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ABSTRACT

Soil salinity-alkalinity is one of abiotic stresses that lead to plant growth inhibition and yield loss. It has
recently been indicated that plant growth promoting rhizobacteria (PGPR) can enhance the capacity of
plants to counteract negative effects caused by adverse environments. However, whether PGPR confers
increased saline-alkaline resistance of plants and the underlying mechanisms remain unclear. We thus
investigated the effects of Bacillus licheniformis (strain SA03) on Chrysanthemum plants grown under
saline-alkaline conditions. Soil inoculation with SA03 significantly mitigated saline-alkaline stress in plants
with augmented photosynthesis, biomass and survival rates. Moreover, the inoculated plants accumulated
more Fe and less Na* content than the non-inoculated plants under the stress. However, the inoculation
with SAO3 failed to trigger a series of saline-alkaline stress responses in abscisic acid (ABA)- and nitric
oxide (NO)-deficient plants. Furthermore, NO acted as a secondary messenger of ABA to regulate the
stress responses and tolerance in Chrysanthemum plants. Therefore, these findings indicated that B.
licheniformis SAO3 could be employed to improve saline-alkaline tolerance of plants by mediating cellular
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ABA levels.

Soil salinity and alkalinity often exist meanwhile because of the
complexity of soil property." It is estimated that over 800 mil-
lion hectares of soils are seriously affected by excessive salinity-
alkalinity worldwide, including 434 and 397 million hectares of
saline and alkaline soils.” Soil alkalization mainly results from
the accumulation of NaHCO; and Na,CO,.? Salinity-alkalinity
has increasingly become a major limiting factor for plant
growth and yield in semi-arid and arid areas.*® Plants have to
experience high pH, ionic toxicity, and osmotic stress simulta-
neously under saline-alkaline stress.*® Until now, great prog-
ress has been gained in understanding the mechanisms of plant
adaption to salt stress.””” However, lack of researches exists on
the mechanisms of plants to tolerate saline-alkaline stress.
Many works have recently been made to improve abiotic
stress tolerance mainly via transgene technology, whereas
transgenic plants must face rigorous food and environmental
safety trials.”'! In addition, application of several important
molecules such as polyamines and ABA can also increase the
resistance of plants to various stresses.'*'* However, these
experiments are often confined to small field regions because
of its high cost. Hence, it is an urgent need to develop an effi-
cient strategy to improve the capability of plants to resist
saline-alkaline stress. During long-term evolution, plants can
recruit a wide range of beneficial soil microbes to colonize in
the rhizosphere, and this mutualistic interaction can help
plants survival under unfavorable environments. Beneficial
soil microbes can regulate plant growth, and improve abiotic

and biotic stress tolerance in plants.'”"'” Use of soil bacteria
to induce plant stress resistance may offer some striking
advantages: (1) low costing of isolation, propagation and
inoculation of soil bacteria; (2) several bacterial strains can
benefit both monocots and dicot plants; (3) the capability of
one stress-resistant plant species can be easily transferred to
the others by soil inoculation. Thus, it will be a great potential
to utilize soil microbes for improving saline-alkaline tolerance
of plants.

Our recent study revealed that the capability of plants to
tolerate saline-alkaline stress was significantly enhanced by
beneficial soil bacteria, implying that this bacteria strain
(Bacillus licheniformis SA03) might regulate certain signal
transduction pathways for plant’s adaptation to adverse
conditions.'® However, the processes of plant-microbe inter-
action are exceedingly complicate. To better understand the
mechanisms of the microbe-regulated stress tolerance, tran-
scriptomic analyses were used to identify DEGs between the
control and inoculated plants. A majority of some genes
associated with abiotic stresses such as water deprivation,
salt stress and wounding was observed in the upregulated
DEGs. It is well known that ABA plays a cardinal role in
modulating abiotic stress responses and tolerance in
various plant species.'” Thus, we speculated that B.
licheniformis SA03 conferred increased saline-alkaline stress
resistance partially by mediating ABA-dependent signaling
pathways.
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In fact, plants inevitably escape two major problems includ-
ing Fe uptake and Na™ toxicity under saline-alkaline stress.***°
Soil inoculation with B. licheniformis SA03 improved saline-
alkaline tolerance, which likely contributed to controlling cellu-
lar Fe and Na' homeostasis effectively.'® As expectedly, the
SA03-inoculated plants had more shoot and root Fe contents
compared with the controls under the stress, indicating that the
inoculated plants owned a strong Fe acquisition machine.
Saline-tolerant plants often maintain low shoot Na* content
and a concurrent high K content.">*' Our recent study showed
that the SAO3-inoculated plants exhibited extremely lower
Na*/K" ratio than the controls under saline-alkaline stress."®
Importantly, cellular ABA levels are positively related to the
accumulation of Na* and K* in plants. Increased ABA levels
significantly inhibits net K* efflux and concurrently induces net
Na* efflux and H" influx in plants by modulating several Na*/
H* and K* antiporters/channels, implying that a fine regulation
of cellular ABA levels is an adaptive strategy for plants to cope
with negative effects imposed by salt stress.'” Intriguingly, exog-
enous ABA increases the reutilization and transport of Fe from
roots to shoots in Fe-deficient Arabidopsis plants.”* Additionally,
ABA is involved in the regulation of the activity of plasma
membrane H*-ATPase, thereby mediating the release of pro-
tons to plant rhizospere.”> A result of our study has shown that
the inoculation of plants with B. licheniformis SA03 can
markedly increase the activity of plasma membrane H*-ATPase
under saline-alkaline stress.'® Higher activity of H'-ATPase
may enhance rhizospheric acidification for counteracting high
soil pH and increasing Fe availability, indicating that ABA-
induced a great increase of H'-ATPase activity helps plants
adapt to saline-alkaline conditions.
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Due to unknown genome sequence information about Chry-
santhemum morifolium vs Chuju, it was difficult to develop sev-
eral ABA-deficient or -insensitive mutants. Pharmacological
analyses were thus used to examine the effects of ABA on the
resistance of plants to saline-alkaline stress. This result indi-
cated that the SA03-inoculated plants treated with FLU, an
inhibitor of ABA biosynthesis, exhibited similar phenotypes
with the controls under saline-alkaline stress.'® Moreover, the
content of ABA was significantly higher in the inoculated
plants than the controls under saline-alkaline stress. However,
treatments with FLU abolished beneficial effects of SA03 on the
growth of host plants under the stress, as evidenced by changes
of physiological indexes. Similarly, FLU exposure remarkably
increased alkaline-mediated damages to plant cells, implying
that cellular ABA levels were associated with the ability of
plants to resist alkaline stress."*

The inoculation with SA03 evidently affected the accumula-
tion of NO in Chrysanthemum plants under saline-alkaline stress,
which was consistent with the changing tendency of cellular
ABA."® NO has well been demonstrated to regulate abiotic stress
responses in plants, which tightly collaborates with ABA and
other hormones.***® However, the mechanisms by which NO, in
coordination with ABA, modulate the impact of abiotic stress
remains elusive. So, does ABA act upstream of NO to regulate a
series of saline-alkaline response in SA03-inoculated plants? Pre-
viously, NO functions as a second messenger of ABA to modulate
salt stress responses in plants by enhancing the activities of anti-
oxidant enzymes and Na™/H™ antiporters.”” However, NO nega-
tively regulate the perception of ABA, and function as a vital
factor to finely mediate the intensity or magnitude of ABA-stimu-
lated responses.”® It remained unknown how the functional
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Figure 1. A schematic representation of B. licheniformis SA03-induced saline-alkaline tolerance in Chrysanthemum plants. The inoculation with SA03 mitigates adverse
impacts caused by saline-alkaline stress in plants by modulating cellular ABA levels. Soil inoculation triggered a series of adaptive mechanisms such as increased antioxi-
dant enzymatic activities, increased Fe acquisition, and decreased Na™ accumulation in plants, which were primarily associated with NO-mediated signaling pathways.

Red upright arrows indicate increase in effects.



interactions between NO and ABA contributed to SA03-regu-
lated stress responses in plants. For this purpose, cellular NO lev-
els were examined in the inoculated plants exposed to FLU,
showing that the biosynthesis of NO was seriously repressed in
the FLU-treated plants under saline-alkaline stress.'® Moreover,
treatments with c-PTIO, a scavenger of NO, markedly downregu-
lated the transcription of Fe acquisition- and Na* transported-
related genes in the inoculated plants.'® There was indistinct dif-
ference in phenotypic and physiological traits between the FLU-
and c-PTIO-treated inoculated plants. More importantly,
¢-PTIO exposure did not affect cellular ABA levels in the inocu-
lated plants under saline-alkaline stress.'® Thus, these results
indicated that SAO3 conferred saline-alkaline resistance in host
plants, involving the activation of ABA-mediated NO signaling
pathways.

Based on our recent findings, a proposed model that illus-
trates SAO03-regulated saline-alkaline stress responses was
shown (Fig. 1). Soil salinity-alkalinity results in low Fe avail-
ability and high Na™ toxicity for plants. The inoculation of
plants with SA03 remarkably ameliorated adverse effects
imposed by saline-alkaline stress. Combined transcriptomic,
biochemical, and pharmacological analyses indicated that the
inoculation with SA03 significantly improved the tolerance of
plants to saline-alkaline stress through stimulation of
ABA-induced NO synthesis. Although induction of ABA accu-
mulation in host plants by SA03 was involved in activating a
series of adaptive mechanisms, some unclear questions
remained: How is cellular ABA levels in plants mediated
by this bacterial strain SA03? Does ABA function as a second-
ary messenger of certain molecules released by SA03 to regulate
saline-alkaline stress responses? To clarify the mechanisms by
which this bacterial strain SA03 regulated saline-alkaline stress
responses of host plants, further investigation is required.

Disclosure of potential conflicts of interest

No potential conflicts of interest are disclosed.

Funding

We are grateful for financial support from the National Natural Science
Foundation of China (31600210, 21607002), the Research Foundation of
the Ministry of Agriculture (BOFC2015KB02), the National Sparking Plan
Project (2015GA710013, 2015GA710014), the Key Research Project of the
Anhui Science and Technology Committee (1301032151, 15CZZ03102),
the Natural Science Foundation of Anhui Province (1508085QD74,
1608085MC59), and the Research Foundation of Anhui Science and
Technology University (ZRC2014403).

Abbreviations

ABA abscisic acid

c-PTIO  2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline
-1-oxyl-3-oxide

DEGs  differentially expressed genes

FLU fluridone

NO nitric oxide
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