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Exogenous expression of ACC deaminase gene in psychrotolerant
bacteria alleviates chilling stress and promotes plant growth in
millets under chilling conditions
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Endogeneous ethylene evolved during cold stress is a major limiting factor for plant growth which can be controlled by
bacterial enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase (ACCD), by breaking down ACC, the precursor of
ethylene. In the present study, we introduced ACCD expressing plasmid in ACCD negative psychrotolerant bacteria to study
its effect on growth of finger and foxtail millet seedlings. ACCD negative Sphingomonas faeni 1SO were selected and
transformed with plasmid pRKACC containing the acdS gene. Inoculation of the millet seeds and studying physiological
parameters when a cold stress of 4 and 10°C was imposed showed that inoculation with ACCD expressing strains improved
root and shoot length, biomass content of foxtail and finger millets seeds. Further, we also observed increased antioxidant
activity in the plants by high levels of SOD, CAT, GPX, POD, APX and GR enzyme activity, and decreased proline content
on inoculation with ACCD positive mutants. The enzyme ACC deaminase is thus be proved to be a potential strategy to
alleviate cold stress in foxtail and finger millet by regulating endogenous ethylene evolved during stress conditions.
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Low temperature or cold stress remains to be one
of the major abiotic factors limiting growth,
development and productivity of plants’. Several
economically significant crops such as rice, millets,
maize, soybean, banana, mango, papaya, and grapes
are sensitive to low temperature®. Plants under low
temperatures show poor early development owing to
their detrimental effects especially during seedling
stages. Plant hormones such as salicylic acid (SA),
abscisic acid (ABA), ethylene, jasmonic acid (JA)
have been found to induce cold acclimatization
resulting in low temperature tolerance®*. However,
they affect the vegetative phase of growth and
generally result in stunted growth with low
productivity. The plant hormone ethylene also has a
role in abiotic as well as biotic stresses, and has been
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observed to be harmful to plant growth®. Chilling
temperatures can enhance the production of ethylene
in plants by accumulation of its precursor molecule
1-aminocyclopropane-1-carboxylate (ACC) and conversion
to ethylene in maize seedlings®. In short, stress in
plants leads to accumulation of S-adenosylmethionine
(SAM) which is converted into ACC by ACC
synthase. Conversion of ACC to ethylene is catalyzed
by ACC oxidase. Bacterial enzyme ACC deaminase
(ACCD) can eliminate ACC accumulated in the
plant tissues by converting ACC to a-ketobutyrate
and ammonia, and thereby reducing ethylene evolved
during stress’.

Millets, small-seeded C4 panicoid crops (foxtail
millet, pearl millet, finger millet, proso millet, etc.)
are cultivated as food and fodder in dry areas of
temperate, subtropical and tropical regions across the
world®®. These millets demand least inputs and
possess remarkable nutritive value which emphasizes
their importance as a food crop®. Despite several of
these millets being able to tolerate a wide range of
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abiotic stress conditions, low temperatures are often
detrimental for seedling growth, especially in chilling-
sensitive species™. Cold delays both germination and
plant growth, lengthens the crop cycle and increases
production costs by demanding greater irrigation
time'. Among millets, foxtail and to a lesser extent
finger millet have gained focus of the research
community with emphasis on studying the growth
and molecular mechanism in response to abiotic
stress'®™. Therefore, here, we studied the role
of ACC deaminase in chilling stressed finger and
foxtail millet plants by introducing an exogenously
expressing ACC deaminase gene in bacteria and
inoculation of the bacteria in stressed plants.

Materials and Methods

Plasmids, strains and triparental mating

Sphingomonas faeni (ISO - psychrotolerant
bacteria) was isolated in our lab and used in the
present study™. The plasmid pRKACC was donated
by Prof. BR Glick, University of Waterloo, Canada.
Triparental mating using E. coli strains DHS5a
(PRKACC) - donor, HB101 (pRK2013) - helper and
S. faeni ISO (acceptor) were used to introduce
the acdS gene through transformation of plasmid
pRKACC". Transformed cells were selected based on
their ability to grow in modified minimal medium
containing sucrose as the sole carbon source amended
with 10 pg/mL tetracycline’.

Screening of acdS transformed mutants and ACC utilization

Transformation of acdS gene into wild type
bacterial cells was confirmed by PCR analysis using
the protocol of Kamala-Kannan et al.'®. To study
ACC utilization, transformed strains were initially
grown in 5 mL of LB broth supplemented with
10 pL/mL of tetracycline. After growing them
overnight on rotary shaker at 180 rpm, 2 mL aliquots
of the cultures were centrifuged at 5000 rpm for 3 min
at 4°C. The pellets were then washed with 1 mL of DF
media twice to remove excess antibiotic and were
resuspended in DF-ACC media (DF media containing
3 mM) and incubated for 24 h on rotary shaker at
28-30°C. At the end of 24 h, 2 mL the cultures
were centrifuged at 5000 rpm for 3 min at 4°C and the
supernatants were collected. Aliquots of 60 pL of the
supernatant were taken in separate PCR tubes and
120 pL of freshly prepared ninhydrin reagent was
added. This mixture kept in boiling water bath for
30 min and absorbance was taken at 570 nm*®,

ACC deaminase activity of transformed mutants

Quantification of ACC deaminase activity in the
transformed S. faeni ISO mutants were determined by
growing them on nitrogen-free broth amended ACC
(3mM) as sole nitrogen source®. The quantity of
a-ketobutyrate produced as a result of enzymatic
hydrolysis of ACC was estimated and protein content
determined using Lowry method.

Cultivation of the seedlings

Foxtail and Finger millet seeds were procured from
Sri Venkateshwara Agricultural University, Tirupathi,
India and surface sterilized with 2% sodium
hypochlorite solution containing 0.02% Tween20. At
the end of surface sterilization, aliquots (100 mL) of
water from the final wash were spread on nutrient
agar to ensure efficiency of sterilization. Bacterial
cultures S. faeni 1ISO and ACCD expressing mutants
S37 and S42 were grown in LB until log phase
followed by DF media and resuspended in 0.3M
MgSQ, after harvesting by centrifugation at 2600 rpm
for 30 min. Surface sterilized seeds were then coated
with wild-type, S37 and S42 strains with gentle
shaking at 30 rpm for 4 h. Control seeds with
incubated in sterile 0.3MgSQ,. The seeds were placed
on solidified 0.5X Hoagland’s solution (solidified
using 2% plant agar, 5 seeds per plate).The seeds
were germinated in dark for 3 days and divided into
two sets. One set of both Foxtail and Finger millet
seeds were transferred to 4°C and the other set was
transferred to 10°C. The plates were maintained under
chilling stress conditions for 7 days and then moved
to 25°C. Another set of seeds were continuously
maintained at 25°C. At the end of 10 days after
inoculation all the seedlings were studied for growth
and physiological biomarkers of stress?.

Plant growth and stress biomarkers

Plant height, root length and fresh and dry biomass
were measured®. Total chlorophyll, proline content
and Lipid peroxidation in the seedlings was
determined by Porra®®; Bates et al?*, Heath &
Packer”. Superoxide dismutase (SOD), catalase
(CAT), Peroxidase (POD) activity was assayed
following methods described by Gao”. Ascorbate
peroxidase (APX) was estimated by Nakano &
Asada®’. Glutathione peroxidase (GPX) was measured
using the protocol of Hemeda and Klein®.
Gluthathione reductase (GR) was analyzed by Foyer
and Halliwell* method.
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Results and Discussion

Psychrotolerant bacterial strains (CSI, I1SO, SR11,
SR12 and IMDY) that were isolated from Himalayan
soil sample were screened for ACC deaminase negative
strain by growing them in DF media supplemented
with and without ACC as the sole nitrogen source.
Out of these five isolates, Sphingomonas faeni (1SO)
was selected as the psychrotolerant strain negative for
synthesis of ACC deaminase enzyme. The wild-type
psychrotolerant Sphingomonas faeni ISO strain was
successfully transformed with pPRKACC plasmid and
transformed mutants were selected based on
resistance to tetracyclinelOug/ml. Stability of the
plasmid in the strain was studied by continuous
culturing for 10 generations in the absence of
tetracycline. PCR analysis identified the positive
transformants which carried the ACC deaminase gene
where 10 isolates (S14, S21, S22, S25, S29, S30, S35,
S37, S39 and S42) showed positive results out of
42 (Fig. 1). Out of them, two mutants (S37 and S42)
showing maximum ACC utilization (data not shown)
with ACC deaminase activity (Table 1) was taken for
further studies.

Physiologically evolved stress ethylene is generally
reported to be detrimental to plant growth and can
cause more damage in plants compared to the direct
effects of the abiotic stress per se. Hence, it is necessary
to study ethylene emission and its regulation by
enzyme ACC deaminase®*®2. In the present study,

Fig. 2 shows the effect of 1ISO mutants (S37 and S42)
on the growth of Finger and Foxtail millets under
chilling stress of 4 and 10°C, respectively. At the end

of 10 days, the mutant strains S37and S42 were able
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M S18 S19 S20 S21 S22 S23 S24 S25 S26 S27 S28 S29 S30 S31 S32 533 S34

M S35 S36 S37 S38539 540 S41 542

Fig. 1 — Confirmation of acds gene in the ISO mutants
(S1 to S42) by PCR. [M, 100 DNA marker; ISO, wild-type
Sphingomonas faeni]

to improve robustness of plants observed through
significant increase in plant dry weight [Fig. 3 C(i)
and C(ii)]. Mutant strains S37 and S42 showed
significantly high shoot length [Fig. 3 A(i) and A(ii)],

Table 1 — ACC deaminase activity of ISO mutants
(S37 and S42) and wild-type strain

ACC deaminase activity

Bacterial Strains (nmol a-ketobutyrate mg™* protein h™)

1ISO

(Sphingomonas faeni) 1.06+0.83
S37 mutant 73.23£2.01
S42 mutant 59.49+4.22

All values are expressed in Mean+SD (n=3)
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Fig. 2 — Effect of ISO mutants (S37 and S42) on the growth of
finger and foxtail millets under chilling stress (4 °C and 10°C).
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Fig. 3 — Effect of ISO mutants (S37 and S42) on A(i) and A(ii),
shoot length ]; B(i) and B(ii), root length; and C(i) and C(ii) dry
biomass of the finger and foxtail millets under chilling stress
(4 and 10°C). [All values are expressed in Mean+SD (n=3)]
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root length [Fig. B(i) and B(ii)] compared to
temperature control and wild type bacteria inoculated
plants at 4 and 10°C (Fig. 2). These results were in
accordance with the previously reported expression of
exogenous ACC deaminase gene in the psychrotolerant
bacterial ~strains Flavobacterium sp. OR306 and
Pseudomonas frederiksbergensis OS211 resulted in an
increased plant growth promoting potential’. The
chlorophyll a and chlorophyll b content analysis
showed that seeds treated with mutants S37 and
S42 contained more chlorophyll compared to the
wild-type treated seeds as well as control at
both temperatures [Fig. 4 A(i) and A(ii)]. Such a
phenomenon has also been observed as an effect
of ACC deaminase enzyme®. Proline content was
found to be reduced upon treatment with S37 and S42
compared to control and wild-type treatment (Fig. 4 B(i)
and B(ii)]. Reduction of proline content has been
observed as a response to stress alleviation in other
plants including maize*. Lipid peroxidation measured
in terms of MDA content showed that the seedlings
treated with mutants S37 and S42 showed significant
reduction in MDA levels against other treatments
[Fig. 4 C(i) and C(ii)].

SOD, CAT, POD, APX, GPX and GR antioxidant
enzyme levels were examined after experimental
study. It was observed that the mutants increase the
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Fig. 4 — Effect of ISO mutants (S37 and S42) on A(i) and A(ii),
Chlorophyll a/b ratio; B(i) and B(ii), Proline content; and C(i) and
C(ii) Lipid peroxidation of the finger and foxtail millets under
chilling stress (4 and 10°C). [All values are expressed in
Mean£SD (n=3)]

levels of these antioxidant enzymes to a significant
level, and hence prevent the reduction of growth of
these seedlings by bringing down the levels of
ROS (Fig. 5). The current study shows a significant
increase in the SOD specific activity in seedlings that
were treated with mutants which kept under cold
stress. This increase in SOD levels helps in lowering
the risk of cellular damage and also increases the
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Fig. 5 — Antioxidant enzyme activity A(i) and A(ii), superoxide
dismutase (SOD); B(i) and B(ii), catalase (CAT); C(i) and C(ii),
ascorbate peroxidase (APX); D(i) and D(ii), guaiacol peroxidase
(POD); E(i) and E(ii), glutathione reductase (GR); and F(i) and
F(ii), glutathione peroxidase (GPX) of finger and foxtail millets
treated with 1SO mutant under chilling stress (4 and 10°C). [All
values are expressed in Mean+SD (n=3)]
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tolerance capability of the seedling under stress
[Fig. 5 A(i) and A(ii)]. There was also increase in
stress induced CAT, APX, POD, GR and GPX
specific activity observed in the treated seedlings
when compared with the untreated controls [Fig. 5 B(i),
B(ii), C(i), C(ii), D(i), D(ii), E(i), E(ii), F(i) and F(ii)].
Both APX and GPX contribute in plant growth by
detoxification of H,O,. It was also observed that the
total APX specific activity in both foxtail and finger
millets was more than GPX specific activity. Hence,
APX contributes more towards detoxifying H,O,
than GPX™.

In the present study, the role of ACC deaminase in
regulating the stress ethylene and the plant growth
promoting activity was investigated in two varieties of
small millets— Finger millets and Foxtail millets.
We observed that the growth of the Foxtail and
Finger millet seedlings reduced due to cold stress.
Inoculation of the millet seeds with mutants S37
and S42 showed positive impacts on the growth
parameters like root and shoot length and dry
weight of the seedlings. Other reports studying stress
ethylene also suggest that reduction of ethylene or its
signaling factors in plants cause improvement in plant
cold tolerance. Shi et al.*® showed that, increase in
ethylene levels led to reduced tolerance to freezing
temperatures and blocking of ethylene biosynthesis as
well as its signaling resulted in enhanced freezing
tolerance. Therefore, it can be concluded that the
exogenously expressed ACC deaminase gene in
Sphingomonas faeni ISO strain alleviates chilling
stress and promotes growth of Finger and Foxtail
millets in a cold environment.
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