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Abstract

The potential to enhance growth of cold
stressed wheat by seed treatment (priming)
with the beneficial bacteria Bacillus amylolig-
uefaciens 5113 and Azospirillum brasilense
NO40 were tested. Results showed an
improved ability of bacteria-treated seedlings
to survive at —=5°C up to 12 h. Cold stress
increased transcript levels of three stress
marker genes and increased activity for the
ascorbate-glutathione  redox  enzymes.
However, primed and stressed seedlings gen-
erally showed smaller effects on the stress
markers correlating with better growth and
improved stress tolerance. Bacterial priming to
improve crop plant performance at low temper-
ature seems a useful strategy to explore fur-
ther.
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over different compartments throughout plant
cells to maximize protection. An important role
in plant defense has been attributed to the
ascorbate-glutathione pathway due to its abili-
ty to maintain high levels of antioxidants by
regenerating used antioxidants.'

The synthesis of numerous biological com-
pounds and the regulation of many metabolic
processes depend on Cl metabolism.” The
availability of C1 units affects the capacity to
produce osmolytes and thus how plants resist
abiotic stress by reducing water content, phase
changes and ice formation. Methionine is a
precursor for the major methyl group S-adeno-
syl-Met (SAM) formed by SAM synthetase
(SAMS), which can be used as an indicator of
the CI status.

It is a challenge for plants to support protein
folding at different temperatures to maintain
protein function. Heat shock proteins (HSP)
belong to the chaperone superfamily of pro-
teins which enhance folding and stability of
many proteins. HSP can also provide cryo-pro-
tective effects and maintain membrane
integrity during stress conditions.” Many HSP
are known to be induced by abiotic stress.’

Abiotic stress tolerance of plants is a com-
plex process involving modifications at many
levels.! Plants can be primed to enhance toler-
ance to stress by certain chemicals or biologi-
cal agents, e.g. plant growth promoting bacte-
ria (PGPB).* Priming has low fitness costs for
the plant and of high interest to explore for
durable plant protection being a cost effective
biotechnological alternative to breeding. In
this study we aimed to induce freezing stress
tolerance in wheat using two PGPB strains.
The rationale behind this is that different
kinds of abiotic stress share common features
such as changes in water status and osmotic
balance. We have earlier found that these bac-
terial strains prime drought tolerance in wheat
and our hypothesis was that we therefore also
could prime improved cold tolerance.’

Introduction

Environmental stress causes great losses in
crop production where abiotic factors like soil
salinity, drought and extreme temperature
constitute the most fatal problems. Low tem-
perature is the major limiting factor for crop
production in regions where cold periods or
freezing occurs annually. Late frost also causes
major damage to seedlings in many areas.
Exposure of plants to low temperatures leads to
the generation of reactive oxygen species
(ROS). ROS cause oxidative damage of many
different compounds impairing cell function.!
Since oxidants have different properties the
antioxidant defense constitutes both enzymat-
ic and non-enzymatic components distributed
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Materials and Methods

Plant growth and treatments

Wheat (Triticum aestivum L.) cv. Sidsl is a
widely cultivated Egyptian spring cultivar that
is relatively sensitive to abiotic stress.” Grains
were surface disinfected using calcium
hypochlorite.® Two bacterial strains were used
for priming of wheat grains. Azospirillum
brasilense NO40 is tolerant to osmotic stress
and decreases salt stress in barley.” Bacillus
amyloliquefaciens 5113 prime disease resist-
ance" and abiotic stress tolerance in oilseed
rape (Meijer, unpublished). Bacteria were
grown in LB medium for 48 h at 28°C and the
density determined by colony forming unit
(CFU) analysis. Grains were soaked in solu-
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tions containing 107 bacteria mL™ for 2 h at
28°C with shaking while control seeds were
soaked in water. Three primed or un-primed
grains were sown in 6 cm? pots containing
sterile soil (50% low humidity peat and 50%
average  humidity peat)  (Weibulls,
Hammenhog, Sweden) in controlled environ-
ment with 22/16°C (day/night), 16/8 h photope-
riod, 450 pmol m=2 s~! and 80% humidity.
Plants were watered daily during 12 d and then
shifted to growth cabinets (Percival Scientific,
IA) with settings as above but exposed to —5°C
in order to stress the plants while another set
of plants was kept under normal conditions as
control. Sampling of plants was carried out at
0, 6, 12 and 24 h. Samples for laboratory analy-
sis were frozen in liquid nitrogen and kept at
-72°C.

Plant growth analysis

At each time point, 40 plants were randomly
selected, randomly divided into two groups and
kept at normal conditions stated above to allow
recovery. After three days plant survival of each
group was measured relative the initial num-
ber where control plants showed 100% sur-
vival. Immediately after sampling, seedlings
were washed and dried between two filter
papers. Fresh weight was recorded before the
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samples were dried at 50°C until constant
weight. The difference between fresh and dry
weight was used to calculate the water content
of shoots. Data based on replicates (at least six
times) were subjected to analysis of variance
(ANOVA) to determine the significance
between the treatments using Costat (CoHort
software, CA, USA).

Enzyme and transcript assays
Ascorbate peroxidase (APX), mono-dehy-
droascorbate reductase (MDHAR), dehy-
droascorbate reductase (DHAR) and glu-
tathione reductase (GR) were assayed by
homogenizing 200 mg frozen plant material in
1 mL extraction buffer and after centrifugation
the supernatant was analyzed for enzymes

software was used to design gene specific
primers (Table 1).” The invariant ACTIN
cytoskeleton gene was used to normalize the
expression levels. As a negative control, reac-
tion mixture without cDNA was used. The RT-
PCR reaction used Dream Taq polymerase
enzyme (Fermentas, Finland) and the follow-
ing parameters: denaturation for 2 min at
94°C; 30 cycles of 1 min at 95°C, 50 sec at 54°C
and 1 min at 72°C; and finally 10 min at 72°C.
Prior experiments showed that 30 cycles pro-
vided transcript levels being in a linear range.
Samples were separated on a 1% agarose gel
and bands quantified using the Quantity One

software (Bio-Rad) with lane-based back-
ground subtraction and normalization of the
bands to compensate for differences in load-
ing. The band intensity was quantified using
volume units (pixels/mm?) and shown as the
relative fold expression at zero time.

Results

Plant growth and survival
The effect of freezing on wheat growth was
severe. Exposing wheat seedlings to -5°C

Table 1. Gene specific primers and genes from Triticum aestivum used for RI-PCR

activity." analyses
Expression of ascorbate peroxidase (APX1),
S-adenosylmethionine synthetase (SAMSI)

. APX1 AF387739.1 forward, 5’- GGAGGCTTCCTGATGCTG-3’
a“dlhea(; shock protein (HSPI7.5) iy reverse, 5-CGGCGTAGTCCTTGAAGAAT-3'
analyzed using semi-quantitative RI-PCR. g, g4y EU399630.1 forward, 5-GACCCAGGTGACTGTGGAGT-3'
Total RNA was extracted from leaves using a reverse, 5-AGGCACGCCAATAGCATAAG-3’
Plant RNA Mini Kit (Omega Bio-Tek, USA) fol-  fi5p776 AF350423.1 forward, 5-AGGATGTTCGGACTGGAGAC-3’
lowed by DNase I treatment. First strand cDNA reverse, 5’-ACGAACTTGCGCATCATCT-3’
was synthesized from 500 ng of RNA using  TmACTIN AB181991.1 forward, 5 -CAGTTGCCCAGCAATGTATG-3
SuperScript Il (Invitrogen, USA). Primer3 reverse, 5 -AGCAATTCCAGGAAACATGG-3
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Figure 1. Effect of bacterial priming on plant survival of chilling Exposure time (h) —*—g:_?;l%

stressed wheat. Bacterial priming with B. amyloliquefaciens 5113
or A. brasilense NO40 were tested for effects on the survival of
wheat seedlings (cv. Sids1) subjected to -5°C 4 chilling stress for
0, 6, 12 and 24h. Bars indicate standard errors between tow plant
groups with 20 replicates in each group. Statistical analysis based
on 3 ways ANOVA was conducted on two plant groups with 20
replicates in each group. Three factors were considered for the
analysis (stress, strains and stress exposure time). ***Indicates
highly significant effect for the tested factor at P<0.01, **indi-
cates significant effect for the tested factor at P<0.05.

Figure 2. Effect of bacterial priming on some growth parameters
of chilling stressed wheat Bacterial priming with B. amylolique-
Jfaciens 5113 or A. brasilense NO40 were tested for effects on
growth parameters of wheat seedlings (cv. Sids 1) subjected to
-5°C chilling stress for 0, 6, 12 and 24h. Bars indicate standard
errors between six replicates. Treatments labelled with identical
letters are not significant at P<0.01. A) Shoot dry weight
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(g/plant); B) shoot water content (%).
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resulted in a massive decrease in the survival
rate where 40 % survival rate was recorded
after 12 h of exposure to —5°C, when bacterial
treatment significantly improved the survival
rate and growth of stressed wheat (Figure 1).
The effect of both PGPB strains tested on the
survival rate under freezing conditions was in
the range between 60% to 80% for seedlings
exposed to —5°C for 12 h. Increasing the expo-
sure time to 24 h caused irreversible damage
with no survivors in any of the test groups.
Under cold stress conditions, wheat dry
weight declined dramatically (Figure 2A). Dry
weight was significantly decreased by expos-
ing wheat to —5°C stress but increasing the
exposure time up to 24 h did not significantly
affect the decline in dry weight. In most cases,
both bacterial strains used for priming showed
a slight increase in the accumulation of dry
matter in the cold stressed wheat seedlings
compared with their unprimed counterparts.
Exposing wheat to —5°C resulted in a signif-
icant decrease in water content which correlat-
ed with the exposure time to freezing. After 24
h of cold stress severe losses in water content
were recorded. Bacterial priming greatly coun-
teracted the decrease in water content.

Priming with B. amyloliquefaciens 5113
improved the water content of the seedlings
exposed for 12 h to cold stress more than two-
fold from 15 to 39% (Figure 2B).

Enzymes of the ascorbate-glu-
tathione redox cycle

The APX activity increased significantly in
the leaves of all cold stressed seedlings what-
ever primed or not and this was in parallel with
the increase of exposure time. B. amylolique-
faciens 5113 primed seedlings showed lower
APX activity in the leaves compared with the
un-primed stressed seedlings (Figure 3A).
Exposing wheat seedlings to —5°C caused a
marked increase in the activity of DHAR in the
leaves at all time points (Figure 3B). It was
also noticed that the effect of bacterial priming
appeared as decreased activity of this enzyme
in wheat leaves. Cold stress resulted in
increasing MDHAR activity in the leaves of all
stressed wheat seedlings (Figure 3C).
Bacterial priming resulted in a slight increase
in the MDHAR activity in leaf tissue compared
with their un-primed stressed counterparts.
Exposing wheat seedlings to freezing led to a

significant increase in the activity of GR in the
leaves (Figure 3D). The highest GR activity
was observed after 6 h of cold stress. GR activ-
ity was significantly decreased in the leaves of
B. amyloliquefaciens primed seedlings com-
pared with un-primed cold stressed seedlings.

Molecular stress markers

Transcript levels of the stress marker genes
APX1, SAMSI and HSPI7.8 were measured in
leaves using RT-PCR. Results indicated that
exposing wheat seedlings to cold stress for 6 h
led to a significant up-regulation of the APX1
gene for all stress treatments which reached
maximal levels after 12 h. The effect of bacter-
ial treatment on APX] expression in stressed
wheat leaves varied among the strains tested
for priming. B. amyloliquefaciens 5113 treat-
ment significantly decreased APXT levels in all
stressed seedlings while for A. brasilense NO40
treated seedlings, APX] expression was not
different compared with un-primed stressed
plants (Figure 4A).

Exposing wheat to —5°C significantly
increased the expression of SAMSI in the
leaves in all treatments. It was also observed
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Figure 3. Effect of bacterial priming on the activity of redox
enzymes in the leaves of cold stressed wheat Effects of primin,
with B. amyloliquefaciens 5113 or A. brasilense NO40 on the
activity of enzymes of the ascorbate-glutathione redox cycle were
tested in the leaves of wheat seedlings (cv. Sids1) exposed to -5°C
for 0, 6 and 12 h. A) Ascorbate Peroxidase (APX) (pmol min-1
¢! fresh weight); B) dehydroascorbate reductase (DHAR); C)
mono-dehydroascorbate reductase (MDHAR); and D) glu-
tathione reductase (GR) (nmol min-1 g! fresh weight). Bars
indicate standard errors between 3 replicates.

Figure 4. RT-PCR analysis of some stress marker genes in cold
stressed wheat leaves. Wheat plants (cv. Sids1) pretreated with B.
amyloliquefaciens 5113 () or A. brasilense (A) NO40 were
exposed to -5°C for 0, 6 and 12 h. Semi-quantitative RT-PCR
analysis was used to study steady state levels of APXI (A),
SAMSI1(B) and HSP17.8 (C) expression. The cytoskeleton gene
ACTIN was used to normalize expression levels. The expression
is shown as the relative fold expression to the control () at zero
time. Cold treated plants without priming served as stress posi-
tive control (H).
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that the SAMS! gene was responding immedi-
ately to low temperature and the expression
level was always elevated with increasing
stress exposure time. Generally, bacterial
primed seedlings showed lower SAMSI levels
in the leaves compared with the unprimed
stressed seedlings. However, B. amyloliquefa-
ciens 5113 primed seedlings showed much
lower SAMSI levels compared to A. brasilense
NO40 primed seedlings (Figure 4B).

Low temperature significantly induced the
transcript levels of HSP17.8 in wheat leaves.
There was no difference in HSP17.8 levels in
wheat leaves when cold stressed seedlings (6
h) was compared with B. amyloliquefaciens
5113 primed seedlings under the same stress
conditions. On the other hand, A. brasilense
NO40 primed seedlings showed lower HSP17.8
expression under cold stress conditions com-
pared with its un-primed stressed seedlings
(Figure 4C).

Discussion

We chose to test low temperature tolerance
without acclimation since diurnal temperature
variation may vary strongly in Egypt for spring
cultivars. In the present study strong stress
symptoms were displayed already after 6 h at
—5°C with hanging leaves and later discolour-
ing as well as a decline in plant growth and
survival that was more pronounced after pro-
longed cold stress. After three days of recovery
the surviving plants looked healthier and with
somewhat better phenotype for the primed
plants. Plant growth reduction caused by low
temperature is usually a result of damage due
to acute dehydration associated with freezing.*
Such dehydration effects were evident from
our results where dramatic losses in leaf water
content were observed after exposure to freez-
ing temperatures. On the other hand, in accor-
dance with our hypothesis, we could show that
bacterial priming significantly counteracted
the deleterious effects of low temperature on
plant survival and growth after 6 and 12 h of
cold treatment. Although it is a well-known fact
that certain bacteria promote stress tolerance
of plants the mechanisms often remain
unknown.”” However, a recent study," demon-
strating priming of cold tolerance in wheat by
Pseudomonads, attributed the effect to
improved photosynthetic capacity and
enhanced root growth due to bacterial IAA pro-
duction. It is known that IAA can be produced
by A. brasilense and B. amyloliquefaciens.”"
We observed a somewhat greater root system
on the bacteria treated plants suggesting that
the tested strains indeed could be working
according to a similar mechanism.

Counteracting oxidative stress is critical in
order to avoid cell damage. In the present study
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we observed a significant increase in the activ-
ities of four antioxidant enzymes in wheat
leaves experiencing freezing. In general high-
er antioxidant capacities correlate with elevat-
ed ROS generation. We showed that bacterial
primed and stressed plants had considerably
lower antioxidant enzyme activity in the leaves
compared with their unprimed stressed coun-
terparts, which suggests that priming decrease
ROS generation upon stress challenge. It may
be that photosynthesis, respiration and pho-
torespiration are under better control at stress
as a result of priming. Lowering of ROS levels
is also important to prevent signalling for cell
death.'” To overcome cold stress, modifications
in plant metabolism are required, e.g. synthe-
sis of cryoprotectants.’ We detected a signifi-
cant up-regulation of SAMSI transcript levels
in wheat leaves after low temperature treat-
ment. Similar results were reported by record-
ing elevated transcription for all C1 biosynthet-
ic genes in the leaves of cold stressed wheat.”
In the present study, it was noticed that bacte-
rial treated and stressed seedlings had lower
SAMS]I transcript levels compared with their
unprimed counterparts suggesting lower sup-
ply of methyl units and associated metabolite
tuning. This could imply that the plant
becomes more specific in production of protec-
tive molecules to prevent cold induced damage
or those other factors are more important in
primed cold tolerance. Metabolomic analysis of
cold responses in plants, mostly Arabidopsis,
generally showed reprogramming but for many
changes the functional role remains unclear.”
Many metabolites associated with cold stress
are of unknown structure pointing to the role
of yet unknown pathways for abiotic stress tol-
erance.” Most probably a combination of pro-
tective metabolites in consort with proteins
are needed for appropriate temperature stress
control and stress tolerant cultivars often con-
tain higher levels of dehydrins or other stress
related proteins.”

Protein folding is usually compromised by
low temperatures limiting the functionality of
cells.” In the present study, HSP/7.8 transcript
levels were highly up-regulated in wheat
leaves exposed to cold stress showing a greater
need to support protein folding. However,
Azospirillum primed and stressed seedlings
showed lower levels of HSPI7.8 suggesting
that a more favourable environment for pro-
tein folding and stability exists in the primed
plants.

Obviously regulation of gene expression is a
key issue for plants to develop stress tolerance.
Various forms of abiotic stress responses
share some common regulatory features in
addition to unique responses.” However,
changes in temperature often occur more rap-
idly than other abiotic stresses like drought
and salinity requiring more rapid compensa-
tory systems in the plant. Analysis of transcript
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responses show that distinct sets of genes are
modulated by different cold treatments but the
present limitation of genome information for
non-model organisms restrict in depth analy-
sis.”* However, a role for WRKY and NAC tran-
scription factors for cold stress tolerance in
wheat has been shown.”* In Arabidopsis the
NAC NTL4 gene controls ROS generation in
drought so down regulation of wheat ortholog
could help to explain the primed cold stress
effects on ROS.” Exposure to a low tempera-
ture for a shorter duration generally improves
cold tolerance of plants (acclimation) while a
longer time period of cold (vernalization) is
needed for many plants to initiate reproductive
growth. While adjustments to low tempera-
tures would be expected to involve similar
mechanisms, a recent investigation showed
that cold acclimation and vernalization
responses  differ.*® Another study in
Arabidopsis showed that changes in transcrip-
tome but not metabolome correlated with abil-
ity to cold acclimate while for freezing toler-
ance both metabolite and transcript changes
was correlated illustrating the complexity of
plant responses to different low temperature
regimes.”

Conclusions

In conclusion, we have demonstrated the
potential of using two bacterial strains to
prime abiotic stress tolerance and enhance
growth of wheat experiencing low tempera-
ture, which supported our hypothesis that bac-
teria which counteract one type of water stress
(drought and heat) also can work on other
types of water related stress (cold). The data
showed varying impact on the ascorbate-glu-
tathione redox cycle, C1 generation and the
expression of small HSPs indicating that prim-
ing support stress tolerance by several changes
at metabolite and protein level when plants
become challenged. Future analysis need to
identify factors that are needed for priming of
stress tolerance to optimize this biotechnology.
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