, 287-295. [CrossRef]

3. Barnard, R.L.; Osborne, C.A.; Firestone, M.K. Responses of Soil Bacterial and Fungal Communities to Extreme Desiccation and
Rewetting. ISME ]. 2013, 7, 2229-2241. [CrossRef] [PubMed]

4.  Evans, S.E.; Wallenstein, M.D. Climate Change Alters Ecological Strategies of Soil Bacteria. Ecol. Lett. 2014, 17, 155-164. [CrossRef]

5. Wood, TK.; Knabel, S.J.; Kwan, B.W. Bacterial Persister Cell Formation and Dormancy. Appl. Environ. Microbiol. 2013, 79,
7116-7121. [CrossRef]

6. Trastoy, R.; Manso, T.; Fernandez-Garcia, L.; Blasco, L.; Ambroa, A.; Pérez del Molino, M.L.; Bou, G.; Garcia-Contreras, R.; Wood,
TK.; Tomds, M. Mechanisms of Bacterial Tolerance and Persistence in the Gastrointestinal and Respiratory Environments. Clin.
Microbiol. Rev. 2018, 31. [CrossRef]

7.  Fernandez-Raga, M.; Palencia, C.; Keesstra, S.; Jordan, A ; Fraile, R.; Angulo-Martinez, M.; Cerda, A. Splash Erosion: A Review
with Unanswered Questions. Earth-Sci. Rev. 2017, 171, 463-477. [CrossRef]

8.  Pagiola, S.; Ramirez, E.; Gobbi, J.; De haan, C.; Ibrahim, M.; Murgueitio, E.; Ruiz, ]. Paying for the Environmental Services of
Silvopastoral Practices in Nicaragua. Ecol. Econ. 2007, 64, 374-385. [CrossRef]

9. Jie, C;Jing-zhang, C.; Man-zhi, T,; Zi-tong, G. Soil Degradation: A Global Problem Endangering Sustainable Development. .
Geogr. Sci. 2002, 12, 243-252. [CrossRef]

10. Gilland, B. World Population and Food Supply: Can Food Production Keep Pace with Population Growth in the next Half-
Century? Food Policy 2002, 27, 47-63. [CrossRef]

11.  Aktar, W.; Sengupta, D.; Chowdhury, A. Impact of Pesticides Use in Agriculture: Their Benefits and Hazards. Interdiscip. Toxicol.
2009, 2, 1-12. [CrossRef] [PubMed]

12. Jayaraj, R.; Megha, P; Sreedev, P. Review Article. Organochlorine Pesticides, Their Toxic Effects on Living Organisms and Their
Fate in the Environment. Interdiscip. Toxicol. 2016, 9, 90-100. [CrossRef]

13. Roberts, T.L. Cadmium and Phosphorous Fertilizers: The Issues and the Science. Procedia Eng. 2014, 83, 52-59. [CrossRef]

14. Zhou, J.; Wan, H.; He, J.; Lyu, D.; Li, H. Integration of Cadmium Accumulation, Subcellular Distribution, and Physiological
Responses to Understand Cadmium Tolerance in Apple Rootstocks. Front. Plant Sci. 2017, 8, 261167. [CrossRef]

15.  Asgher, M.; Khan, M.I,; Anjum, N.A.; Khan, N.A. Minimising Toxicity of Cadmium in Plants—Role of Plant Growth Regulators.
Protoplasma 2015, 252, 399-413. [CrossRef]

16. Lebeau, T,; Braud, A.; Jézéquel, K. Performance of Bioaugmentation-Assisted Phytoextraction Applied to Metal Contaminated
Soils: A Review. Environ. Pollut. Barking Essex 1987 2008, 153, 497-522. [CrossRef]

17.  Sessitsch, A.; Kuffner, M.; Kidd, P.; Vangronsveld, J.; Wenzel, W.W.; Fallmann, K.; Puschenreiter, M. The Role of Plant-Associated

Bacteria in the Mobilization and Phytoextraction of Trace Elements in Contaminated Soils. Soil Biol. Biochem. 2013, 60, 182-194.
[CrossRef] [PubMed]


https://doi.org/10.1111/j.1365-2745.2011.01798.x
https://doi.org/10.1038/nature12350
https://doi.org/10.1038/ismej.2013.104
https://www.ncbi.nlm.nih.gov/pubmed/23823489
https://doi.org/10.1111/ele.12206
https://doi.org/10.1128/AEM.02636-13
https://doi.org/10.1128/cmr.00023-18
https://doi.org/10.1016/j.earscirev.2017.06.009
https://doi.org/10.1016/j.ecolecon.2007.04.014
https://doi.org/10.1007/BF02837480
https://doi.org/10.1016/S0306-9192(02)00002-7
https://doi.org/10.2478/v10102-009-0001-7
https://www.ncbi.nlm.nih.gov/pubmed/21217838
https://doi.org/10.1515/intox-2016-0012
https://doi.org/10.1016/j.proeng.2014.09.012
https://doi.org/10.3389/fpls.2017.00966
https://doi.org/10.1007/s00709-014-0710-4
https://doi.org/10.1016/j.envpol.2007.09.015
https://doi.org/10.1016/j.soilbio.2013.01.012
https://www.ncbi.nlm.nih.gov/pubmed/23645938

Antioxidants 2024, 13, 565 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Robinson, B.H.; Anderson, C.W.N.; Dickinson, N.M. Phytoextraction: Where’s the Action? J. Geochem. Explor. 2015, 151, 34-40.
[CrossRef]

Kramer, U. Phytoremediation: Novel Approaches to Cleaning up Polluted Soils. Curr. Opin. Biotechnol. 2005, 16, 133-141.
[CrossRef]

Somero, G.N. The Physiology of Climate Change: How Potentials for Acclimatization and Genetic Adaptation Will Determine
‘Winners” and ‘Losers’. J. Exp. Biol. 2010, 213, 912-920. [CrossRef]

Or, D.; Smets, B.F,; Wraith, ].M.; Dechesne, A.; Friedman, S.P. Physical Constraints Affecting Bacterial Habitats and Activity in
Unsaturated Porous Media—A Review. Adv. Water Resour. 2007, 30, 1505-1527. [CrossRef]

Schulz, S.; Dickschat, ].S. Bacterial Volatiles: The Smell of Small Organisms. Nat. Prod. Rep. 2007, 24, 814-842. [CrossRef]
[PubMed]

Schmidt, S.K.; King, A.].; Meier, C.L.; Bowman, W.D.; Farrer, E.C.; Suding, K.N.; Nemergut, D.R. Plant-Microbe Interactions at
Multiple Scales across a High-Elevation Landscape. Plant Ecol. Divers. 2015, 8, 703-712. [CrossRef]

Kai, M.; Haustein, M.; Molina, E; Petri, A.; Scholz, B.; Piechulla, B. Bacterial Volatiles and Their Action Potential. Appl. Microbiol.
Biotechnol. 2009, 81, 1001-1012. [CrossRef] [PubMed]

Davis, T.S.; Crippen, T.L.; Hofstetter, R W.; Tomberlin, ].K. Microbial Volatile Emissions as Insect Semiochemicals. J. Chem. Ecol.
2013, 39, 840-859. [CrossRef]

54, C.; Matos, D.; Cardoso, P; Figueira, E. Do Volatiles Affect Bacteria and Plants in the Same Way? Growth and Biochemical
Response of Non-Stressed and Cd-Stressed Arabidopsis Thaliana and Rhizobium E20-8. Antioxidants 2022, 11, 2303. [CrossRef]
[PubMed]

Keller, L.; Surette, M.G. Communication in Bacteria: An Ecological and Evolutionary Perspective. Nat. Rev. Microbiol. 2006, 4,
249-258. [CrossRef]

Stephens, K.; Pozo, M.; Tsao, C.-Y.; Hauk, P.; Bentley, W.E. Bacterial Co-Culture with Cell Signaling Translator and Growth
Controller Modules for Autonomously Regulated Culture Composition. Nat. Commun. 2019, 10, 4129. [CrossRef] [PubMed]
Bejarano, A.; Perazzolli, M.; Pertot, I.; Puopolo, G. The Perception of Rhizosphere Bacterial Communication Signals Leads to
Transcriptome Reprogramming in Lysobacter Capsici AZ78, a Plant Beneficial Bacterium. Front. Microbiol. 2021, 12, 725403.
[CrossRef]

Cardoso, P; Alves, A.; Silveira, P.; Sa, C.; Fidalgo, C.; Freitas, R.; Figueira, E. Bacteria from Nodules of Wild Legume Species:
Phylogenetic Diversity, Plant Growth Promotion Abilities and Osmotolerance. Sci. Total Environ. 2018, 645, 1094-1102. [CrossRef]
Farag, M.A.; Song, G.C.; Park, Y.-S.; Audrain, B.; Lee, S.; Ghigo, J.-M.; Kloepper, ].W.; Ryu, C.-M. Biological and Chemical
Strategies for Exploring Inter- and Intra-Kingdom Communication Mediated via Bacterial Volatile Signals. Nat. Protoc. 2017, 12,
1359-1377. [CrossRef] [PubMed]

Kim, K.S.; Lee, S.; Ryu, C.M. Interspecific Bacterial Sensing through Airborne Signals Modulates Locomotion and Drug Resistance.
Nat. Commun. 2013, 4, 1809-1812. [CrossRef] [PubMed]

Robinson, HW.; Hogden, C.G. The Biuret Reaction in the Determination of Serum Proteins. J. Biol. Chem. 1940, 135, 707-725.
[CrossRef]

Mesquita, C.S.; Oliveira, R.; Bento, F.; Geraldo, D.; Rodrigues, J.V.; Marcos, J.C. Simplified 2,4-Dinitrophenylhydrazine Spec-
trophotometric Assay for Quantification of Carbonyls in Oxidized Proteins. Anal. Biochem. 2014, 458, 69-71. [CrossRef]
[PubMed]

Buege, J.A.; Aust, S.D. Microsomal Lipid Peroxidation. Methods Enzymol. 1978, 52, 302-310. [CrossRef] [PubMed]

Beauchamp, C.; Fridovich, I. Superoxide Dismutase: Improved Assays and an Assay Applicable to Acrylamide Gels. Anal.
Biochem. 1971, 287, 276-287. [CrossRef] [PubMed]

Johansson, L.H.; Borg, L.A. A Spectrophotometric Method for Determination of Catalase Activity in Small Tissue Samples. Anal.
Biochem. 1988, 174, 331-336. [CrossRef]

Habig, W.H.; Pabst, M.].; Jakoby, W.B. Glutathione S-Transferases. The First Enzymatic Step in Mercapturic Acid Formation. J.
Biol. Chem. 1974, 249, 7130-7139. [CrossRef] [PubMed]

De Coen, W.M,; Janssen, C.R. The Use of Biomarkers in Daphnia Magna Toxicity Testing. IV. Cellular Energy Allocation: A New
Methodology to Assess the Energy Budget of Toxicant-Stressed Daphnia Populations. J. Aquat. Ecosyst. Stress Recovery 1997, 6,
43-55. [CrossRef]

Farag, M.A.; Ryu, C.-M.; Sumner, L.W,; Paré, PW. GC-MS SPME Profiling of Rhizobacterial Volatiles Reveals Prospective Inducers
of Growth Promotion and Induced Systemic Resistance in Plants. Phytochemistry 2006, 67, 2262-2268. [CrossRef]

Chong, J.; Soufan, O.; Li, C.; Caraus, I; Li, S.; Bourque, G.; Wishart, D.S.; Xia, ]. MetaboAnalyst 4.0: Towards More Transparent
and Integrative Metabolomics Analysis. Nucl. Acids Res. 2018, 46, 486—494. [CrossRef] [PubMed]

Audrain, B.; Létoffé, S.; Ghigo, J.-M. Airborne Bacterial Interactions: Functions Out of Thin Air? Front. Microbiol. 2015, 6, 1476.
[CrossRef]

Tyc, O.; Zweers, H.; de Boer, W.; Garbeva, P. Volatiles in Inter-Specific Bacterial Interactions. Front. Microbiol. 2015, 6, 166507.
[CrossRef] [PubMed]

Hou, Q.; Keren-Paz, A.; Korenblum, E.; Oved, R.; Malitsky, S.; Kolodkin-Gal, I. Weaponizing Volatiles to Inhibit Competitor
Biofilms from a Distance. Npj Biofilms Microbiomes 2021, 7, 2. [CrossRef]


https://doi.org/10.1016/j.gexplo.2015.01.001
https://doi.org/10.1016/j.copbio.2005.02.006
https://doi.org/10.1242/jeb.037473
https://doi.org/10.1016/j.advwatres.2006.05.025
https://doi.org/10.1039/b507392h
https://www.ncbi.nlm.nih.gov/pubmed/17653361
https://doi.org/10.1080/17550874.2014.917737
https://doi.org/10.1007/s00253-008-1760-3
https://www.ncbi.nlm.nih.gov/pubmed/19020812
https://doi.org/10.1007/s10886-013-0306-z
https://doi.org/10.3390/antiox11112303
https://www.ncbi.nlm.nih.gov/pubmed/36421489
https://doi.org/10.1038/nrmicro1383
https://doi.org/10.1038/s41467-019-12027-6
https://www.ncbi.nlm.nih.gov/pubmed/31511505
https://doi.org/10.3389/fmicb.2021.725403
https://doi.org/10.1016/j.scitotenv.2018.06.399
https://doi.org/10.1038/nprot.2017.023
https://www.ncbi.nlm.nih.gov/pubmed/28617451
https://doi.org/10.1038/ncomms2789
https://www.ncbi.nlm.nih.gov/pubmed/23651997
https://doi.org/10.1016/S0021-9258(18)73134-7
https://doi.org/10.1016/j.ab.2014.04.034
https://www.ncbi.nlm.nih.gov/pubmed/24814294
https://doi.org/10.1016/S0076-6879(78)52032-6
https://www.ncbi.nlm.nih.gov/pubmed/672633
https://doi.org/10.1016/0003-2697(71)90370-8
https://www.ncbi.nlm.nih.gov/pubmed/4943714
https://doi.org/10.1016/0003-2697(88)90554-4
https://doi.org/10.1016/S0021-9258(19)42083-8
https://www.ncbi.nlm.nih.gov/pubmed/4436300
https://doi.org/10.1023/A:1008228517955
https://doi.org/10.1016/j.phytochem.2006.07.021
https://doi.org/10.1093/nar/gky310
https://www.ncbi.nlm.nih.gov/pubmed/29762782
https://doi.org/10.3389/fmicb.2015.01476
https://doi.org/10.3389/fmicb.2015.01412
https://www.ncbi.nlm.nih.gov/pubmed/26733959
https://doi.org/10.1038/s41522-020-00174-4

Antioxidants 2024, 13, 565 15 of 15

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Groenhagen, U.; Baumgartner, R.; Bailly, A.; Gardiner, A.; Eber], L.; Schulz, S.; Weisskopf, L. Production of Bioactive Volatiles by
Different Burkholderia Ambifaria Strains. . Chem. Ecol. 2013, 39, 892-906. [CrossRef]

Kehe, J.; Ortiz, A.; Kulesa, A.; Gore, ].; Blainey, P.C.; Friedman, J. Positive Interactions Are Common among Culturable Bacteria.
Sci. Adv. 2021, 7, eabi7159. [CrossRef]

Bhattacharyya, S.; Walker, D.M.; Harshey, R.M. Dead Cells Release a “Necrosignal’ That Activates Antibiotic Survival Pathways
in Bacterial Swarms. Nat. Commun. 2020, 11, 4157. [CrossRef] [PubMed]

Audrain, B.; Farag, M.A.; Ryu, C.-M.; Ghigo, ].-M. Role of Bacterial Volatile Compounds in Bacterial Biology. FEMS Microbiol. Rev.
2015, 39, 222-233. [CrossRef]

Corre, M.-H.; Mercier, A.; Bouteiller, M.; Khalil, A.; Ginevra, C.; Depayras, S.; Dupont, C.; Rouxel, M.; Gallique, M.; Grac, L.; et al.
Bacterial Long-Range Warfare: Aerial Killing of Legionella Pneumophila by Pseudomonas Fluorescens. Microbiol. Spectr. 2021, 9,
10-1128. [CrossRef]

Lemire, J.; Alhasawi, A.; Appanna, V.P; Tharmalingam, S.; Appanna, V.D. Metabolic Defence against Oxidative Stress: The Road
Less Travelled so Far. J. Appl. Microbiol. 2017, 123, 798-809. [CrossRef]

Garbeva, P,; Hordijk, C.; Gerards, S.; De Boer, W. Volatile-Mediated Interactions between Phylogenetically Different Soil Bacteria.
Front. Microbiol. 2014, 5, 289. [CrossRef] [PubMed]

Dong, T.G.; Dong, S.; Catalano, C.; Moore, R.; Liang, X.; Mekalanos, J.J. Generation of Reactive Oxygen Species by Lethal Attacks
from Competing Microbes. Proc. Natl. Acad. Sci. USA 2015, 112, 2181-2186. [CrossRef] [PubMed]

Cardoso, P; Santos, M.; Freitas, R.; Rocha, S.M.; Figueira, E. Response of Rhizobium to Cd Exposure: A Volatile Perspective.
Environ. Pollut. 2017, 231, 802-811. [CrossRef] [PubMed]

Pierson, L.S.; Maier, R M.; Pepper, I.L. Microbial Communication. In Environmental Microbiology; Elsevier: Amsterdam, The
Netherlands, 2015; pp. 461-481. [CrossRef]

Abis, L.; Loubet, B.; Ciuraru, R.; Lafouge, F.; Houot, S.; Nowak, V.; Tripied, ]J.; Dequiedt, S.; Maron, P.A.; Sadet-Bourgeteau, S.
Reduced Microbial Diversity Induces Larger Volatile Organic Compound Emissions from Soils. Sci. Rep. 2020, 10, 6104. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10886-013-0315-y
https://doi.org/10.1126/sciadv.abi7159
https://doi.org/10.1038/s41467-020-17709-0
https://www.ncbi.nlm.nih.gov/pubmed/32814767
https://doi.org/10.1093/femsre/fuu013
https://doi.org/10.1128/spectrum.00404-21
https://doi.org/10.1111/jam.13509
https://doi.org/10.3389/fmicb.2014.00289
https://www.ncbi.nlm.nih.gov/pubmed/24966854
https://doi.org/10.1073/pnas.1425007112
https://www.ncbi.nlm.nih.gov/pubmed/25646446
https://doi.org/10.1016/j.envpol.2017.08.067
https://www.ncbi.nlm.nih.gov/pubmed/28865386
https://doi.org/10.1016/B978-0-12-394626-3.00020-X
https://doi.org/10.1038/s41598-020-63091-8
https://www.ncbi.nlm.nih.gov/pubmed/32269288

	Introduction 
	Materials and Methods 
	Bacterial Cultures 
	Experimental Conditions 
	Biochemical Analysis 
	Extraction 
	Protein Content 
	Protein Carbonylation 
	Lipid Peroxidation 
	Superoxide Dismutase 
	Catalase 
	Glutathione S-Transferases 
	Electron Transport System 

	Volatiles Released by Rhizobium sp. E20-8 
	Data Analysis 

	Results 
	Mutual Airborne Influence of a Bacterial Strain Exposed to Different Conditions Varied among Bacterial Genera 
	The Volatiles Produced by Rhizobium Grown in Cd Influenced Distinctly the Growth of 13 Bacterial Strains 
	The Antioxidant and Biotransformation Mechanisms Seem to Be Induced in Strains That Grew Less and to Be Reduced in Those That Grew More in the Presence of Rhizobium Volatiles (Rz VOCs) 
	Changes in Cell Metabolism Seem to Be Inversely Related to the Influence of Rz VOCs on Growth 
	Strains with Lower Growth Evidenced Higher Membrane and Protein Damage 
	Most Biochemical Changes Were Highly Correlated with Strains That Grew Less under the Influence of Rz VOCs 
	Exposure to Cd Alters Rhizobium Volatilome 

	Discussion 
	Conclusions 
	References

