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a b s t r a c t 

Salinity is one of the causes that limit crop production. Plant Growth Promoting Rhizobacteria 

(PGPR) are beneficial soil bacteria that play a significant role in promoting plant growth. These 

microorganisms can produce their effect through the emission of Volatile Organic Compounds 

(VOCs). Most of the research to study the effects of microbial VOCs on plant growth has been 

carried out under controlled conditions using partitioned Petri dishes. In this article, we describe 

an alternative method that has the advantage of allowing long-term trials, being able to let the 

plant have a greater development in growth and height, without space limitation. In the proposed 

method, M. piperita were planted in glass jars containing Murashige and Skoog solid media, with 

a small glass vial containing Hoagland media inserted into the jar. This small vial was inoculated 

with the specified bacterium and served as the source of bacterial volatiles. This way plants were 

exposed to mVOCs without having any physical contact with the rhizobacteria. 

• The procedure allows studying the effect of microbial VOCs on plant growth. 

• It also allows longer trials, being able to let the plant develop more without space limitation. 
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Table 1 

Medium Luria Bertani (LB) [2] . 

NaCl 5 g 

Yeast extract 5 g 

Triptein 10 g 

Distilled water 1000mL 

Table 2 

Murashige and Skoog medium [3] . 

Macronutrients Micronutrients 

NH 4 NO 3 1650 mg H 3 BO 3 6,2 mg 

KNO 3 1900 mg MnSO 4 x 4H 2 O 15,17 mg 

MgSO 4 x 7H 2 O 370 mg ZnSO 4 x 4H 2 O 6,98 mg 

KH 2 PO 4 170 mg Na 2 MoO 4 x 2H 2 O 0,25 mg 

CaCl 2 x 2H 2 O 440 mg CuSO 4 x H 2 O 0,016 mg 

Na 2 EDTA 37,3 mg CoCl 2 x 6H 2 O 0,025 mg 

FeSO 4 x 7H 2 O 27,8 mg IK 0,83 mg 

Myo-inositol 100 mg Hormones 

Thiamine HCl 0,1 mg Naphthalene Acetic Acid 0,025 mg 

Pyridoxine HCl 0,5 mg Indolebutyric acid 0.66 mg 

Nicotinic Acid 0,5 mg 

Biotin 0,01 mg 

Other Compounds 

Glycine 2 mg 

Sucrose 30 g 

Agar 7 g 

Distilled water 1000mL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Method details 

Bacterial cultures 

Bacillus amyloliquefaciens GB03 (originally described as Bacillus subtilis GB03) [1] strain was grown on LB (Luria-Bertani) 

medium [2] ( Table 1 ) for routine use and maintained in nutrient broth with 15% glycerol at − 80 °C for storage. The bacterial

culture was grown overnight at 30 °C and centrifuged at 120 rpm, washed twice in 0.9% NaCl by Eppendorf centrifugation (4300 g,

10 min, 4 °C), re-suspended in sterile water, and adjusted to a final concentration of ∼10 9 CFU/mL for use as an inoculum. 

Plant micropropagation 

Young shoots from Mentha piperita were surface-disinfected by being soaked for 1 min in 17% sodium hypochlorite solution

and rinsed 3 x in sterile distilled water. Disinfected shoots were cultured in 100 mL Murashige and Skoog culture medium (MS)

[3] ( Table 2 ) containing 0.7%(w/v) agar and 3%(w/v) sucrose. pH adjusted to 5.6–5.8 using concentrated HCl (1 M). 

After 30 days, apical meristems with foliar primordia, not showing contamination, were aseptically removed from terminal buds 

of shoots obtained in the previous step. Explants were cultured in test tubes, in 40 mL MS medium with 0.66 mg/L indolebutyric acid

(IBA) and 0.025 mg/L naphthalene acetic acid (NAA) [4] . 

Plantlets obtained from tips were multiplied by single node culture and MS medium prior to autoclaving (20 min, 121 °C). Explants

were placed in a growth chamber with controlled conditions of light (16/8-h light/dark cycle), temperature (22 ± 2 °C), and relative

humidity ( ∼70%). 

In vitro exposure to mVOCs 

Glass jars (250 mL) covered with aluminum foil, containing a clear glass vial with flat bottom (10 mL) inside were sterilized in a

stove for 2 cycles of 2 h at 160 °C. Hoagland ( Table 3 ) [5] and Murashige and Skoog (MS) solid media were melted and kept at 25 °C

in a thermostatic water bath. Subsequently, in a laminar flow hood, 3 mL of Hoagland medium supplemented with 0.7% (w/v) agar,

3% (w/v) sucrose and NaCl 0, 75 or 100 mM were introduced into the small glass vial with an automatic pipette (1000–5000 μL).

Inside the glass jar, 50 mL of Murashige and Skoog medium supplemented with 0.7% (w/v) agar, 3% (w/v) sucrose and NaCl 0, 75 or

100 mM were introduced. The media was allowed to solidify. Subsequently, always working in a laminar flow hood, one node from

aseptically cultured M. piperita plantlet were planted on each jar containing solid MS medium. The small vial was inoculated with

50 μL of a bacterial suspension (DO = 1) (5 × 10 7 CFU) [6–7] . Controls were inoculated with 50 μL of sterile distilled water. Plants

were exposed to mVOCs without having any physical contact with the rhizobacteria ( Fig. 1 ). 
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Table 3 

Hoagland’s medium [5] . 

CaCl 2 1M 1 mL Micronutrients 

KCl 1M 1 mL H 3 BO 3 283 mg 

MgSO 4 1M 400 μL MnCl 2 181 mg 

KH 2 PO 4 1M 200 μL ZnCl 2 11 mg 

FeCl 3 1M 200 μL CuSO 4 5 mg 

KNO 3 1M 500 μL Na 2 SO 4 2.5 mg 

Micronutrients 200 μL Distilled water 100 mL 

Distilled water 1000 mL 

Fig. 1. M. piperita were planted and grown in sterilized glass jars containing MS solid media, with a small glass vial containing Hoagland media 

inserted into each 250 mL jar. This small vial was inoculated with the specified bacterium. 
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The glass jars containing plants and bacteria were covered with aluminum foil, sealed with parafilm to avoid contamination, and

placed in a growth chamber under controlled conditions of light (16-h/8-h light/dark cycle), temperature (22 ± 2 °C), and relative

humidity ( ∼ 70%). After 30 days, all plants were collected. 

Salt stress was generated by the addition of NaCl. MS media (plant growth media) and Hoagland media (bacterial growth media)

were supplemented with different salt concentrations: 0, 75, and 100 mM NaCl. For each experimental set, both the plant and bacteria

were grown under the same concentration of NaCl but without contact with each other. 

Treatments 

Salt level concentrations were selected based on previous observations: at lower concentrations (25 and 50 mM), plant growth

was not affected, and at higher levels (125 and 150 mM), the rooting capacity decreased significantly. 

1) Control (Not subjected to NaCl, Non-exposed to microbial VOCs). 

2) Subjected to NaCl 75 mM, Non-exposed to microbial VOCs. 

3) Subjected to NaCl 100 mM, Non-exposed to microbial VOCs. 

4) Not subjected to NaCl, Exposure to microbial VOCs. 

5) Subjected to NaCl 75 mM + Exposure to microbial mVOCs. 
6) Subjected to NaCl 100 mM + Exposure to microbial mVOCs. 
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Plant harvest 

The whole plant was carefully removed from its jar, roots were washed to remove the agar, and the following parameters were

recorded: shoot length, number of leaves, number of nodes, shoot fresh weight, and root dry weight. Harvested material was frozen

in liquid nitrogen and stored at –80 °C until further processing. 

Determination of TPC 

Total water-soluble phenolic content was determined using the Folin-Ciocalteu colorimetric reagent [8] . The following steps were 

performed: the tissue (200 mg) was homogenized in a mortar with 5 ml distilled water (DW), and the homogenate was transferred

to a test tube and incubated for 24 h in the dark (test tube were covered with aluminum foil). Next day, carefully 0.5 ml of the

supernatant plant extract were transferred to a test tube and incorporated 8 ml DW and 0.5 ml of Folin–Ciocalteu reagent. After

5 min, were added 1 ml of Na 2 CO 3 (20%p/v) solution, and after 1 h, the TPC was determined by colorimetry at a wavelength of

760 nm. Finally, the calibration function to estimate the TPC values was used, expressed in terms of mg gallic acid equivalent per g

plant fresh weight (FW). 

To determine the TPC, a calibration curve was produced as follows: different volumes from a standard solution of gallic acid

(1 mg/ml) was taken, and completed with a corresponding amount of DW, after which, the optical density (OD) at a wavelength of

760 nm was determined. the data was ploted and analyzed by regression statistics, using supplied software packages such as Excel. 

Determination of the lipid peroxidation index by quantifying MDA 

Lipid peroxidation refers to the oxidative degradation of lipids, which is the process by which free radicals capture electrons from

the lipids in cell membranes, resulting in cell damage, with this process proceeding by a free radical chain reaction mechanism.

The MDA content was measured following the method of Heath and Packer [9] with some modifications: 50 mg of plant tissue was

homogenized in a mortar with 500 μl of 20% (v/v) trichloroacetic acid (TCA). Then, an equal volume of 0.5% thiobarbituric acid

(TBA) (0.5 g TBA in 100 mL TCA) was added. The homogenate was incubated at 95 °C in a thermostatic bath for 20 min under a

solvent extraction hood, and then was place the samples on ice to stop the reaction. Subsequently, was centrifuged at 15,000 rpm for

15 min at 4 °C, and was record the absorbance of the supernatant at 532 and at 600 nm. The amount of MDA was determined by its

molar extinction coefficient (155 mM − 1 cm − 1) after subtracting the non-specific absorbance at 600 nm from that at 532 nm, with

the result expressed as μmol MDA/g FW (grams of fresh weight). 

Antioxidant activity against DPPH • 

The capacity of radical scavenging in extracts against stable DPPH • (2,2-diphenyl-1-picrylhydrazyl) was determined by the Brand- 

Williams et al. method [10] with minor modifications. The solution was obtained using 200 mg of frozen aerial parts homogenized

in 1 mL of methanol 50%(V/V) which was then incubated in ice for 90 min (vortexed every 30 min) before being centrifuged for

30 min at 15.000 rpm at 4 °C. The supernatant was reserved and diluted in methanol (1:10; V/V), after which, DPPH • 60 μM was

added. The extracts were retained in the dark for 30 min at 4 °C, and the absorbance at 515 nm was measured using an UV–visible

spectrophotometer. A calibration curve was performed using ascorbic acid. The scavenging capacity of the plant extracts was expressed 

as mM ascorbic acid equivalents (AAE) per g fresh weight (mM AEE/ g FW). 

Method validation 

Salinity is an abiotic stress that restricts crop growth due to osmotic and ionic stress [11] . As salinity affects many aspects of the

physiology and metabolism of the plants, the presence of soluble salts has a negative consequence for the plant’s growth by decreasing

the water potential and thus restricting the absorption of water by the roots (osmotic effect). In addition, the absorption of specific

saline ions leads to their accumulation in tissues in concentrations at which they can become toxic and induce physiological disorders

(ionic toxicity) in the plant, with high concentrations of saline ions being able to modify the absorption of essential nutrients and

leading to nutritional imbalances (nutritional effect) [12] . These effects are reflected by a decrease in germination, vegetative growth,

and reproductive development [13] . 

Salinity produces an accumulation of reactive oxygen species (ROS) [12] , which can lead to a deterioration of photosynthetic

pigments, lipid peroxidation, alterations in selective permeability of cell membranes, protein denaturation, and DNA mutations [14] . 

Damage to the cell membrane produces small hydrocarbons such as malondialdehyde (MDA), which is a sign of cell membrane

damage. Plants have protection and repair systems that mitigate ROS damage. In addition, certain species have evolved protective 

mechanisms that include enzymatic and non-enzymatic components [15] . 

We have successfully applied this method to study whether mVOCs emitted by Plant Growth Promoting Rhizobacteria (PGPR) 

have the ability to ameliorate the effects of salt stress in Mentha piperita plants. We subjected M. piperita plants to 3 levels of salt

stress (0, 75, and 100 mM NaCl) and exposed them to VOCs emitted by Bacillus amyloliquefaciens GB03, producing the following

treatments: (1) Control: 0 NaCl, no exposure to mVOCs; (2) subjected to 75 mM NaCl, without exposure to mVOCs; (3) subjected to

100 mM NaCl, without exposure to mVOCs; (4) plants exposed to Bacillus amyloliquefaciens GB03 VOCs; (5), subjected to 75 mM

NaCl + exposure to Bacillus amyloliquefaciens GB03 VOCs or (6) subjected to 100 mM NaCl + exposure to Bacillus amyloliquefaciens
4 
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Table 4 

The effect of mVOCs emitted by plant-growth promoting bacteria Bacillus amyloliq- 

uefaciens GB03 on shoot fresh weight, shoot length, and root dry weight in M. 

piperita plants. Means followed by the same letter within a column are not signifi- 

cantly different according to Fisher’s LSD test (p < 0.05). 

Treatment Shoot fresh weight (mg) Shoot length (cm) Root dry weight (mg) 

0 mM NaCl 

Control 224.94 ± 10.94 b 11.42 ± 0.43 d 2.55 ± 0.38 a 

mVOCs GB03 272.9 ± 11.14 c 10.49 ± 0.46 d 7.33 ± 1.44 c 

75 mM NaCl 

Control 171.23 ± 9.09 a 5.63 ± 0.38 b 3.88 ± 0.46 b 

mVOCs GB03 277.78 ± 18.55 c 6.99 ± 0.32 c 5.95 ± 0.76 c 

100 mM NaCl 

Control 176.57 ± 8.52 a 4.00 ± 0.31 a 4.11 ± 0.46 b 

mVOCs GB03 245.39 ± 23.2 bc 5.97 ± 0.50 bc 5.89 ± 0.69 c 

Fig. 2. Effect of VOCs of B. amyloliquefaciens GB03 on M. piperita plants grown under saline stress conditions. 

Fig. 3. Malondialdehyde (MDA) content in Mentha piperita grown under salt stress media (0, 75, and 100 mM NaCl) and exposed to B. amyloliq- 

uefaciens GB03 mVOCs emission (mean ± SE). Values followed by the same letter in a column are not significantly different according to Fisher’s 

LSD test (p < 0.05). 

 

 

 

 

 

GB03 VOCs. These experiments were carried out under sterile conditions as previously described and replicated three times (10 pots

per treatment). 

The ability of the VOCs emitted by GB03 to mitigate the effects produced by saline stress on plant growth could be evidenced in

growth parameters such as stem fresh weight, stem length and root dry weight [6] . ( Table 4 , Fig. 2 , 3 ). 

The efficiency of the salt stress treatment was observed in the decrease in shoot fresh weight and shoot length being significantly

decreased at both concentrations evaluated (p < 0.05) ( Table 4 ; Fig. 2 ). The root dry weight was 50 and 60% higher in plants grown

at 75 and 100 mM NaCl, respectively. Positive effects of GB03 mVOCs on M. piperita growth were observed. The different growth
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Fig. 4. Total phenolic content of Mentha piperita plants grown under salt stress media (0, 75, and 100 mM NaCl) and exposed to B. amyloliquefaciens 

GB03 mVOCs emission (mean ± SE). Values followed by the same letter in a column are not significantly different according to Fisher’s LSD test (p 

< 0.05). 

Fig. 5. Antioxidant activity expressed as ascorbic acid equivalents (AAE) in Mentha piperita grown under salt stress media (0, 75, and 100 mM 

NaCl) and exposed to B. amyloliquefaciens GB03 mVOCs emission (mean ± SE). Values followed by the same letter in a column are not significantly 

different according to Fisher’s LSD test (p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

parameters in plants exposed to mVOCs showed an increase, with shoot fresh weight registering a rise of 20%, and root dry weight

of 280% compared to the corresponding control plants (those not exposed to mVOCs; Fig. 3 ). 

The shoot fresh weight in plants grown under 75 mM salt stress and exposed to mVOCs was 60% greater than in plants subjected

to 75 mM NaCl but not exposed to mVOCs, with the same tendency observed in plants subjected to NaCl 100 mM (p < 0.05). The

same positive effect was observed for the shoot length in plants grown under salt stress and exposed to mVOCs ( Table 4 ; Fig. 2 ). Root

dry weight was also significantly increased by exposure to mVOCs when plants were subjected to both concentrations of salt stress

conditions. 

An increase in the ROS accumulation in plant leaves caused a rise in MDA, a product of membrane lipid peroxidation [16] . MDA

content indicates the level of cell membrane damage, which is often applied to estimate plant tolerance to osmotic stress [17] ( Fig. 3 ).

The lipid peroxidation increased 1.4 and 2-fold in 75 and 100 mM NaCl treated plants, respectively, in relation to control plants. For

plants treated with mVOCs and subjected to salt stress, the MDA content was approximately 25% lower than for plant stress and not

treated with mVOCs. 

Phenolic compounds are antioxidants that may be required for scavenging ROS and protecting the lipid membrane from oxidative

stress [12] . The level of Total Phenolic Content (TPC) in plants subjected to salt stress conditions increased with the severity of the

NaCl concentration, both in plants exposed and not exposed to mVOCs. In plants grown under salt conditions (75 or 100 mM), the TPC

levels rose by 15 and 50%, respectively, in relation to control plants ( Fig. 4 ). In addition, the plants subjected to both concentrations

of NaCl and treated with GB03 VOCs registered an increase in TPC compared to non-exposed plants (p < 0.05), but no statistically

significant interaction effect was found (p > 0.05). The highest TPC concentrations were detected in plants treated with salt 100 mM

and mVOCs. 

The accumulation of non-enzymatic antioxidants was stimulated by the salt stress ( Fig. 5 ). Total antioxidant content is expressed

as mM of ascorbic acid equivalents (AEE). The technique was carried out through the use of the free radical DPPH • (2,2-diphenyl-

1-picrylhydrazyl) (Fig. 6). The highest levels of antioxidant activity were observed when plants were exposed to VOCs and grown

under 100 mM NaCl conditions. 
6 
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