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Abstract The inevitable exposure of crop plants to salt
stress is a major environmental problem emerged from the
presence of excess NaCl radicals in the soil. Handling
the problem in maize plants using a biological agent was
the main interest of the present study. The non-pathogenic,
halophytic, facultative aerobic bacterium Geobacillus cal-
doxylosilyticus IRD that was isolated from Marakopara
pond in the Atoll Tikehau (French Polynesian, 2005) and
found tolerant to salt stress until 3.5% NaCl (w/v). An
artificial symbiosis was achieved by inoculating Geoba-
cillus sp. into 5-day-old maize cultivars of triple hybrids
(321 and 310) and singlet hybrids (10 and 162). Thereafter,
maize seedlings were exposed to 350 mmol NaCl for
10 days. The data revealed that Geobacillus sp. had inter-
acted with salinized maize and improved maize overall
growth, dry weight and relative water content. Na* accu-
mulation was six times less and CI~ accumulation was 13
times less in the tips of salinized maize seedlings upon
Geobacillus sp. inoculation. Salinized maize without
Geobacillus viewed decayed cortical cells of seedlings. In
addition, proline content was two times higher in salinized
seedlings lacking Geobacillus. Photosynthetic pigments
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and antioxidant enzymes were significantly regulated upon
inoculation. Beyond this study, we presented a novel
insight into a possible role of Geobacillus caldoxylosilyti-
cus bacteria in controlling/protecting maize plants against
high salt stress.
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Introduction

Soil contamination with high salts radicals is a fundamental
threat to agriculture (Kijne 2006). Maize (Zea mays L.) is
the principal food for several nations and recently, maize is
been industrialized to become green source and strategic
commodity of biofuel in number of countries worldwide.
Maize breeders categorized maize as a sensitive crop to
salinity and other stressors (Katerji et al. 1996). Thus,
maize production and propagation should be highly main-
tained for its high economical values.

Salinity-mediated suppression of plants growth was
related basically to ionic disturbance. Therefore, salt tol-
erance is strongly connected to the ability of plants to
re-establish ionic homeostasis (Hasegawa et al. 2000; Zhu
2000, 2001). Plants could acclimate to varying degrees the
salt stress by various mechanisms. Salinity also alters
numerous physiological and molecular pathways in plants
(Munns 2002). Resent studies highlighted the particular
sensitivity of maize to Na™ and the mechanisms exploited
by tolerant maize plants to avoid salt stress. That was
mostly based on the exclusion of excess Na™ of from the
photosynthetic apparatus of young leaves (Fortmeier and
Schubert 2006) via the Na™/H" antiport activity which is
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extremely low in salt-sensitive crops (Mahajan and Tuteja
2005).

The halophytes possess a defined physiological and
structural appearance that facilitates their adaptation to the
extreme salty environment; they also implicated number of
tolerance strategies. For example, they are capable for
reducing the osmotic stress through fluxing out the inor-
ganic ions from the cell (Hasegawa et al. 2000).

Varied impacts of salt stress on plants could be detected
using an indicator such as proline, which was yet been
discovered in plants tissues under the unfavorable condi-
tions, such as drought, salinity, extreme temperatures, and
even infeasible light intensity (Aspinall and Paleg 1981;
Mansour 2000). Proline has, therefore, been identified as
global stress indicator (Chen et al. 2001; Claussen 2005;
Gadallah 1993; Gzik 1996; Monreal et al. 2007; Rai et al.
2004). Proline stabilizes macromolecules and organelles,
such as membranes and also maintains proteins and protein
complexes (Bohnert and Shen 1999; Bray et al. 2000). In
addition, proline monitors the cytosolic pH and detoxifies
the excess NH, " (Gilbert et al. 1998).

Symbiosis is a dual beneficial plant-microbial relation-
ship on the biosphere within which a microorganism is
associated with specific plant parts. Some 65 years, sci-
entists practiced artificial inoculation of microbial cells to
control plants different problems. For instance, growing
bacteria in the rhizosphere of some plants had manipulated
soil pathogen (Weller 1988). Furthermore, plant growth
was enhanced when soil bacteria were introduced to roots
(Chanway 1997).

Metabolic substances, such as photosynthetic pigments
(chlorophyll a 4+ b and carotenoids) are indicators for the
biomass and the capacity of photosynthesis, their concen-
trations also reflect the physiological status of plants.
Photosynthetic pigments are known to degrade by hyper-
osmotic stress (Meloni et al. 2003; Sairam et al. 2002;
Sudhakar et al. 2002). As a consequence to unfavorable
environmental conditions, a group of very reactive, short-
lived chemicals termed as reactive oxygen species (ROS)
are induced. They encompass superoxide anion, hydrogen
peroxide and hydroxyl radical. They could also appear
during normal metabolism or upon an oxidative stress (Sun
1990). The activities of antioxidant enzymes play role in
scavenging ROS. Enzymes, such as superoxide dismutase
(SOD) and catalase (CAT) catalyze the dismutation of
superoxide to hydrogen peroxide and oxygen (Foyer et al.
1994).

The aim of the present study was first, isolate and
characterize Geobacillus sp. Second, study the potential
role played by Geobacillus sp. on maize protection from
salinity by injecting Geobacillus sp. into plant young
seedlings prior seedlings exposure to salt stress. Our steps
to achieve these aims were (1) isolation of salt tolerant
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microorganism. (2) Inoculation of the microorganism into
maize plants prior they were sown with 350 mmol NaCl.
(3) Study the physiological status of maize within the
biological control.

Materials and methods

Isolation of Geobacillus caldoxylosilyticus IRD
(Geobacillus)

The bacterial strain was isolated according to Esawy et al.
(2007).

Growth conditions of Geobacilluss caldoxylosilyticus
IRD

The pH, temperature, and NaCl growth experiment per-
formed in duplicates, using Hungate tubes (Hungate and
Macy 1973) containing BM and glucose (20 mmol) as
energy source. Prior to inoculation for growth experiments,
the cultivar sub cultured at least once under the same
experimental conditions. For all experiments, the bacterial
growth was monitored by measuring the increase in tur-
bidity at 600 nm in aerobic tubes inserted directly into a
model UV-160A spectrophotometer (Shimadzu). The
presence of spores was sought by microscopic examination
of the culture at different phases of growth.

Substrates test

Substrates injected before tested, from sterile stock solu-
tions, to a final concentration of 20 mmol into Hungate
tubes containing BM. The use of elemental sulfur (2%
w/v), thiosulfate (20 mmol), sulfite (20 mmol), nitrate
(10 mmol), nitrite (10 mmol) and fumarate (20 mmol) as
terminal electron acceptors was tested using BM supple-
mented with glucose (20 mmol) as energy source.

Plant material and growth conditions

Grains from four maize cultivars, triple hybrids (TH 321
and TH 310) and simple hybrids (SH 10 and SH 162) were
purchased from Agricultural Research Center, Dokki,
Egypt. Grains were pre-soaked overnight in distilled water
and grown in distilled water for 5 days. The inoculation
procedure was performed using syringe (10 cm) needle.
The germinated seedlings were planted in Petri dishes for
additional 10 days. Based on the growth conditions of
maize, seedlings were labeled as follows: ‘Control’ for
seedlings grown without salt, ‘Control+’ for seedlings
grown with 350 mmol NaCl for 10 days, ‘Geobacillus’ for
seedlings pre-inoculated with 0.2 ml of Geobacillus
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suspension and grown for 10 days without salt; Geobacil-
lus+, for seedlings pre-inoculated with 0.2 ml Geobacillus
suspension before sown for 10 days with 350 mM NaCl.
Seedling heights and dry weights were determined on the
end of the incubation period.

Seedling dry mass

One of the most commonly used measure is the dry mass of
plants. Oven dry seedlings of the studied cultivars were
weighed and expressed as seedling dry weight of 1 g fresh
weight (Chapman 1976).

Relative water content

Relative water content was measured by the method of
Weatherley (1950) and its modification by Weatherley and
Barrs (1962) was adopted to correct mainly for continued
water uptake by leaf tissue after attaining full turgidity due
to growth. Leaf cuts (1-2 cm in length) were immediately
floated on distilled water. It was found that keeping the
floating cuts at low temperature in the refrigerator (4°C)
and in dark or under low light intensity reduced the error
due to continued growth because it can be greatly slowed
down. Saturation of tissue cuts was attained in 24-36 h.
Leaf cuts were then rapidly and thoroughly blotted dry,
weighed immediately (turgid weight), oven-dried at 80°C
for 24 h then reweighed (dry mass) and fresh weight
determine from water content. RWC of leaves was
expressed as a percentage and evaluated according to the
equation:
RWC

Fresh weight of leaf cuts — oven dry weight of leaf cuts

= x 100
Saturation weight of leaf cuts — oven dry weight of leaf cuts

Anatomical analysis

Sections from fresh root and leaf of maize seedlings were
dehydrated and then placed in formalin—acetic acid-alco-
hol (FAA; 5:5:95) for 24 h. Small portions of the leaves
were cut and then treated according to the glycol methac-
rylate (GMA) method of Feder and O’Brien (1968). This
involves dehydrating the material through a graded alcohol
series before infiltrating with GMA and embedding in
capsules containing GMA. The capsules were placed in an
oven at 60°C for 24 h to polymerize. Sections, 3—-5-pm
thick, were made using an ultramicrotome. Staining was
done with Schiff’s reagent and toluidine blue. The micro-
scopic slides been observed under a light microscope
equipped with a digital camera and a computerized data
capturing system. On day 15 from maize growth, the
anatomy of leaf and root were examined using light
microscopy.

Determination of mineral content

The minerals (Na™, C1~ and K1) in the acid digested
samples were determined photometrically using flame
photometer (Perkin Elmer model-149) as described by
Brown and Lilleland (1946).

Determination of proline content

Proline in dry biomass seedlings was investigated accord-
ing to Bates et al. (1973) as follows:

The acidic ninhydrin prepared by warming 1.25 g nin-
hydrin in 30 ml glacial acetic acid and 20 ml of 6 M
phosphoric acid with agitation until dissolved. The mixture
was kept to cool and stored at 4°C. The reagent remains
stable for 24 h. Approximately, 0.1 g of ground dried tis-
sue was homogenized in 10 ml of 3% aqueous sulfosali-
cylic acid, and then filtered through filter paper Whatman
No. 2. 2 ml of the filtrate was mixed with equal volume of
glacial acetic acid and 2 ml of acidic ninhydrin in a test
tube and heated for 1 h at 100°C. The reaction mixture was
extracted with 4 ml toluene, mixed vigorously in a test tube
for 15-20 s. The chromophore containing toluene was
aspired from the aqueous phase and warmed to room
temperature. The absorbance was read at 520 nm using
toluene as a blank. Referring to proline standard curve, the
proline concentration was determined and calculated on
dry matter basis as microgram proline g~' dry weight.

Determination of photosynthetic pigments

Photosynthetic pigments (chlorophyll a, chlorophyll b and
carotenoids) were determined in the leaves of the investi-
gated plants using the spectrophotometric method recom-
mended by Metzner et al. (1965). Fresh leaf samples (0.2 g)
were ground in 8 ml of 80% acetone. The homogenate was
centrifuged at 5,000 rpm for 5 min. The absorbance of the
supernatant was measured at 452.2, 644 and 663 nm against
the solvent blank. Contents of chlorophyll a and b as well as
carotenoids were expressed as pg/0.2 g tissue and calcu-
lated using the following equations:

Chla = 10~3A663 - 0.918A644
Chlb = 19.7A644 - 3'87A663
Carotenoids = 4.2 A452.5 — (0.0264 Chla + 0.426 Chlb).

Antioxidant enzyme activities
Catalase

Catalase (CAT) activity (EC 1.11.1.6) was assayed in a
reaction mixture (3 ml) composed of phosphate buffer
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(50 mmol, pH 7.0), 30% (w/v) H,O, and 0.5 ml of enzyme
extract (Aebi 1983). The activity of catalase enzyme was
estimated by the decrease of absorbance at 240 nm as a
consequence of H,O, consumption and was expressed
according to Havir and Mellate (1987).

Superoxide dismutase

Superoxide dismutase (SOD) activity (EC 1.15.1.1) was
measured using the method described by Marklund and
Marklund (1974). The solution (10 ml) consisted of 3.6 ml
of distilled water, 0.1 ml of the enzyme extract from Chi-
nese brake, 5.5 ml of 50 mmol phosphate buffer pH 7.8
and 0.8 ml of 3 mmol pyrogallol (dissolved in 10 mmol
HCI). The rate of pyrogallol reduction was measured at
325 nm with a UV-Vis spectrophotometer (UV 160 U
UV-visible recording spectrophotometer, Shimadzu,
Japan). 1 U of enzyme activity was defined as the amount
of the enzyme that resulted in 50% inhibition of the auto-
oxidation rate of pyrogallol at 25°C (Kong et al. 1999).

Statistical analysis

Statistical analyses were pursued using SPPS 11.5 for
windows; one-way ANOVA test at p < 0.05 evaluated the
present data according to Shapiro-Wilk test. Standard
deviation (SD) was used for evaluating data of figures.

Results and discussion
Characterization of Geobacillus caldoxylosilyticus

The bacteria isolate (Geobacillus) was isolated from
Marakopara pond in the Atoll Tikehau (French polynesian).
The analyses of the most recent 16S rRNA gene sequences
available from the RDP and Gene Bank revealed that our
isolate belonged to the genus Geobacillus; Geobacillus
caldoxylosilyticus being its closest phylogenetic relative
similarity of 95%. The level of DNA-DNA relatedness
between our isolate and Geobacillus was 26.6%; this
revealed that (Geobacillus) isolate should be assigned to a
novel species of the genus Geobacillus (Esawy et al. 2007).
The halophilic obligate aerobic isolate was characterized by
gram positive cocci, central to terminal endospore. Gener-
ation time under optimum conditions was 1-2 h. Growth
was observed in a pH range 4.5-9.5, with an optimum at
7.5. The isolate was moderately thermopile growing at
temperature ranging form 37-52°C, the optimum growth
obtained at 45°C and no growth was observed at 55°C.
Geobacillus was capable of hydrolyze sucrose, starch,
glucose, maltose, casein, lactose. No growth was observed
with ribose, fructose, xylose, mannose and fumarate
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Fig. 1 Growth rates of Geobacillus caldoxylosilyticus exposed to
different NaCl concentrations

(data not shown). Elemental sulfur, sulfate, thiosulfate,
sulfite, nitrate and nitrite are not used as electron acceptors.
It grew in a wide range of carbon sources, including glu-
cose, lactose, starch, sucrose, raffinose and xylose (Ahmed
et al. 2000). The NaCl not obligatory required for growth of
the isolate. The NaCl concentration optimal for growth was
1% (w/v). The isolate was tolerant to 3.5% NaCl (w/v,
Fig. 1). At the end of the experiment (10 days), the isolate
was taken and propagated from maize plants tissue, and
showed normal successful growth.

Impacts of Geobacillus inoculation on growth
of salt-stressed maize

The NaCl was frequently used in high doses in laboratory
experiments to achieve various purposes. For example,
tobacco cells exposed to 428 mmol NaCl manifested pro-
line levels of induction and accumulation in the intracel-
lular and cytoplasm (Binzel et al. 1987). In the present
investigation, using a relatively high NaCl concentration
(i.e. 350 mmol) which equals to 2% ‘w/v’ in treating maize
seedlings after germination was suggested to fulfill two
goals: first, to study the shock effect, which known to
induce abrupt endogenous and continuous physiological
and structural variations inside plants (Abdelkader et al.
2007). Second, Geobacillus-salt-adapted bacteria-grew
efficiently under high osmotic stress (from 1 to 2% NaCl,
Fig. 1). The NaCl concentration used here was still within
the optimal concentration required for Geobacillus growth.

Salt stress lead to growth suppression was extensively
recorded (Ozturk et al. 2004; Sari and Ceylan 2002). The
maximum growth obtained in maize seedlings grown nor-
mally or grown with salt stress was illustrated in Fig. 2. In
the four used maize cultivars, the height of ‘Control’ plants
mimics the heights of ‘Geobacillus’ plants. The maximum
seedlings heights were 14, 11, 154 and 17.7 cm in
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cultivars, TH 321, TH 310, SH 10 and SH 162, respec-
tively. Owing to the short inoculation period of maize
which was 10 days only, the heights of ‘Geobacillus+’
seedlings although were up regulated slightly were not
significantly better than the heights of ‘Control+’ seed-
lings. The height values were 4.3, 1.76, 5.48 and 4.2 cm in
‘Control+’ and 4.47, 3.1, 5.37 and 5.3 cm in ‘Geobacil-
lus+’ for TH 321, TH 310, SH 10 and SH 162 cultivars,
respectively (Fig. 2). Maize cultivars responded to salt
stress heterogeneously, the best growth was detected in SH
10 and SH 162 cultivars. This implied to the bacterial—
maize varied levels of interaction during maize plant
exposure to salt stress. However, Geobacillus inoculation
into maize must has governed an increase in cell elongation
and cell division in a direction lead to maize growth
enhancements, this effect must be described as significant
in terms of the high salt dose within short period (i.e.
10 days only following maize inoculation).

Impacts of Geobacillus inoculation on the dry mass

Maize grain was detached before maize seedlings dry mass
(DM) was calculated at the end of the experiment time
course. Salt stress lead to significant increase in DM in
maize seedlings (Fig. 3). Several authors argued that the
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Fig. 2 Shoot heights of 15-day-old maize seedlings after exposed to
salt stress. Seedlings of maize were germinated for 5 days in distilled
water, inoculated or non-inoculated with Geobacillus, thereafter left
to grow in 350 mmol NaCl for 10 days. Unstressed maize lacking
Geobacillus, Control; unstressed maize inoculated with Geobacillus,
Geobacillus; stressed maize lacking Geobacillus, Control+; stressed
maize inoculated with Geobacillus, Geobacillus+-. Error bars repre-
sent SD of the mean

reduction in shoot DM upon plant desiccation is a sign of
stress adaptation, taking this symptom as a good morpho-
physiological indicator of tolerance in these plants (Albe-
rico and Cramer 1993; Azevedo Neto and Tabosa 2000).

It was further reported that plants exposure to salt stress
has governed DM reduction in tolerant plants (Azevedo
Neto et al. 2004). In the present study; based on height
measurements of maize, we presumed that both SH 10 and
SH 162 might be tolerant cultivars- as seen from their DM
values compared to the other two cultivars (Fig. 2). Gen-
erally, the combined effects of salt stress and Geobacillus
in maize have caused a significant increase in DM in the
inoculated seedlings. Here, we concluded that Geobacillus
inoculation in maize before exposure to salt stress has
modified seedlings dry mass; these modifications were
towards growth advances.

Anatomical structure of root and leaf

Salt stress influences the anatomy of plants tissues. For
example, lipid peroxidation was the main reason for mem-
branes damage as seen in ultrastructure of plastids under salt
stress (Abdelkader et al. 2007). Our micrographs taken after
a microscopic examination of leaf and root of maize plants
exposed to salt stress, viewed seedlings inoculated or
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Fig. 3 Dry mass of 15-day-old maize seedlings exposed to salt stress.
Seedlings of maize were germinated for 5 days in distilled water,
inoculated or non-inoculated with Geobacillus, thereafter left to grow
in 350 mmol NaCl for 10 days. Unstressed maize lacking Geobacil-
lus, Control; unstressed maize inoculated with Geobacillus, Geoba-
cillus; stressed maize lacking Geobacillus, Control+; stressed maize
inoculated with Geobacillus, Geobacillus+. Error bars represent SD
of the mean

@ Springer



2294

Acta Physiol Plant (2011) 33:2289-2299

un-inoculated with Geobacillus. An impaired root cortex in
‘Control+’ seedlings was a striking consequence of salt
stress effects on unprotected plant (Fig. 4g). On the other
hand, the stressed root was intact only in seedlings inocu-
lated with Geobacillus for 10 days (Fig. 4h).

In concomitant to other kinds of a biotic stresses, salt
stress causes leaf injuries and lead to decrease in leaf size
through decreasing the machinery of both cell expansion
and cell division (Curtis and Lauchli 1987; Fricke and

Fig. 4 Light microscopic
photographs show the
appearance of leaf and root in
maize plants after been exposed
to salt stress. Seedlings of maize
were germinated for 5 days in
distilled water, inoculated or
non-inoculated with
Geobacillus, thereafter left to
grow in 350 mmol NaCl for

10 days. Unstressed leaf,

a stressed leaf, b unstressed
root, e stressed root, f unstressed
leaf inoculated with
Geobacillus, ¢ stressed leaf
inoculated with Geobacillus,

d unstressed root inoculated
with Geobacillus, g stressed
root inoculated with
Geobacillus, h thick arrows
pointed to leaf midrib and to
root cortex. Magnification used
(x32)
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Peters 2002; Hasegawa et al. 2000). In stressed plants, the
leaf thickness was decrease at the midrib region in ST10
and ST162 cultivars (data not shown), whereas an increase
in the midrib thickness was recorded in TH321 and TH310
cultivars. Other authors (Azevedo Neto et al. 2004) had,
also reached these findings suggested differential responses
to salt stress by different plants genotypes. Upon Geoba-
cillus inoculation to stressed plants, the midrib thickness
has increased significantly in all cultivars (data not shown).
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Herein, the role of halophytic bacteria in minimizing the
adverse symptoms of salt stress was aggravated.

In this section, we proposed that Geobacillus sp. inocu-
lation into stressed seedlings conferred protection to the
root cortical structures and increased the number of leaf
vascular bundles, for example, number of vascular bundles
increased from 25 in ‘Control4-’ seedlings to 73 in ‘Geo-
bacillus+’ seedlings and from 84 in ‘Control+’ seedlings
to 99 in ‘Geobacillus+’ seedlings, for TH321 and SH162
cultivars, respectively. (Fig. 4h). Moreover, the inoculation
has increased the number of leaf vascular bundles even in
unstressed seedlings (data not shown).

Geobacillus sp. found to have manipulated the general
root area under all treatments, with two exceptions:
‘Geobacillus+’ seedlings of TH 321 cultivar and ‘Geoba-
cillus’ seedlings of TH 310 cultivar.

Mineral content (Na™, C1~ and K™)

Based on the previous reports, tolerance is dependent on
the ability of plant cells to re-establish ion homeostasis and
since salt tolerance is strongly dependent on the net
selection of K (less toxic) over Na™ (high toxic), tolerant
plants must potentially exclude Na™ from photosynthesiz-
ing young leaf (Moradi et al. 2003).

Tolerance in maize was not merely dependent on Na™
content in shoots but on cells efficiency to compartmen-
talize ions in the vacuole (Alberico and Cramer 1993; Rai
and Takabe 2006). Researchers presumed that compart-
mentalization delayed the effect of the ionic stress, which
could take days, weeks or even months before the physical
damage appeared in the plant (Munns 2002). In the present
investigation, we proposed that Geobacillus sp. must had
consumed NaCl to run some cellular activities necessary
for its growth; on the same level, it shielded salts delete-
rious effects from plants tissue (Table 1). The data in hand
showed that Na* content has decreased markedly in
TH321, TH310 and ST10 seedlings after been inoculated
with Geobacillus sp. before exposed to salt stress (Fig. 5a),

whereas ‘Control4’ seedlings accumulated much more
Na*.

The accumulation of CI™ per 1 g dry weight ranged
between 4 and 21 mg in ‘Control+’ seedlings. On the other
hand, ‘Geobacillus+’ seedlings accumulated less Cl™
content as Cl~ had ranged between 1.0 and 2.5 mg in
seedlings after 10 days exposure to salt stress (Table 1;
Fig. 5b).

Geobacillus is presumed potential in reducing the levels
of CI™ accumulation in maize plants under salt stress.

The accumulation of K™ in salt-stressed seedlings fol-
lowed opposite strategy compared to strategies of Na™ and
CI™ accumulation. Generally, K™ has decreased in level in
salt-stressed seedlings than in unstressed seedlings.
Recently, it was discovered (Yilmaz et al. 2004) that NaCl
lead to Na™ increase, K™ and K*/Na™' decrease in tomato
plant seedlings. In the four investigated maize cultivars,
K" had increased in control seedlings whether inoculated
with Geobacillus or not. Except for ST 10 cultivar, the K*
level was generally higher in ‘Geobacillus’ seedlings
(Fig. 5¢). In salt-stressed seedlings, the decrease in K™
level was pronounced in ‘Geobacillus+’ seedlings as
compared to ‘Control4-’ seedlings (Fig. 5c). These results
suggested that Geobacillus sp. had provoked maize plants
to pursue all possible mechanisms that are necessarily
initiated by plants when their survivals were threatened by
undesirable environmental conditions.

Proline content

The osmotic adjustment using net solutes (e.g. carbohy-
drates, proline and other amino acids) is a crucial mecha-
nism encounters salt and drought effects in plants
(Hasegawa et al. 2000). Proline is a stress indicator (Liu
and Zhu 1997) increased heavily in plants under salt stress.
Based on the literature and our data, proline has intensively
accumulated in salt-sensitive plants (Jain et al. 1991). In
such case, TH321 and TH310 cultivars could be more
sensitive than ST10 and ST162 cultivars (Fig. 5d).

Table 1 The percentage of minerals (Na*, CI~ and K*) accumulated in leaf tips of 15-day-old maize plants grown for 10 days in 350 mmol

NaCl
Mineral (%) Cultivar

TH 321 TH 310 ST 10 ST 162

+ - + + - + -
Na*t 187 941 279 1,675 193.4 302.5 270 186
Cl™ 111 254 150 240 120 792 532 984
K* 0.14 0.40 0.03 0.4 0.93 0.47 0.20 0.50

On day 5, germinated maize seedlings were inoculated with Geabacillus caldoxylosilyticus. Non-inoculated seedlings were labeled with ‘minus’;

inoculated seedlings were labeled with ‘plus’
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Fig. 5 a Sodium content in 15-day-old maize plants. Seedlings of
maize were germinated for 5 days in distilled water, inoculated or
non-inoculated with Geobacillus, thereafter left to grow in 350 mmol
NaCl for 10 days. Unstressed maize lacking Geobacillus, Control;
unstressed maize inoculated with Geobacillus, Geobacillus; stressed
maize lacking Geobacillus, Control+; stressed maize inoculated with
Geobacillus, Geobacillus+. Error bars represent SD of the mean.
b Chloride content in 15-day-old maize plants. Seedlings of maize
were germinated for 5 days in distilled water, inoculated or non-
inoculated with Geobacillus, thereafter left to grow in 350 mmol
NaCl for 10 days. Unstressed maize lacking Geobacillus, Control;
unstressed maize with Geobacillus, Geobacillus; stressed maize
lacking Geobacillus, Control+; stressed maize inoculated with
Geobacillus, Geobacillus+. Error bars represent SD of the mean.

The proline level was high in this order: TH310, TH321,
SH162 and SH10 suggesting that SH10 cultivar is probably
the most tolerant and TH310 is the most sensitive cultivar
to salt stress. Upon Geobacillus introduction, the properties
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¢ Potassium content in 15-day-old maize plants. Seedlings of maize
were germinated for 5 days in distilled water, inoculated or non-
inoculated with Geobacillus, thereafter left to grow in 350 mmol
NaCl for 10 days. Unstressed maize lacking Geobacillus, Control;
unstressed maize with Geobacillus, Geobacillus; stressed maize
lacking Geobacillus, Control+; stressed maize inoculated with
Geobacillus, Geobacillus+. Error bars represent SD of the mean.
d Proline content in 15-day-old maize plants. Seedlings of maize were
germinated for 5 days in distilled water, inoculated or non-inoculated
with Geobacillus, thereafter left to grow in 350 mmol NaCl for
10 days. Unstressed maize lacking Geobacillus, Control; unstressed
maize inoculated with Geobacillus, Geobacillus; stressed maize
lacking Geobacillus, Control+; stressed maize inoculated with
Geobacillus, Geobacillus+. Error bars represent SD of the mean

of maize cultivars for tolerance have changed slightly, as
proline level became high in this order: TH321, SH162,
SH10 and TH310 (Fig. 5d). The new changes were
obtained due to the interactions occurred between maize
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and Geobacillus sp. these interactions are certainly not
homologous among cultivars.

Proline-retrieved plants membranes and protein struc-
tures under stress; proline accumulation was a sign that
plants experienced no physiological stress (Binzel et al.
1987). Studying the level of maize plant proline in the
presence of Geobacillus has asserted the biological control
of Geobacillus in salt stress alleviation, confirmed by a
decreased proline level in ‘Geobacillus+’ seedlings than
‘Control+’ plants (Fig. 5d).

Impacts of Geobacillus inoculation on the relative
water content

Relative water content (RWC) was determined in four
maize cultivars grown under conditions of high salt stress
combined to inoculation with Geobacillus sp. Our data
clearly showed that the RWC of ‘Geobacillus+’ seedlings
was generally higher than ‘Control4’ seedlings. RWC of
‘Geobacillus+’ seedlings was even higher compared to
‘Geobacillus’ seedlings (Table 2). This proposed that these
plants upon inoculation possess sufficient water and suffer
no potential stress. Despite this, RWC is not always cor-
related to the physiological status of some cereal plants or
their level of sterility. For example, in a previous study
conducted on rice plants (Lafitte 2002) a weak correlation

was discovered between both RWC and yield production
and between RWC and the percentage of spike sterility.

Photosynthetic pigment content

Photosynthetic pigments mainly constitute chlorophyll
a + b and carotenoids are of vital importance in photo-
synthesis. Reduction in these pigments often occurs in
response to prolonged plant exposure to different stresses.
Regulation of chlorophyll a, chlorophyll b and carotenoids
under stress combined to microbial inoculation was pre-
sented in Table 2.

On one hand, the overall photosynthetic pigments were
increased in ‘Geobacillus’ seedlings as compared to ‘Con-
trol’ seedlings. On the other hand, by comparing ‘Control+’
and ‘Geobacillus+’ seedlings together, chlorophyll a and
carotenoids were found significantly higher in ‘Geobacil-
lus+’ seedlings of TH321 and SH162 cultivars, whereas
chlorophyll b was significantly higher in ‘Geobacillus+’
seedlings of TH321 cultivar (Table 2). The variation among
the tested cultivars was statistically analyzed using one-way
ANOVA (p < 0.05) test. There was chlorophyll a signifi-
cant difference between treated cultivars except ‘Control’
plants. Furthermore, chlorophyll » and carotenoids values
exhibited significant difference for ‘Control+’ cultivars.
The present data are in concomitant to previous studies

Table 2 Relative water content expressed as (%), Chlorophyll (a and b) and carotenoids content expressed as pg/0.2 g fresh weight, antioxidant
enzymes; catalase (CAT) and superoxide dismutase (SOD) measured in unit per gram fresh weight in maize plants leaf

Cultivar Treatment RWC (%) Chla (ng) Chlb (pg) Carotenoids (pg) CAT (unit/g) SOD (unit/g)
TH 321 C 89.6 £ 0.5% 10.6 = 0.2 52+ 1.1 6.4 £0.5 2.74 £ 0.06 0.134 £ 0.01
TH 310 C 96.0 + 1.7* 5.7+£02 32+02 3.8 +0.3 4.32 + 0.02 24+ 04
SH 10 C 92.0 + 2.0%* 7.5 £ 0.03 4.6 £0.2 4.6 £ 0.1 1.97 £ 0.1 0.09 +£ 0.001
SH 162 C 95.1 + 1.0%* 45+02 23 +0.1 33+02 0.41 £ 0.04 328 +£0.2
TH 321 G 73.0 £ 1.8 8.35 £ 0.2* 24 +£0.1 52402 221 + 0.04 0.27 £ 0.01
TH 310 G 68.7 £ 2.0 8.0 £ 0.2* 54 4+03 45+03 243 £ 0.1 0.2 + 0.01
SH 10 G 95.6 £ 1.6 11.6 + 0.1* 4.7+ 0.2 7.0 £ 0.02 1.00 + 0.02 1.53 £ 0.1
SH 162 G 87.1 £ 22 7.7 £ 0.2% 4.6 + 0.1 5.0 £ 0.1 3.60 + 0.1 0.3 + 0.01
TH 321 C+ 70.1 £ 3.2% 5.0 £ 0.5% 2.9 £ 0.2% 2.6 + 0.4% 7.00 £ 0.2 0.33 £ 0.01
TH 310 C+ 68.2 + 1.2% 50+ 0.1% 3.0 £ 0.2% 3.5+ 0.3* 6.33 £ 0.1 0.11 £ 0.001
SH 10 C+ 432 £ 1.5* 10.3 + 0.2%* 6.4 + 0.21* 6.3 + 0.2* 2.86 + 0.1 7.1 +£0.5
SH 162 C+ 88.6 £ 2.4%* 6.0 £ 0.1* 6.6 + 0.2%* 3.7 £ 0.2% 2.33 £ 0.01 11.33 £ 2.1
TH 321 G+ 94.1 + 2.1 12.7 &£ 1.2* 4.6 £ 0.02 8.6 £ 0.2 14.60 £ 0.3* 0.31 £ 0.01*
TH 310 G+ 87.0 £ 2.5 3.5 £ 0.2% 22+ 0.1 24 £0.1 4.16 £ 0.2%* 4.82 £+ 0.2*
SH 10 G+ 89.0 £ 1.6 42 £ 0.1* 2.6 £0.03 32+03 5.66 + 0.1* 0.73 £ 0.01*
SH 162 G+ 923 + 2.5 8.9 £ 0.2% 53+£0.1 5.7 £0.01 5.30 £ 0.2%* 14.1 + 1.0*

Seedlings of maize were germinated for 5 days in distilled water, inoculated or non-inoculated with Geobacillus, thereafter left to grow in

350 mmol NaCl for 10 days

Unstressed maize lacking Geobacillus, C unstressed maize inoculated with Geobacillus, G stressed maize-lacking Geobacillus, C+, stressed

maize inoculated with Geobacillus, G+. Data presented as mean £+ SD

Each value is a mean of three independent determinations. Asterisks indicate values that differ significantly between cultivars at p < 0.05

according to Shapiro—Wilk test
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which revealed that pigments of photosynthetic apparatus
often destroyed by external factors such as salt stress and
UV radiation-mediated loss of photosynthetic capacity
(Jordan et al. 1994). The effect of these factors was tar-
geting PSII complex (Turcsanyi and Vass 2000).

Activity level of catalase and superoxide dismutase

Regardless to whether seedlings were Geobacillus inocu-
lated or not, it was indicated (Table 2) that both CAT and
SOD level of activities had generally increased with the
effect of salt stress in most of the cultivars. It was early
documented that abiotic stress induces the production of
reactive oxygen species (ROS) and results in significant
damage to cellular constituents (Halliwell and Gutteridge
1993). Thereafter, it was discovered that plants ability to
resist oxidative stress is dependent on plant species as well
as the type of stress (Parmar et al. 2002). Plants could
overcome oxidative stress either enzymatically, nonenzy-
matically or in presence of both mechanisms (Israr and
Sahi 2006). One-way ANOVA test at (p < 0.05) was
consulted to analyze the level of activity of CAT and SOD.
One-way ANOVA showed a significant difference between
‘Geobacillus+’ seedlings (Table 2).

Conclusion

The present study is a case of a biological control, aimed
for protecting maize growth/survival under salt stress by
examining physiological and structural impacts of maize
upon halophytic bacterial cells introduction into its seed-
lings. The in vivo measurements of Na®, CI-, K* and
proline have evaluated concisely the potent effect of high
salt stress. Geobacillus caldoxylosilyticus played a signi-
ficant role with ions exclusion from maize plant seedlings.
We conclude that Geobacillus impacts in protecting maize
was potential particularly that the NaCl concentration used
here was high and the experimental span was short.
Accordingly, Geobacillus sp. is recommended for pro-
tecting plants more efficiently against moderate salt stress.
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