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Azotobacter vinelandii AEIV volatiles protect 
Arabidopsis seedlings from zinc damage of roots via 
an abscisic acid crosstalk

Instituto de Biotecnología, Uiversidad Nacional Autonoma de México. Av. Universidad 2001, Chamilpa, 62210. Cuernavaca, 
Morelos.

Abstract
Heavy metal pollution (i.e., lead, arsenic, copper, zinc) causes stress in plants, affecting their growth and development. 
Azotobacter vinelandii strains have attracted considerable interest due to their ability to fix nitrogen, produce biodegradable 
biopolymers, and promote plant growth. In this study, the effect of high zinc (Zn) concentrations on Arabidopsis thaliana 
growth in vitro, alone and in interaction with A. vinelandii AEIV was evaluated. Notably, the communication mediated by 
bacterial-emitted volatiles exerted a protective effect against Zn-induced damage in internal root tissues and influenced the 
abscisic acid (ABA) response. These findings suggest that A. vinelandii AEIV helps the plant to cope with the damaging effects 
of heavy metals and influences ABA signaling pathways.
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 Introduction

Plants, as sessile organisms, are unable to escape unfavor-
able environmental conditions, therefore, they remain at 
the site of germination until life cycle completion under 
adverse conditions such as drought, pollution, or diseases 
caused by phytopathogens. To survive and adapt, plants 
have evolved complex tolerance mechanisms that are fur-
ther supported by the interactions with microorganisms 
colonizing leaves, flowers, and especially roots, or inhabit-
ing internal tissues as endophytes. Although some of these 
microorganisms may be pathogenic, most are beneficial, 
contributing to growth under limiting conditions and/or 
strengthening the immune system (Pantigoso et al., 2022).

Plant Growth-Promoting Bacteria (PGPB) act as pro-
biotic microorganisms via multiple mechanisms, includ-
ing enhanced nutrient uptake, atmospheric nitrogen (N) 
fixation, and the production of antimicrobial compounds 
(Hasan et al., 2024). PGPB therefore represent a promis-
ing alternative for achieving sustainable agriculture under 
increasingly restrictive environmental conditions such as 
nutrient deficiency. Nitrogen (N) is a macronutrient re-
quired in large amounts by plants owing to its essential 
role as a constituent of amino acids, nucleic acids and a 
wide range of metabolites. However, its availability in 
soils is often limited, leading to the widespread use of fer-
tilizers to sustain agricultural productivity (Barney, 2024). 

N-fixing bacteria such as Azotobacter vinelandii 
may contribute to the nutritional requirements of crops 

(Yoshida et al., 2022).  In addition, this bacterium produces 
plant growth-regulating compounds (phytohormones), 
including auxins, gibberellins, and cytokinins (Aasfar et 
al., 2021), and mitigates damage caused by heavy-metal 
toxicity and high soil salinity (Das, 2019; Sahoo et al., 
2021).

Plant responses to biotic and abiotic stressors are 
complex and multifactorial. In this context, Arabidopsis 
thaliana has been helpful towards elucidating diverse 
biological processes and generating knowledge that can 
be extrapolated to crop species. This species, which is 
closely related to mustard and cauliflower, has several 
advantageous characteristics, including a small size, a 
short life cycle, and high seed production. In addition, A. 
thaliana possesses a small, fully annotated genome, which 
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facilitates genetic analyses (https://abrc.osu.edu/) (Ferjani 
et al., 2023). Among the available genetic resources, 
reporter lines are particularly valuable for studying genes, 
proteins, and regulatory processes involved in stress 
responses (Miki y McHugh, 2004). 

Heavy metals may be present naturally in most 
ecosystems; however, their accumulation as a result of 
anthropogenic activities presents serious environmental 
and health risks because they are neither chemically nor 
biologically degradable and tend to move through trophic 
chains (Shaffique et al., 2023). Metals such as arsenic (As), 
lead (Pb), and mercury (Hg) have no known biological 
function and are toxic even at low concentrations. In 
contrast, others, such as copper (Cu) and zinc (Zn), are 
essential micronutrients at nanomolar or micromolar 
concentrations but become toxic to plants when present in 
excess (Nakayama et al., 2020). Optimal Zn concentrations 
in plant tissues typically range from 15 to 50 mg/kg dry 
weight, however, mining and metallurgical activities can 
increase Zn levels to more than 400 mg/kg dry weight in 
contaminated soils (Bazihizina et al., 2014). Such elevated 
concentrations inhibit plant growth, induce leaf chlorosis, 
and promote oxidative damage (Stuiver et al., 2014; Gong 
et al., 2020).

Proper plant development and adaptation to stress 
depend on the coordinated balance among multiple phyto-
hormones and signaling pathways. Auxins, cytokinins, and 
gibberellins orchestrate growth and development, whereas 
jasmonic acid and salicylic acid mediate responses to bi-
otic stress. In contrast, abscisic acid (ABA) is primarily 
associated with tolerance to abiotic stress. ABA is synthe-
sized in chloroplasts, where photosynthesis occurs, and 
this process is directly affected by heavy-metal stress. This 
relationship suggests that reduced photosynthetic activity 
may trigger stress-responsive gene expression (Ng et al., 
2014; Felemban et al., 2019; Lim et al., 2022). Based on 
this framework, we hypothesized that A. vinelandii AEIV 
is a PGPB capable of enhancing plant tolerance to high Zn 
levels. To test this hypothesis, our objectives were: (1) to 
establish a reliable plant–bacterium–heavy metal interac-
tion system and (2) to explore the role of phytohormones 
in the response to Zn-induced abiotic stress.

 Materials and methods

 Biological material and chemical reagents
Wild-type A. thaliana seeds from Columbia (Col-0) and 
Wassilewskija (Ws) ecotypes were used, together with the 
ABA-insensitive mutant line abi5, which lacks expression 
of the ABI5 transcription factor (Finkelstein et al., 2000), 

as well as the ABA reporter lines pABI5::GUS (López-
Molina et al., 2001) and the cellular damage reporter line 
pERF115::GUS:GFP (Heyman et al., 2016). The bacterial 
strain used in this study was A. vinelandii AEIV (Larsen 
y Haugh 1971; Nuñez et al., 2013), which is deposited 
in a microbial collection (Colección Nacional de Cepas 
Microbianas y Cultivos Celulares, CINVESTAV) with the 
code CDBB-B-1529.

Chemical reagents included ZnSO₄·7H₂O (Química 
Meyer); yeast extract, peptone, and bactoagar (BD Bacto); 
sucrose, glucose, HCl, and ethanol (JT Baker); 5-bromo-4-
chloro-3-indolyl-β-D-glucuronide (X-Gluc) and phytoagar 
(Phytotechnology); and ABA, NaH₂PO₄, Na₂HPO₄, EDTA, 
Triton™ X-100, K₃Fe(CN)₆, K₄Fe(CN)₆, KOH, and NaOH 
(Sigma-Aldrich).

 Seed sowing and growth conditions
Seeds were disinfected with 96% (v/v) ethanol and 10% 
(v/v) sodium hypochlorite (commercial bleach) for 4 
minutes each, with agitation at 25 °C. To remove residual 
chlorine, four consecutive washes with sterile deionized 
water were performed. To synchronize germination, seeds 
were stratified at 4 °C for 48 h in darkness. Seeds were 
sown on plates containing MS 0.2x medium solidified with 
phytoagar 1% (w/v), adjusted to pH 7.0 and supplemented 
with 0.6% (w/v) sucrose. For germination (3 days) and 
seedling growth (4 days), plates were sealed with Parafilm 
and incubated vertically in a growth chamber (Percival 
CU41L4) under conditions of 22 °C and a 16/8 h light/
dark photoperiod.

The A. vinelandii AEIV strain was preserved at 
−80 °C in liquid PY medium (0.3% yeast extract, 0.5% 
peptone, and 2% sucrose (w/v)) supplemented with 25% 
(v/v) glycerol. For activation, the strain was inoculated 
into 3 mL of PY medium and incubated at 30 °C and 250 
rpm for 24 h. Then, 100 µL of this culture were spread on a 
plate with PY medium solidified with bactoagar 1% (w/v) 
to isolate a single colony, which was used to prepare a 
liquid culture until the desired concentration was reached. 
Initially, bacterial inoculum concentrations of 1 × 105 to 1 
x 109 cells/mL were tested, but since an inoculum of 1 × 
105 showed limited growth, while all other concentrations 
(1 x 106, 1 x 107, 1 x 108 and 1 x 109) showed similar 
growth in the three plant-bacteria interaction systems, all 
reported experiments were performed with an inoculum of 
1 x 108 cells/mL.

 A. thaliana – A. vinelandii AEIV interaction systems
Three plant–bacterium interaction systems were imple-
mented using Petri plates: (1) Direct Contact (DC), (2) 
Diffusible plus Volatile Compounds (DiVo), and (3) Vola-
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tile Compounds (CoVo). Briefly, Petri dishes were divided 
into three (DC) or two sections (DiVo) with a previously 
disinfected 2 cm wide glass plate, whereas factory-divid-
ed Petri dishes were used for CoVo. In all cases, the bac-
terium was grown on solid PY medium, while seedlings 
were grown on solid MS 0.2x medium. In all systems, the 
bacterial inoculum consisted of 10 µL of a culture contain-
ing 1 × 10⁸ cells/mL of A. vinelandii AEIV (treatment) or 
10 µL of liquid PY medium (control). Inoculated plates 
were incubated for 48 h at 30 °C to promote bacterial 
growth, after which 4-day-old A. thaliana seedlings were 
transferred to the interaction systems. Finally, plates were 
sealed with Parafilm and maintained vertically in a plant 
growth chamber (22 °C, 16 h light/8 h darkness photoperi-
od) for 6 additional days.

 Zn and ABA assays
For Zn experiments, a 100 mM ZnSO₄·7H₂O stock solu-
tion was used to prepare 0.2x MS medium supplemented 
with 100, 200, and 300 µM of the heavy metal. For control 
treatments, the media were prepared with the correspond-
ing microliters of the solvent solution equivalent to the 
highest Zn concentration. At the time of seedling transfer, 
the position of each root tip was marked, and the plates 
were incubated under the described growth conditions for 
6 days, after which phenotypic parameters were measured. 
For the ABA experiment, 1 mL of a 100 mM stock solu-
tion was prepared using the same solvent employed for 
zinc sulfate, from which dilutions were made to obtain a 
final concentration of 15 µM.

Evaluation of phenotypic parameters
Nine phenotypic parameters were evaluated using 18 
individuals at 10 days after germination (4 days at the time 
of transfer + 6 days of exposure to Zn with or without 
bacterial interaction), as follows: primary root growth (cm) 
and rosette diameter (cm) were measured using a ruler. 
The number of lateral roots and leaves was counted under 
a stereomicroscope (Olympus SZ40), and the length of the 
longest lateral root was measured. Biomass (fresh weight) 
was quantified using an analytical balance (Ohaus PX124), 
six seedlings per plate/treatment were used to record total 
biomass; roots were excised to obtain shoot biomass, and 
root biomass as total biomass − shoot biomass difference.

 β-glucuronidase (GUS) histochemical activity
Seedlings were incubated overnight at 37 °C in reaction 
buffer [1 mg/mL X-Gluc; 50 mM NaH₂PO₄; 50 mM 
Na₂HPO₄; 10 mM EDTA; 0.1% (v/v) Triton™ X-100; 2 
mM K₃Fe(CN)₆; 2 mM K₄Fe(CN)₆], with the pH adjusted to 
7. To assess enzymatic activity, seedlings were transferred 

to 1 mL of acidic solution (0.2 M HCl; 20% (v/v) CH₃OH) 
and incubated for 50 minutes at 62 °C. The solution was 
replaced with 1 mL of basic solution (7% (w/v) NaOH; 
60% (v/v) CH₃CH₂OH), where seedlings were kept for 
20 minutes at room temperature. Subsequently, seedlings 
were subjected to successive washes with 40, 20, and 10% 
(v/v) ethanol solutions for 20 minutes each. As a final 
step, the 10% ethanol solution was replaced with 50% 
(v/v) glycerol for seedling preservation. Seedlings were 
mounted in manually designed chambers (glass slides, 
coverslips, Parafilm, and clear nail polish) and observed 
under a bright-field microscope (AmScope T490B) 
equipped with a camera to obtain digital images.

 Results

 In vitro plant-bacteria interaction systems
The effects of plant growth-promoting bacteria are highly 
dependent on the inoculation system. The interaction of 
Arabidopsis with A. vinelandii has not previously been 
analyzed; therefore, a combined culture medium suitable 
for both bacterial growth (PY) and plant growth (MS) 
was designed to evaluate bacterial and plant growth using 
three different interaction systems: Direct Contact (DC), 
Diffusible plus Volatile Compounds (DiVo), and Volatile 
Compounds (CoVo).

In the three interaction systems, the effects of the 
bacterium were evaluated on root biomass, shoot biomass, 
total biomass, leaf number, shoot diameter, primary root 
growth, number of lateral roots, and the length of the 
longest lateral root. In the DC system (Figure 1a), the 
bacterium did not exert a plant growth–promoting effect; 
instead, key growth parameters such as total biomass 
and primary root growth were significantly reduced in 
the presence of the bacterium (data not shown). This 
unexpected growth inhibition was most likely associated 
with excessive bacterial proliferation even overgrowing 
the root system (inoculated at 1 × 10⁸ CFU/mL). Similarly, 
in the DiVo system (Figure 1b), A. vinelandii AEIV also 
failed to show a clear plant growth–promoting effect, as 
bacterial effects were negative for nearly all evaluated 
parameters, except for the number of lateral roots, which 
was the only parameter showing a statistically significant 
increase (data not shown).

In both the DiVo and CoVo systems, the unexpect-
ed inhibition (DiVo) and non-promotion (CoVo) of plant 
growth could be associated with the production of dif-
fusible bacterial compounds that negatively affect root 
growth. The identification of the chemical compounds re-
mains pending.
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 A. vinelandii AEIV produces VOCs that promote 
plant growth
In contrast, when bacterial growth on the plant medium was 
prevented, in the CoVo interaction system, the effects of A. 
vinelandii AEIV were neutral for some growth parameters, 
such as leaf number and shoot diameter, and even negative 
for others, such as the number of lateral roots (data not 
shown); however, some important parameters, including 
primary root growth and total biomass were positively and 
significantly affected (Figure 2).

These results suggest that interaction mediated by 
volatile compounds promoted plant growth, as the phys-
ical separation between both organisms allowed adequate 
bacterial growth in an optimal culture medium, while si-
multaneously preventing diffusion of growth-inhibitory 
compounds into the plant medium and eventual root col-
onization. Nevertheless, the differential effects observed 
among the interaction systems, together with the variable 
impact on individual growth parameters, highlight the 
complexity of plant–microorganism interactions, which 
are still far from being fully understood.

 Effects of zinc on plant development
Evaluation of A. thaliana seedlings grown for 6 days on 
media supplemented with Zn confirmed that this heavy 
metal exerts a dose-dependent negative effect on biomass 
production and primary root growth (Figure 3), with 
statistically significant differences observed at ZnSO₄ 
concentrations between 100 and 300 µM. In addition, 
other growth parameters, including shoot diameter and 
the number of lateral roots, among others, were negatively 
affected (data not shown).

 A. vinelandii AEIV produces volatiles that mitigate 
the cellular damage caused by Zn
To further explore the potential applications of A. 
vinelandii AEIV in promoting plant growth under 
adverse conditions, we investigated whether the volatile 
compounds produced by this strain influence the growth 
of A. thaliana under Zn stress. Seedling growth was 
evaluated in the CoVo interaction system under control 
conditions (without Zn and without bacteria) and under 
Zn exposure (ZnSO₄ 0 to 300 µM) in the presence of 
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Figure 1. In vitro interaction systems between A. thaliana and A. vinelandii AEIV. (a) Direct Contact (DC), (b) Diffusible plus Volatile 
compounds (DiVo), and (c) Volatile Compounds (CoVo). Upper panels: control conditions; lower panels: interaction with A. vinelandii AEIV. MS: 
medium for A. thaliana; PY: medium for A. vinelandii AEIV. N = 18. Scale bar = 1 cm.
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the bacterium. Under these conditions, bacterial volatile 
compounds did not significantly modify the effects of Zn 
on total biomass or primary root growth of A. thaliana 
(Figure 4a, b). However, using a cellular damage reporter 
line (pERF115::GUS:GFP), we found that exposure to 
300 µM ZnSO₄ caused cellular damage in the primary root 
of A. thaliana. Notably, volatile compounds produced by 
A. vinelandii AEIV mitigated the cellular damage induced 
by exposure to this heavy metal (Figure 4c).

 ABA is a phytohormone involved in plant responses to 
Zn
Arabidopsis reporter lines for different plant growth 
regulators were used to identify signaling pathways 
involved in A. thaliana responses to Zn exposure. Among 
the lines tested, pABI5::GUS showed clear changes in 
expression pattern and intensity in response to Zn (Figure 
5a), indicating the involvement of ABA signaling in the 
response to this heavy metal. This result was not entirely 
unexpected, since ABA is a key phytohormone involved 
in plant responses to abiotic stress, such as heavy metal 
exposure (Hu et al., 2022). Specifically, the reporter line 
revealed strong activation of the ABI5 gene promoter 
in the roots of Zn-exposed seedlings. ABI5 encodes a 
transcription factor regulating ABA-responsive genes 
involved in seed germination and abiotic stress responses 
(Skubacz et al., 2016). Notably, promoter activity at 300 
µM ZnSO₄ reached levels comparable to those induced by 
15 µM ABA (Figure 5a).

Based on the results obtained with the pABI5::GUS 
reporter line, we next evaluated the direct involvement 
of ABI5 in response to Zn using the ABA-insensitive 
mutant abi5, which displays a longer primary root than 

its wild-type counterpart (Wassilewskija/Ws) (Figure 
5b). Interestingly, the growth of this mutant, evaluated 
by the percentage of total biomass accumulation (Figure 
5c), was less sensitive to Zn exposure, further supporting 
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Figure 2. Effects of A. vinelandii AEIV volatiles on A. thaliana 
growth in the CoVo interaction system. (a) Primary root length 
(cm). (b) Total biomass (mg). Seedlings were grown under conditions 
in which bacterial growth on the plant medium was prevented. Data 
represent mean ± SE (N = 18). Different letters indicate statistically 
significant differences between treatments (Student’s t test; p ≤ 0.05).
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the involvement of the ABA signaling pathway, and 
specifically ABI5, in plant responses to this heavy metal.

 Volatiles produced by A. vinelandii AEIV affect the 
ABA signaling pathway
We next used the pABI5::GUS reporter line to assess 
the effects of ZnSO₄ in the CoVo interaction system, in 
which the volatile compounds produced by A. vinelandii 
AEIV may influence ABA signaling. The results shown in 
Figure 6 reveal that under Zn treatment, bacterial volatile 
compounds promoted ABI5 gene expression along the 
root tip. This result provides evidence that the effects of A. 
vinelandii AEIV volatiles on plant responses to Zn involve 
the ABA signaling pathway, in which ABI5 plays a central 
role.

 Discussion

Plant growth-promoting bacteria (PGPB) influence plant 
development through multiple mechanisms, both direct-
ly and indirectly, including enhanced nutrient availabili-
ty, phytohormone production, synthesis of antimicrobial 
compounds and emission of inorganic/organic volatile 
compounds that reinforce plant immune responses (Mon-
dal et al., 2025; Srikamwang et al., 2023). Another key as-
pect of PGPB is the modulation of root architecture, such 
as increasing root biomass through the formation of lateral 
roots and/or root hairs, thereby improving soil exploration 
and water and nutrient acquisition. Additionally, PGPB 
can promote shoot development (i.e., more and larger 
leaves), allowing increased photosynthetic area (Mantua-
no et al., 2021; Liu et al., 2023).

Azotobacter is a genus of free-living Gram-negative 
bacteria that has long been used as a biofertilizer due to its 
nitrogen fixation capacity, converting atmospheric N gas 
into ammonia (NH3) available for plant uptake (Sumbul et 
al., 2020; Barney, 2024). Species such as A. vinelandii also 
produce phytohormones (auxins, gibberellins, cytokinins) 
and biopolymers such as alginate (extracellular) and poly-
β-hydroxybutyrate (PHB; intracellular), which contribute 
to plant growth promotion. Notably, alginates contain 
negatively charged functional groups capable of adsorbing 
positively charged metal ions, including Zn and other 
heavy metals, thereby reducing their bioavailability and 
toxicity under adverse conditions (Burciaga-Montemayor 
et al., 2020).

Zinc is an essential micronutrient for plants, acting 
as a cofactor for various enzymes involved in key met-
abolic processes such as photosynthesis, plant hormone 
regulation, nucleic acid synthesis, and fruit/seed produc-
tion/maturation. Indeed, a computational analysis in A. 
thaliana identified over 1,000 proteins that bind, transport, 
or require Zn. However, as is the case with all heavy met-
als, excess Zn becomes toxic and negatively affects plant 
growth. In fact, Zn concentrations of 300 μM in the culture 
medium repress A. thaliana seed germination, induce leaf 
chlorosis, restrict root growth, and promote abnormal root 
hair formation (Fukao et al., 2011; Assunção, 2022). In 
addition, excessive Zn in soils can disrupt the uptake of 
other essential nutrients, such as phosphorus, magnesium, 
and manganese, due to competitive interactions at the root 
level (Amezcua y Lara, 2017; Kaur y Garg, 2021).

Under heavy metal stress, plants activate multiple 
adaptive responses including, (1) enhancement of 
antioxidant system, (2) accumulation of osmoregulatory 
compounds, (3) modulation of photochemical systems, (4) 
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restriction of metal uptake and translocation, (5) regulation 
of endogenous hormone levels, (6) reprogramming of gene 
expression, and (7) adjustment of plant-microorganism 
interactions (Feng et al., 2023). Therefore, understanding 
how plants respond to high Zn concentrations at different 
stages of plant development is essential for implementing 
strategies to mitigate its harmful effects.

In this study, we established a plant-bacteria-heavy 
metal interaction system (A. thaliana-A. vinelandii-Zn) to 
evaluate the potential contribution of a free-living nitrogen-
fixing PGPB in enhancing plant tolerance to Zn stress. The 
results showed that in two of the three interaction systems 
implemented (direct contact and diffusible plus volatile 

compounds), between A. thaliana-A. vinelandii has a 
negative effect on plant growth. This unexpected outcome 
is likely associated with the high bacterial inoculum, 
which may have led to strong competition for nutrients in 
the rhizosphere and/or exacerbated stress-related signaling 
due to the combined presence of bacteria and Zn. It is also 
important to note that since the Zn concentrations used 
in this study negatively affected the growth of both A. 
thaliana and A. vinelandii, the contribution of diffusible 
compounds produced by the bacteria in response to Zn 
stress that affect plant growth cannot be excluded. 

In contrast, when only volatile-mediated interaction 
was allowed, A. vinelandii AEIV exerted a positive ef-
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18). Average values for each treatment are shown within the bars, and the letters above the bars indicate statistically significant differences between 
them (one-way ANOVA followed by Tukey’s test; p ≤ 0.05).
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fect on certain plant growth parameters. This observation 
led us to focus on this system to further investigate plant 
responses to Zn in the presence and absence of bacterial 
volatiles. Microorganisms are known to produce volatile 
compounds as products of their primary and secondary 
metabolism, and these compounds can stimulate plant 
growth, induce systemic resistance, or inhibit microbial 
competitors (Chandrasekaran et al., 2022). In terms of 
plant health, volatiles produced by PGPB participate in 
plant-microorganism communication, modulating meta-
bolic pathways and regulating the plant’s defense respons-
es (Rani et al., 2023).

Although A. vinelandii AEIV volatiles did not sig-
nificantly alleviate the negative effects of Zn on overall 
A. thaliana growth, they did mitigate Zn-induced cellular 
damage in root tissues. This suggests that their primary 
role may not be direct growth promotion under stress, but 
rather modulation of stress responses. The cellular dam-
age most frequently associated with heavy metal stress 
includes excessive ROS accumulation, lipid peroxidation 
of membranes, loss of membrane integrity, and alterations 
of the photosynthetic apparatus. Several mechanisms, in-

cluding preservation of membrane integrity, maintenance 
of photosynthetic activity, and modification of ROS avail-
ability/accumulation through increased expression/activi-
ty of antioxidant enzymes (SOD, APX, CAT), have been 
proposed regarding the potential contribution of PGPB to 
mitigating these effects (Ajmal et al., 2022; Wang et al., 
2022). The mechanism by which A. vinelandii AEIV helps 
plants to mitigate zinc-induced cellular damage remains to 
be demonstrated. 

In this context, our results indicate that Zn exposure 
activates an ABA-mediated signaling pathway, which is 
further influenced by bacterial volatiles. Specifically, the 
induction of ABI5 gene expression, which encodes a tran-
scription factor involved in ABA signaling, was observed 
under Zn stress. Since ABI5 is known to regulate the 
expression of genes associated with senescence (SGR1, 
NYC1) and energy storage (i.e., DGAT1), its overexpres-
sion could be related to growth limitation in response to 
Zn exposure (Hu et al., 2022; Skubacz et al., 2016). 

To further support this proposal, the abi5 mutant was 
included in the analysis of the Zn response. The reduced 
sensitivity of the abi5 mutant to Zn further supports the 
central role of this transcription factor in mediating plant 
responses to heavy metal stress. Moreover, the enhanced 
expression of ABI5 in the presence of A. vinelandii AEIV 
volatiles suggests that the bacterium modulates the A. 
thaliana ABA signaling pathway to cope with Zn exposure. 
These findings indicate that bacterial volatiles may 
function primarily as regulators of plant stress signaling 
rather than as direct protective agents against Zn toxicity. 

Collectively, our results reveal the complexity of 
plant-microorganism-metal interactions and suggest that 
A. vinelandii AEIV contributes to plant adaptation to Zn 
stress through modulation of hormonal signaling path-
ways. In this context, ABI5 emerges as a key negative 
regulator of growth under Zn stress, and its manipulation 
could represent a potential biotechnological strategy to 
improve plant tolerance to heavy metals. 

 Conclusion

The results of this research provide evidence that plant 
tolerance to heavy metals such as Zn is a complex trait that 
depends on the nature of plant-microorganism interaction, 
as well as on hormonal signaling and associated changes 
in gene expression. In this scenario, modulation of genes 
such as ABI5, together with the use of volatile-producing 
PGPBs represent a promising strategy for developing 
crops with improved tolerance to polluted environments.
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Figure 6. Effects of A. vinelandii AEIV volatiles on ABA signaling 
in A. thaliana under Zn stress. (a) Expression of the pABI5::GUS 
reporter in root tips of A. thaliana seedlings exposed to ZnSO₄ (0 or 
300 µM) in the presence or absence of A. vinelandii AEIV volatiles 
(CoVo system). Images were acquired at 20× magnification (scale bar 
= 100 µm). N = 12. (b) Quantification of reporter activity (arbitrary 
units, A.U.) based on the images shown in (a). Data represent mean 
± SE (N = 3 for controls and N = 6 for treatments). Different letters 
indicate statistically significant differences among treatments (one-way 
ANOVA followed by Tukey’s test; p ≤ 0.05).
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