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Abstract

Salinity is one of the most important factors that limit the productivity of agricultural soils. Certain plant growth-promoting
bacteria (PGPB) have the ability to stimulate the growth of crop plants even under salt stress. In the present study, we analysed
the potential of PGPB Bacillus toyonensis COPES2 to improve the growth of tomato plants and its capacity to modify its
membrane lipid and fatty acid composition under salt stress. Thus, strain COPES52 increased the relative amount of branched
chain fatty acids (15:0i and 16:1A9) and accumulation of an unknown membrane lipid, while phosphatidylethanolamine
(PE) levels decreased during growth with 100 and 200 mM NaCl. Importantly, direct and indirect plant growth-promoting
(PGP) mechanisms of B. toyonensis COPES52, such as indole-3-acetic acid (IAA), protease activity, biofilm formation, and
antifungal activity against Botrytis cinerea, remained unchanged in the presence of NaCl in vitro, compared to controls
without salt. In a greenhouse experiment, tomato plants (Lycopersicon esculentum ‘Saladette’) showed increased shoot and
root length, higher dry biomass, and chlorophyll content when inoculated with B. royonensis COPES52 at 0 and 100 mM
NaCl. In summary, these results indicate that Bacillus toyonensis COPES2 can modify cell membrane lipid components as
a potential protecting mechanism to maintain PGP traits under saline-soil conditions.

Introduction biology including, germination, vegetative growth, and

reproductive stages [4, 5]. Particularly, glycophyte plants

Soil salinity is one of the major abiotic stresses that
adversely affect agricultural practices, constituting a major
global problem and affecting almost 1 billion ha worldwide
[1, 2]. For instance, salinity has caused a loss of approxi-
mately 65% in wheat yield in moderately saline soils [3],
because it affects almost all developing aspects of plant
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like tomato plants (Lycopersicon esculentum) are forced to
induce their tolerance mechanisms against salinity at salt
concentrations as low as 10 mM NaCl (the salt tolerance
grade also depends on the cultivar), to avoid adverse effects
on growth and productivity [1, 6]. To counteract the nega-
tive effects of agricultural practices in saline soils, several
strategies have been developed, including selection of geno-
types resistant to salt stress, genetic engineering of hyper-
tolerant saline plants, vegetative bioremediation, utilization
of better irrigation management strategies, and the use of
plant growth-promoting bacteria (PGPB) [7-9]. Various
PGPB have been isolated and characterized by their ability
to improve the growth of plants under salt stress conditions
[10]. The PGPB contain their own saline stress tolerance
mechanisms and in turn, can induce varying degrees of salt
tolerance during interaction with plants through ion homeo-
stasis, accumulation of osmolytes or by reducing ethylene
and reactive oxygen species [11].

During growth in saline soils, PGPB and plants inter-
act beneficially to survive. In some cases, PGPB exhibit
synergistic effects of two plant growth mechanisms to
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counteract the salt stress in plants. For example, Orozco-
Mosqueda and colleagues [12] demonstrated that 1-ami-
nocyclopropane-1-carboxylic acid (ACC) deaminase
and disaccharide trehalose production in Pseudomonas
sp. UW4, act synergistically to counteract the damaging
effects of salt stress and allow the growth of tomato plants.

Another mechanism of tolerance described in some
PGPB is the modification of its membrane lipid compo-
nents. For example, the bacterial strain L115 belonging to
the genus Ochrobactrum, modifies the degree of unsatura-
tion of fatty acids and increased its phosphatidylcholine
levels under salt stress (and high temperature) growth con-
ditions, allowing it to maintain growth-promoting effects
of Arachis hypogaea plants [13]. It is important to mention
that the survival of bacteria in response to environmental
changes is often determined by their capacity to adapt by
altering the composition of the lipid bilayer. There are two
types of lipid modifications: One in which the lipids can
be modified to obtain a membrane with different prop-
erties. For instance, Vences-Guzman [14] described that
the hydroxylation of ornithine lipids (OLs) is important
for Rhizobium tropici to resist stress conditions such as
acidic pH or high temperatures. In the second type, exist-
ing lipids are degraded and lipids with new characteris-
tics are synthesized de novo replacing the old lipids [15].
Additional mechanisms to stabilize membrane fluidity in
bacteria involve changes in fatty acid (FA) composition
of membrane lipids such as the phospholipids (PL) [16].

Another genus of bacteria widely studied for being a
promoter of plant growth under conditions of salt stress is
Bacillus [17]. Bacillus amyloliquefaciens H-2-5 was able
to enhance the growth of Chinese cabbage, radish, tomato,
and mustard plants and additionally, strain H-2-5-mediated
mitigation of short-term salt stress when tested on soybean
plants that were affected by sodium chloride. H-2-5 did
this by regulating gibberellin, abscisic acid, jasmonic acid,
salicylic acid and increasing plant proline levels [18].

In the case of the Bacillus toyonensis, there are few
studies describing it as a PGPB [19-21]. In fact, the bac-
terial endophyte strain COPES2 of B. foyonensis presents
diverse mechanisms of growth promotion in blueberry
plants, such as the production of indole acetic acid, pro-
tease activity, and the emission of volatile compounds like
acetoin, 2,3-butanediol and dimethyl disulphide, that can
act as potential plant growth-promoting mechanisms [21].
However, their beneficial activities have not been analysed
under conditions of saline stress.

In this study, we analysed the lipid and fatty acid com-
position of the bacterium B. ftoyonensis COPE52 while in
growth under salt stress, as well as its growth-promoting
mechanisms during inoculation in tomato (Lycopersicon
esculentum ‘Saladette’) plants.
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Materials and Methods
Bacterial Strain and Growth Conditions

B. toyonensis COPES52 was previously isolated and char-
acterized [21]. Strain COPES52 was grown at 30 °C for
24 h on Luria Bertani (LB), and routinely maintained at
4 °C. The fungical plant pathogen Botrytis cinerea and
Fusarium oxysporum were inoculated and maintained on
potato dextrose agar (PDA) at 30 °C for 4-5 days in dark-
ness and maintained at 4 °C.

Analysis of Membrane Components
Growth of the bacteria for Lipid Extraction

Twenty-five ml cultures with 0, 100, or 200 mM NacCl
were adjusted to an optical density of 0.1. A 1 ml aliquot
was transferred to a sterile tube and 0.5 pCi of [1-'*C] ace-
tate (Amersham Biosciences). The cultures were incubated
at 30 °C while shaking for 24 h. The cells of the larger
cultures were harvested by centrifugation at 6000 rpm for
10 min at 4 °C. Pellets were washed with water and re-
suspended in 100 pl water. Cells from the labelled cultures
were centrifuged for 1 min at 14,000 rpm, washed once
and resuspended in 100 pl water.

Lipid Extraction, Separation, and Analysis of Phospholipids

Lipids were extracted using a chloroform/methanol/water
extraction [22]. 375 ul methanol:chloroform (2:1) were
added to the suspended cells and the mixture was vortexed.
Then, 125 pl of water and 125 ul chloroform were added
to obtain a separation into lower and upper phase. The
lower phase, containing the lipids, was transferred to a
new tube and washed once with the water, dried under N,,
and dissolved in a suitable volume of chloroform/metha-
nol 1:1 (v/v). Aliquots of the lipid extracts were spotted
on HPTLC silica gel 60 plates (Merck, Pool, UK). Lipids
were separated by two-dimensional TLC using chloroform/
methanol/water (140:60:10, v/v/v) as solvents for the first
dimension and chloroform/methanol/glacial acetic acid
(130:50:20, v/v/v) as solvents for the second dimension.
Unlabelled membrane lipids were visualized by iodine
staining and radioactive membrane lipids were visualized
by exposition to autoradiography film (Kodak) and in a
PhosphorImager screen (Amersham Biosciences), respec-
tively. Individual lipids were quantified using ImageQuant
software (Amersham Biosciences).
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Analysis of Fatty Acids by GC

Fatty acyl methyl esters (FAME) were prepared from total
lipid extracts with 10% Methanol-BF; (Sigma) [23] using
tridecanoic acid as an internal standard and analysed using
a Perkin Elmer Clarus 600 gas chromatography system cou-
pled to a Clarus 600T mass spectrometer. The gas chroma-
tograph was equipped with a column Elite 5-MS de Perkin
Elmer (Iength 30 m; inner diameter 0.2 mm; film thickness
0.32 mm). Gas chromatograph conditions were as follows:
250 °C injector temperature, 300 °C detector temperature
and hydrogen as the carrier gas. The temperature was pro-
grammed at 140 °C for 6 min and then increased by 10 °C/
min to 240 °C for 5 min and finally to 250 °C for 5 min.
Fatty acids were identified by comparing retention times to
commercial standards (Sigma Chemical Co., St. Louis, MO,
USA) and by MS fragmentation in the EI mode with the
electron energy set to 70 eV.

Determination of the Plant Growth-Promoting Traits
Under Salt Stress

Siderophore Production

The production of siderophores was evaluated on Chrome
Azurol agar (CAS) medium [17] amended with 0, 100,
200 mM of NaCl. All experiments were performed in
triplicate.

Colorimetric Assay for the IAA Determination

The IAA (Indole-3-acetic acid) content was determined
based on the method described by Patten and Glick [24] with
some modifications. Briefly, 25 ml flasks were inoculated,
supplemented with a graduated series of NaCl concentra-
tions (0, 100, 200 mM NacCl) at 30 °C on a rotary shaker
at 150 rpm. Cells were then collected by centrifugation at
10,000x g for 15 min and 2 ml of Salkowski reagent were
added to the supernatant. The absorbance of the pink auxin
complex was read at 540 nm in a UV-Vis Spectrophotom-
eter JENWAY 7305). The calibration plot was constructed
using dilutions of a standard total indole (Fluka, Switzer-
land) solution and the uninoculated medium with the reagent
as a control. Experiments were performed in triplicate.

Proteases Production

Proteolytic activity was determined using skimmed milk
agar (pancreatic digest of casein 5 g, yeast extract 2.5 g,
glucose 1 g, 7% skim milk solution 100 ml, agar 15 g dis-
solved in 1 1 distilled water, with 0, 100 or 200 mM NaCl).
After 2 days incubation at 30 °C, a clear zone around the
cells indicated positive proteolytic activity [25].

Biofilm Production

Biofilm formation capacity in bacteria was analysed fol-
lowing the protocol by Wei and Zhang [26]. Briefly, testing
strains were grown in LB medium, supplemented with or
without salt (100 or 200 mM of NaCl) to an O.D. of 1 and
then diluted (1:1000) with fresh LB broth. A 0.5 ml diluted
culture was transferred to an Eppendorf tube. Bacteria were
incubated without agitation for 24, 48, and 72 h at 30 °C and
the biofilm was quantified at each time points. The biofilm
was stained with 0.1% (w/v) crystal violet for 15 min at
room temperature and then rinsed thoroughly with water to
remove unattached cells and residual dye. Ethanol (95%) was
used to solubilize the dye that had stained the biofilm cells.
The absorbance of the solubilized dye (As,,) was determined
with a UV-Vis Spectrophotometer JENWAY 7305). All
experiments were carried out in triplicate.

In Vitro Evaluation of Fungal Antagonism

The evaluation of fungal antagonism was performed as
previously reported on Petri dish bioassays [25]. Bacterial
isolate COPE52 was co-inoculated, simultaneously with
the pathogenic fungi on PDA agar plates, amended with
0, 100 or 200 mM NaCl. Pathogenic B. cinerea strain has
been previously tested and analysed in a previous work [25],
while F. oxysporum strain was isolated as a pathogenic fun-
gus from an agricultural field and donated by the INIFAP-
Mexico. The bacterium strain was streaked onto plates in a
cross shape, and a mycelial plug of 4 mm was deposited in
the centre of each of the quadrants formed. The plates were
incubated in the dark at 30 °C (BOD incubator), and the
mycelial growth diameter was measured at day 6. Antifun-
gal effects of volatile compounds emitted by the Bacillus
were evaluated in divided Petri plates as follows: A bacterial
inoculum of each strain (1 x 10° CFU) was simultaneously
deposited on one side of the Petri plate and in the other sec-
tion a mycelial plug of B. cinerea and Fusarium oxysporum
(4 mm) was inoculated. The plates were incubated in the
dark at 30 °C, and mycelial growth diameter was measured
at day 6. All experiments were carried out in triplicate. The
percentage of growth inhibition was measured using the
following formula: % of growth inhibition=[(Ac — Ab) /
Ac] x 100, where Ac is the control mycelial area and Ab is
the mycelial area with treatment.

Evaluation of Plant Growth Promotion by Bacillus
toyonensis COPE52 in a Greenhouse Under Salt
Stress Conditions

Greenhouse pot experiments with tomato plants (Lycopersi-

con esculentum ‘Saladette’) were performed with 0, 100, and
200 mM NaCl in sterile peat moss. Greenhouse experiments
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were carried out as previously reported [12]. Briefly, tomato
seeds were germinated, and after one week, seedlings of
the same size were selected and transplanted into pots (one
plant was transplanted in each pot). The experimental design
included the following treatments: 24 control plants (1 plant
per pot) without NaCl and/or COPES52 and other 24 plants
were inoculated with COPES52 strain under normal condi-
tions (no-salt addition). Another set of plants were irrigated
with 100 (24 plants) or 200 mM NaCl (24 plants) and with-
out bacterial inoculants, while other two groups of 24 plants
each, were inoculated with COPES?2 strain and watered with
a 100 or 200 mM NaCl. Throughout the experiment, the
plants were irrigated every third day with deionized water
or saline solution, while constantly controlling the salt con-
centration by measuring electrical conductivity (Field Scout.
Mod. 2265FS). Bacterial inoculants, adjusted to 1 X 108
Colony Forming Units (CFU)/mL, were applied every
week with exception of the control groups. After 5 weeks
of plant growth, the effect of adding the bacterial inoculum
on the root and shoot length, fresh weight, weight dry and
chlorophyll concentration was evaluated. The chlorophyll
concentration was measured in at least three leaves from
each plant [12].

Statistical Analysis

The results were analysed using Statistica 8.0 software, and
analysis of variance and Duncan’s test for mean compari-
son was used for multiple comparisons (P <0.05). The fun-
gal antagonism experiments were statistically analysed by
Student’s #-test (P < 0.05).The greenhouse test results were
analysed using a factorial design, comprising two factors and
three levels (no-salt, medium and high salt stress conditions,
and the presence and absence of B. foyonensis), followed by
Duncan’s multiple range test (P <0.05).

Results

Effect of Salinity on Phospholipid Metabolism
and Fatty Acid Composition

The cell viability of Bacillus toyonensis COPE52 was
evaluated under salt concentrations of up to 200 mM NaCl.
Here, no significant decrease in the growth of COPE52
was observed (Supplementary Table 1). Thin layer chro-
matography (TLC) analysis revealed that the presence of
salt in the growth medium induced substantial changes
in membrane lipid (ML) composition. The predominant
membrane lipid was phosphatidylethanolamine (PE), fol-
lowed in descending order by phosphatidylglycerol (PG),
an unknown lipid (NI), and cardiolipin (CL) under non-
saline conditions (Table 1 and Fig. 1). The unknown lipid
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Table 1 Effect of salinity stress on the incorporation of (14C) acetate
into phospholipids of COPE52

PL (%) Growth conditions

0 mM NaCl 100 mM NaCl 200 mM NaCl
PE 60.07+0.135 49.04 £2.0%* 47.26 £0.95*
PG 24.38+0.91 28.07+4.08 30.80+2.41
CL 4.01+0.80 1.90+0.62 191+1.12
NI 11.53+1.58 20.98+5.51* 20.01+2.58%*

Values represent means + SE of three independent experiments

PL phospholipids, PE phosphatidylethanolamine, PG phosphatidylg-
lycerol, CL cardiolipin, NI not identified

*Indicate that the means differ significantly with respect to the
control value (0 mM) according to Duncan’s multiple range test
(P<0.05)

NI migrated as phosphatidylcholine (PC), but it did not
stain with Dragendorff reagent, so we exclude that it is PC
(not shown). ML patterns for COPE52 were qualitatively
similar for all experimental conditions, but quantitative
changes were observed for individual ML. The addition of
salt to the growing medium of COPES52 caused an increase
in NI from 11 to 21% with 100 mM, and with 200 mM
NaCl the NI increased from 11.5% to 20%. A decrease was
observed for PE under saline conditions from 60 to 49%
with 100 mM NacCl, and from 60 to 47% with 200 mM of
NaCl.

The FA composition of COPES2 strain is shown in
Table 2. The major FA was stearic acid (18:0), palmitoleic
acid (16:1 A 9) and 14-methyl pentadecanoic acid (16:01)
in control conditions without salt. The FA composition
changed in response to increasing salt concentrations:
with 100 mM NaCl, the relative amount of stearic acid
(18: 0) decreased from 30.3 to 16.09%, whereas myristic
acid (14: 0) increased from 10.87% to 16.23% and the
branched chain FA 13-methyl tetradecanoic acid (15: 0i)
and 15-methyl hexadecanoic acid (17: 0i) increased from
7.89 to 12.07%, and from 5.81 to 16.09%, respectively. At
200 mM NaCl, 14-methyl pentadecanoic acid decreased
from 18.58 to 7.84%, while palmitoleic acid (16: 1 A 9)
declined from 19.21 to 8.44%, myristic acid (14: 0) and
stearic acid (18: 0) declined from 10.87 to 6.47% and
from 30.03 to 12.28%, respectively. On the other hand,
palmitic acid increased from 7.61 to 16.46%, as did the
branched chain FA 13-methyl tetradecanoic acid (15: 0i)
and 15-methyl hexadecanoic acid (17: 0i) whose percent-
ages increased from 7.89 to 24.24%, and from 5.81 to
24.27%, respectively. In summary, changing growth con-
ditions applied to COPES52 caused a shift in the ratio of
saturated to branched chain FA (B/S in Table 2), which
increased from 0.66 to 1.02 under 100 mM NacCl condition
and from 0.66 to 1.6 in 200 mM NaCl.
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Fig. 1 Membrane lipids of Bacillus toyonensis COPE52 growth in LB medium supplemented (or not) with different salt concentrations: 0 mM

(a), 100 mM (b), and 200 mM NaCl (c)

Table 2 Effects of salinity

Fatty acid type (%
on fatty acid composition of y ype (%)

Growth conditions

Bacillus toyonensis COPES2 0 mM 100 mM 200 mM
Saturated
Myristic acid (14:0) 10.87+1.69 16.23+1.61 * 6.47+0.94 *
Palmitic acid (16:0) 7.61+0.28 11.06 +4.40 16.46+1.86 *
Stearic acid (18:0) 30.03+0.59 16.09+0.94 * 12.28+0.70 *
Sum of FA saturated 48.1 43.38 35.21
Unsaturated
Palmitoleic acid (16:1 A 9) 19.21+£1.97 13.27+3.60 8.44+1.21*
Branched
13-methyl tetradecanoic acid (15:0i) 7.89+0.45 12.07+£1.48 * 2424 +0.50 *
14-methyl pentadecanoic acid (16:0i) 18.58 +3.71 15.19+1.49 7.84+0.93 *
15-methyl hexadecanoic acid (17:01) 5.81+0.28 16.09 +£5.48 * 24.27+0.24 *
Sum of FA branched 32.28 43.35 56.35
u/S 0.39 0.30 0.23
B/S 0.66 1.02 1.6

Lipids were extracted, and total lipid fatty acids were converted to methyl esters and analysed by GC as
described in the text. NI not identified. Percentage of each fatty acid is relative to total fatty acids defined as
100%. Values represent means + SE of three independent experiments

*Indicate that the means differ significantly with respect to the control value (0 mM) according to Duncan’s
multiple range test (P <0.05). U/S: values of ratio unsaturated/saturated fatty acids. B/S: values of ratio

branched/saturated fatty acids

Biocontrol and Potential PGP Traits of Bacillus
toyonensis COPE52

The potential of biocontrol and plant growth-promoting
determinants was analysed in COPES52, such as siderophore
excretion, protease activity and biofilm formation, in addi-
tion to the production of IAA (Table 3). Bacillus toyonensis
COPES5?2 did not produce siderophores, and the production
of IAA was maintained without significant difference with
or without NaCl, while the biofilm formation was slightly
increased in the presence of additional salt, specifically at
200 mM of NaCl. The proteolytic activity was the only activ-
ity that suffered a decrease (Table 3).

The antagonism experiment in no-salt conditions
showed that the strain COPES2 inhibits the growth of the

mycelium of Botrytis cinerea through diffusible and vola-
tile compounds, by 10.89% and 18.12%, respectively. This
degree of antagonism was maintained in saline conditions
with 100 mM NaCl (10.71%), but not at 200 mM during
the direct co-inoculation experiment (3.06%). Interest-
ingly, volatile compounds of COPES52 were able to sig-
nificantly inhibit the diameter of the B. cinerea mycelium
with or without salt. With respect to the phytopathogen
F. oxysporum, the strain B. toyonensis COPES5?2 restricted
the diameter of the mycelium only through diffusible com-
pounds and under control conditions (8.23%) and with salt
at 100 mM (10.61%) (Table 4). These results indicate that
strain COPES2 maintains its biocontrol and PGP in saline
conditions, mainly at the concentration of 100 mM.
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Table 3 Summary of plant

: : Saline concentration IAA production (ug/ml) Siderophore Protease Biofilm
growthjpromotmg trglts showed NaCl (mM)
by Bacillus toyonensis COPE52
in saline conditions 0 22.64+0.50 1.9+.4 23.0+2.1 0.018 +0.004
100 21.80+1.84 ND 252+1.15%* 0.030+0.001 *
200 26.61+0.90 ND 19.1+0.33 * 0.032+0.001 *

Siderophores and protease secretion were measured as halo zone diameter around the bacterial colony
(mm). Biofilm was measured as absorbance at 570 nm (OD). All data are mean values of three independent
experiments, error bars indicate standard error

*Indicate that the means differ significantly with respect to the control value (0 mM) according to Duncan’s
multiple range test (P <0.05). ND not determined

Table4 Assessment of antifungal activity against Botrytis cinerea
and Fusarium oxysporum by Bacillus toyonensis COPES2 through
diffused compounds and volatile organic compounds on PDA

Treatments Inhibition (%)
0mM NaCl 100 mM 200 mM

Diffused compounds

Botrytis cinerea 10.89+0.3*  14.70+2.4* —3.06+0.29

Fusarium oxysporum  8.23+1.8 10.61+0.12%¥ —8.31+1.05
Volatile organic compounds

Botrytis cinerea 18.12+1.9%  14.71+0.6%* 10.71+3

Fusarium oxysporum 0+1 -2+025 —-37+125

(=) Negative values against phytopathogens. Fungal growth diam-
eter is presented as the mean of at least three independent replicates
compared to the control experiment (without bacterial inoculation).
Statistically significant growth inhibition was observed between treat-
ment and control experiments marked by asterisks; Student’s z-test
(P<0.05)

Effect of Bacillus toyonensis COPE52 Inoculation
on Tomato Plants Under Salt Stress

To further evaluate the plant growth-promoting capacity of
B. toyonensis COPES2, tomato plants were inoculated with
strain COPES52 under three different conditions (0, 100 and
200 mM NaCl) (Fig. 2a). The inoculation of COPES5?2 sig-
nificantly improved the root and shoot length, as well as the
chlorophyll concentration, while the dry weight remained
unchanged in control conditions. In the case of plants sub-
jected to salt stress at 100 mM, it was observed that the
length of the root and the stem were significantly increased.
The chlorophyll concentration was similar but interestingly,
in the presence of COPES2 the biomass (dry weight) of the
tomato plants under these salinity conditions was increased.
At 200 mM, the strain of B. toyonensis alone increased the
length of the root significantly (Fig. 2). The factor analysis
confirmed that in all cases the NaCl and COPES2 are highly
significant, as well as in the interaction, compared to the
controls without salt and uninoculated (Table 5). It is also
clear that COPES2 protected plant growth, measured as dry
weight, mainly at a concentration of 100 mM NaCl, while at
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200 mM NaCl the effect was discreet or absent (Table 5 and
Fig. 2).This result suggests that COPES2 have the ability to
promote certain growth parameters of tomato plants under
saline conditions (100 mM of NaCl).

Discussion

Bacteria regulate the fluidity of their membrane in response
to several abiotic factors, including saline conditions [27].
Here, we analysed the phospholipid (PL) and fatty acid (FA)
concentrations in the plant growth-promoting endophytic
bacterium Bacillus toyonensis COPE52, and how its direct
and indirect PGP mechanisms remain active under salt stress
conditions.

Phospholipids are a major component of bacterial mem-
branes, and changes in membrane lipid composition can
affect important cellular processes such as metabolism,
stress response, antimicrobial resistance, and virulence
[28]. The COPES52 strain modified the phospholipids com-
position under tested conditions by increasing an unknown
lipid (NI) and decreasing phosphatidylethanolamine (PE)
synthesis. This unknown lipid migrated similarly to PC, but
did not stain with Dragendorff reagent which is specific for
betaine groups, meaning that the accumulated lipid is not
PC. Paulicci and collaborators [13], showed that Ochrobac-
trum intermedium L1135 presents with increased PC levels
under high temperature and salinity (37 °C plus 300 mM
NaCl), and this increase of PC could indicate an important
adaptive mechanism for maintaining the structure and func-
tion of the membrane under stress conditions. However,
changes in the amount of CL in the membranes, is perhaps
the most important mechanism for bacterial adaptation to
environmental stress [29]. For example, CL accumulates in
E. coli cells in response to osmotic stress, which in turn
promotes the polar localization of transporter ProP. ProP
is denoted an osmosensory transporter because it is acti-
vated by increasing osmolarity and regulates the concentra-
tions of organic osmolytes as proline in the cytoplasm [15].
Lopez et al. [30], described a CL-deficient Bacillus subtilis
strain, finding that this mutant is unable to grow in high salt
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Fig.2 Effect of inoculation of isolate COPES2 on plant growth and
biomass content under different treatments; 0 mM, 100 mM, and
200 mM NaCl. Representative plants of the experiment are shown in
Panel (a). Graphics show the root length (b), shoot length (c), chlo-

concentrations. This result clearly indicates that the pres-
ence of CL in the membranes of B. subtilis is important
for high salinity adaptation. The other adaptive mechanism
often used by bacteria is alteration of membrane fatty acids
(FA) [31]. Bacillus toyonensis COPES52 increased its pro-
portion of branched chain FA in the presence of 100 and
200 mM NaCl. The increase in the proportion of branched
FA increased the fluidity and permeability of the membrane
in saline conditions [32], therefore, it is important to present
other mechanisms that allow the cells to adapt to salinity.
Haque and Russell [33], determined changes at the level of
FA in seven strains of Bacillus cereus, finding that strain
BR2853-5, when grown in a medium with NaCl (7%, w/v),
increases to more than double the amount of the branched
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rophyll concentration (d) and total dry weight (e). The bars represent
the values of the mean + SE. Letters indicate that the means differ sig-
nificantly according to Duncan’s multiple range test (P <0.05)

FA 13-methyl tetradecanoic acid (15: 0i). Such a report is
consistent with the results obtained in this study. However,
the changes that occur at the level of membrane FA in bac-
teria are generally conditioned by the type of stress to which
they are subjected [34], that determined the composition of
fatty acids of Bacillus thuringiensis under triclosan stress,
where results showed increased concentrations of myristic
acid, palmitoleic acid, palmitic acid and linoleic acid in the
treatment samples with triclosan, as opposed to results in
COPES52 wherein, the unsaturation level decreased. This
indicates that the observed adaptative mechanism presented
at the FA level are different under several stress conditions. It
is important to mention that, myristic acid increased its pro-
duction at 100 mM NacCl, but decreased when COPES52 cells
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Table 5 Statistical significance of how salinity and B. foyonensis
COPES5?2 inoculation factors affect different parameters in L. esculen-
tum plants

Factor Statistical
significance
P)
Root length
Bacteria <0.000001
Salinity <0.000001
Bacteria X salinity 0.017
Shoot length
Bacteria <0.000001
Salinity <0.000001
Bacteria X salinity 0.000001
Chlorophyll concentration
Bacteria <0.000001
Salinity <0.000001
Bacteria X salinity 0.000001
Plant dry weight
Bacteria <0.000001
Salinity <0.000001
Bacteria X salinity 0.000001

were subjected to 200 mM NacCl. It has been observed with
other bacilli strains that myristic acid similarly decreases
its proportion as cell grow in media supplemented with salt
(200 mM) (Rojas-Solis et al., 2020. Unpublished results).
An explanation for this result is not known at this point.
The ability of several Bacillus species to antagonize
phytopathogens, as well as promoting the growth of
crop plants has been widely documented [35]. However,
there are few reports about the beneficial effects exerted
by strains of B. toyonensis on plants [19-21]. For exam-
ple, Lopes and colleagues [19] described in silico, sev-
eral genes for the synthesis of antimicrobial compounds,
including bacteriocins, non-ribosomal peptides and chi-
tinases during an in silico analysis of the B. toyonensis
BAC315 genome, but no experimental evidence was evalu-
ated. Recently, the draft genome sequence of the B. toyon-
ensis COPES2 was reported, which presented its stimulat-
ing growing effects on blueberry plants (Vaccinium spp.
var. Biloxi) in a greenhouse experiment [21]. The authors
also detected the production of indoleacetic acid and vola-
tile compounds like acetoin, 2,3-butanediol, as potential
direct plant growth-promoting mechanisms. Interestingly,
the strain COPES52 also produced the volatile compound
and dimethyl disulfide, which has been associated with
antifungal action, in particular, against the grey mould
phytopathogen B. cinerea. Similar results were observed
here, as the strain COPES2 exhibited better antagonism
against B. cinerea and F. oxysporum through emission of

@ Springer

volatile compounds. The ability of B. toyonensis COPES52
to promote the growth of tomato plants under saline condi-
tions, mainly observed in growing plants at 100 mM NaCl,
could be attributed to production of IAA and the vola-
tile compounds acetoin and 2,3-butanediol. Several stud-
ies have shown that these compounds are responsible of
stimulating growth of Arabidopsis and Canola plants [36,
37]. In fact, overproduction of Indole acetic acid in the
rhizobacterium Pseudomonas sp. UW4 showed enhanced
root elongation under gnotobiotic conditions [37]. In
recent reports, the role of dimethyl disulfide as a modula-
tor compound for the root system in Arabidopsis via auxin
signalling pathway was elucidated [38].

Interestingly, the formation of a biofilm in B. toyonensis
COPES2 was increased under saline conditions. Biofilm
production has been proposed as a strategy adopted by bac-
terial strains for their successful biocontrol and survival
in a plant rhizosphere and attachment to its roots. Biofilm
production is a highly conserved mechanisms within the
genus Bacillus under stressing growing conditions [39,
40]. In a report by Kasim et al.[39], the biofilm production
of 20 bacterial isolates, mostly belonging to Bacilli, was
evaluated under different salt concentrations. The authors
observed that a large number of bacteria increased the pro-
duction of biofilm presence of salt in the medium. Similar
results were observed here, since B. toyonensis COPES52
increases the amount of biofilm as the salt was increased
in the medium. Thus, biofilm production is also a potential
strategy for protection and survival against toxic effects
of the salt. In addition, it has been suggested that biofilm
production is important to perform better plant growth-
promoting activities in diverse rhizobacterial species [41].

Conclusion

The plant growth-promoting bacterial endophyte Bacil-
lus toyonensis COPE52 modified the membrane profile of
its PL, which potentially contributes to its adaptation to
saline conditions and protection of plant growth-promot-
ing mechanisms. Future research priorities include iden-
tifying the unknown membrane lipid NI and construct-
ing COPE52 mutants in genes involved in the synthesis
of specific phospholipids and fatty acids production, in
order to unveil specific roles of each component of the
cell membrane.
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