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ABSTRACT

Background: The present study was designed to investigate the inhibition role of two polyamine
biosynthesis inhibitors, i.e., D-arginine (D-Arg) and DL-a-difluoromethylornithine (DFMO), in polyamine
biosynthesis under chilling stress in different tissues of two maize inbred lines — Huang C (chilling-
tolerance) and Mo17 (chilling-sensitive).

Results: The results showed that exposure to the lower concentration of polyamine biosynthesis inhibi-
tors improved seedlings growth, such as the root length, root and shoot fresh weight, chlorophyll a (chl a).
The effectiveness of 10 UM D-Arg treatments was more prominent than those of 10 uM DFMO. However,
the higher concentration of inhibitors suppressed seedlings growth, and the exposure to 100 uM DFMO
caused stronger decreases in the photosynthetic pigments, such as chlorophyll a (chl a), chlorophyll b (chl
b), total chlorophyll and carotenoids, than the other treatments. Meanwhile, the inhibitor treatments
caused the lower content of putrescine (Put) in roots, mesocotyls and coleoptiles in both maize inbred
lines as compared with untreated plants. However, the lower concentration (10 uM) of polyamine
biosynthetic inhibitors improved the Spd content, except 10 uM D-Arg in root of Huang C, and 10 uM
DFMO in coleoptiles of both Mo17 and Huang C. The correlation analysis found that Spd was positively
significantly correlated with root length and shoot fresh weight of seedling.

Conclusion: It was showed that the Spd played an important role in seedling growth improvement. At the
same concentration of polyamine biosynthetic inhibitors, the Put contents in different tissues of the
seedlings treated with DFMO were generally lower than those treated with D-Arg, except for Put contents
in root of Mo17 with 10 uM treatment. Moreover, the treatments of 100 UM were more prominent than
those of 10 uM treatments. Exposure to 100 uM D-Arg and 100 yuM DFMO could each decrease the
activities of Arginine decarboxylase (ADC), Ornithine decarboxylase (ODC) and S-adenosylmethionine
decarboxylase (SAMDC) in all maize tissues. However, the decrease of the ADC activity was more
prominent in 100 uM D-Arg-treated seedlings, while the decrease of SAMDC and ODC activities was
prominent in 100 uM DFMO-treated seedlings. Genes involved in polyamine biosynthesis, such as ADC,
ODC, SAMDC, and PAO, showed different expression patterns in response to chilling stress and polyamine
biosynthesis inhibitors. This study suggested that Put was synthesized via both the ADC and ODC
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pathways after chilling stress, with the ODC pathway being the major one.

Introduction

Maize (Zea mays L.) is one of the most important field crops in
the world. Its total world production ranks the third following
wheat and rice, and it is a staple food in many countries,
especially those in the tropics and sub-tropics.'”®> Chilling is
one of main abiotic stresses that limit the productivity and
quality of maize.*> Previous studies showed that both tropical
and subtropical maize species are sensitive to chilling stress.®’
Low temperature, especially occurred during seed germination
and early seedling growth, would severely inhibit seed germina-
tion, delay seedling growth®'® and result in the serious reduc-
tion of seed emergence and seedling establishment in the field."'”
'3 Therefore, it is of great importance to study the physiological
events during seed germination under chilling stress.

Plants activate their defense system in response to low
temperature by altering gene expression, protein metabolism,
metabolite profile and cell membrane lipid composition.'*"
Under chilling stress, plants accumulate polyamines (PA), such
as Spd, spermine (Spm) and Put, which are considered as
modulators of biological processes, including plant growth,
development, and senescence.>'® These polyamines exhibited
a strong defense role under chilling stress, as reported earlier by
Sheteiwy et al.® They each play a pivotal role in the regulation
of plant development'” and physiological processes.'®
Moreover, PA also has a function as stress messengers in
plant responses to different stress signals.'®*° Their contents
have been found to increase during chilling stress in several
plants, such as maize,”" cucumber,” rice® and chickpea.**
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Several studies have also reported that endogenous polyamines
levels, especially Put content, increased in maize seedlings
under chilling stress.>*'

The biosynthetic pathways of PA in higher plants have been
studied in some researches.>”*>*° Put synthesis proceeds
through either ADC via agmatine (Agm) or ODC. Spd is
synthesized by spermidine synthase (SPDS) from Put with
the addition of an amino propyl moiety, which is donated by
decarboxylated S-adenosylmethionine (dcSAM) formed by
SAMDC.” Spm is synthesized by Spermine synthase (SPMS)
from Spd with the addition of an amino propyl, which is
donated by dcSAM.*’ Tt has been previously documented
that ADC is more important than ODC in the production of
Put in plants.”>*® Inhibitors of PA biosynthesis, such as D-Arg
and DFMO have been found to inhibit main PA biosynthetic
enzymes, such as ADC, ODC, and SAMDC.?”*° As such, the
activity of ADC can be inhibited by D-Arg®” and ODC can be
inhibited by DFMO.?® Previously, a study of polyamine inhi-
bitors on maize polyamines was reported, which mainly used
calluses.””>? Similarly, Torne et al.>' found that DEMO pre-
treatment improved the regeneration ability of maize callus
under normal temperatures, while it increased the membrane
permeability under chilling stress. However, the negative effect
of PA biosynthesis inhibitors could be diminished by adding
Put.’ Similarly, treatment with inhibitors of PA biosynthesis
reduces the plant stress tolerance, whereas addition of exogen-
ous polyamines restores successfully stress acclimation.’>”
Therefore, PA are thought to play an essential role in the
environmental stress tolerance of plants. Meanwhile, the spe-
cific or nonspecific inhibitors have been used to elucidate the
role of PA in plant developments under abiotic stresses.’®>’
For example, DFMO at 10-1,000 pm concentrations signifi-
cantly reduced the number of Panax ginseng somatic
embryos,”” and caused an 83% decrease in the embryogenic
response.”®

In the present study, both chilling-tolerant and chilling-
sensitive maize inbred lines are used to determine the poly-
amine contents in different tissues, i.e., roots, mesocotyls, and
coleoptiles, in response to chilling stress. We attempted to
elucidate the response of the biosynthetic pathway of PA in
maize seedlings, as well as the differences among different
tissues under chilling stress. The underlying mechanism of
the response of PA biosynthetic pathway to chilling stress in
maize is still not fully studied. Hence, further investigations are
required to disclose the mechanisms of PA biosynthetic path-
way in chilling-stressed maize plants.

Materials and methods
Plant materials and growth condition

Seeds of two maize inbred lines, Huang C (chilling-tolerance) and
Mo 17 (chilling-sensitivity),® were used in the present study. The
seeds were surface sterilized with 0.5% NaClO for 5 min.*” The
seeds were germinated on a wet paper towel in a plastic germina-
tion box (12 cmx18 c¢cm) for 3 days in dark at 25°C (control
temperature), in which 50 seeds for each treatment with three
replications were used. Then, three days-old seedlings were uni-
formed and incubated for 1 day in different Hoagland solutions

including the PA biosynthesis inhibitors (DFMO and D-Arg) at
different concentrations, i.e., 0, 10, and 100 uM. After, the incu-
bated seedlings grown in Hoagland solution with PA inhibitors
and the controls plants (without PA inhibitors) were exposed to
low temperature (5°C) for 3 days. During the entire growing
duration in nutrition liquids, seedlings were grown under 12 h
light/12 h dark (LD) cycles with 250 pmol-m s ™" illumination.
The physiological parameters such as root and shoot height, root,
and shoot fresh weight, photosynthetic pigments, polyamine
contents, polyamines biosynthetic and degrading enzymes and
their expression levels of polyamines’ biosynthetic genes were
determined at the end of low temperature treatment.

Seedling growth and photosynthetic pigment
measurements

The shoot and root lengths of 10 randomly selected seedlings were
manually measured and used for the fresh weight measurements.*'
The photosynthetic pigments including chl a, chl b, total chl. and
carotenoids were measured according to the methods of Salah
et al.** In brief, fresh leaves (0.2 g) were grinded thoroughly in
liquid nitrogen using a pestle and mortar and homogenized with
10 mL of 95% ethanol. Then, the extract was centrifuged at 5,000 x
g for 10 min. The obtained extract was diluted by adding 4 mL of
95% ethanol to 1 mL of extract, after which the mixture was
determined by monitoring the absorbance using the spectrophot-
ometer (752 (N) UV-Vis Spectrophotometer, China) at the wave
lengths 470, 649, and 665 nm.

Polyamine contents of maize inbred lines under chilling
stress

The polyamine contents in the root, mesocotyls, and coleoptiles
and their transcript levels were measured immediately after the
chilling stress treatment. Polyamine contents were measured
according to the method of Gao et al.’ Fresh tissue (0.1 g) was
homogenized with 1 mL of 5% (w/v) cold HCIO,, incubated in
ice for 1 h, and centrifuged at 23,000 x g for 30 min at 4°C. Then,
the supernatant was stored at —70°C for PA measurements.
10 mL of 2 M NaOH and 10 pL of benzoyl chloride were
added to 0.5 mL of the obtained supernatant and the mixture
was vortex-mixed vigorously and incubated in 37°C water for
20 min. Then, 2 mL of saturated NaCl solution and 2 mL of
diethyl ether were added to the mixture. After 1,500 x g centri-
fugation for 5 min at 4°C, 1 mL of the ether phase was obtained
and allowed to evaporate with a warm air-stream. The dried
materials were dissolved in 100 puL methanol and its filtration
through a 0.22 pm filter was subjected to reading using an HPLC,
which included a 3.9 x 150 mm, 4 um particle size reverse-phase
(C18) column (Waters Nova-Pak) and a Waters 2487 dual A\
absorbance detector. The mobile phases were consisted of metha-
nol-water (64: 36, v/v) at a flow rate of 1 mL min~'. Three PA
standard samples for Put, Spd and Spm were prepared at differ-
ent contents for the development of standard curves.

Polyamines biosynthetic enzymes under chilling stress

The enzymes involved in PA biosynthesis were measured
according to our previous study.® In brief, 0.5 g of root,



mesocotyls, and coleoptiles (each) were ground at 4°C into fine
powder and homogenized with 3 mL of extraction buffer (pH
8.0) containing 25 mM potassium phosphate, 50 uM EDTA,
100 uM phenylmethylsulphonyl fluoride, 1 mM 2-mercap-
toethanol and 25 mM ascorbic acid.** The homogenate was
then centrifuged at 5,000 x g for 20 min at 4°C and the super-
natant dialyzed at 4°C against extraction buffer for 24 h in
darkness. Dialyzed extract (50 ml) was used in the enzyme
assay. The reaction buffers for ADC, ODC, and SAMDC assays
were 0.1 ml of 200 mM Tris-HCl (pH 8.5) buffer, 0.1 ml of
200 mM Tris-HCI (pH 8.0) buffer and 0.1 ml of 200 mM
potassium-phosphate (pH 7.5) buffer, respectively. The reac-
tion was stopped by injecting 0.2 ml 10% (w:v) trichloroacetic
acid with a syringe and then trapping for a further 60 min.
Then, the activities of ADC, ODC, and SAMDC enzymes were
determined by measuring CO, evolution.® Spd synthase activ-
ity was measured according to the method of Kasukabe et al.*’

PA degrading enzymes under chilling stress

The degrading enzymes such as Polyamine oxidase (PAO) and
Diamine oxidase (DAO) activity were determined according to
the method of Sheteiwy et al.* The plant tissues (0.5 g) were
homogenized in 0.5 mL of 0.2 M phosphate buffer (pH 6.5) and
centrifuged at 8000 x g for 15 min at 4°C. The reaction was
initiated by the addition of 0.2 mL of 20 mM of Spd for the
determination of these degradative enzyme activities.

Expression levels of PA biosynthetic genes

In order to analyze the expression levels of PA biosynthetic
genes, frozen tissues samples (200 mg) were ground thoroughly
in liquid nitrogen using a mortar and pestle. Total RNA was
isolated from the treated and untreated seedlings by using RNA
isolation kit (Takara, Japan). The concentration of the RNA
was determined using NanoDrop (Thermo Scientific, USA).**~
6 The RNA purity was checked spectrophotometrically by
means of the 260/280 nm ratio. The primers of genes used in
real-time PCR (RT-PCR) are shown in supplementary Table 1.
c¢DNA was synthesized using Primer Script RT reagent Kit
(Takara, Japan) from 1 pg of total RNA in a 20 p L reaction,
and diluted 4-fold with water.

Quantitative real-time RT-PCR was performed using SYBR
premix EX Taq (Takara, Japan). ACT1 was used as an endo-
genous control gene to normalize expression of the other
genes. The PCR program was as follows: 30 s at 95°C, followed
by 40 cycles of 10 s at 95°C, 30 s at 60°C.

Statistical analysis

Treatments were arranged in factorial experiments in comple-
tely randomized design. All values described in Results section
are mean of three replicates * standard deviation (SD). All data
were subjected to an analysis of variance (ANOVA). When
a significant (P < .05) F ratio occurred for treatment effects,
a least significant difference (LSD) was calculated. Before
ANOVA, the data of percentage was transformed according
to y = arcsin [sqrt (x/100)]. The correlation analysis was per-
formed using SPSS v16.0 (SPSS, Inc., Chicago, IL, USA).
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Results

Physiological response of maize to PA inhibitors and
chilling stress

The present study depicted that D-Arg at 10 uM and 100 uM
concentrations significantly increased root length in Mol7
inbred line as compared with untreated plants (Figure 1la).
Conversely, DFMO at 100 pM concentration significantly
decreased the root length of Mol17, while there were no sig-
nificant differences between 10 uM DFMO and the control.
The root length of Huang C treated with 10 uM D-Arg was
significantly higher than the control, 10 uM DFMO, and
100 uM DFMO-treated plants. For Mo17 and Huang C, there
were no significant differences in the shoot height between
both treated and untreated seedlings, except for seedlings trea-
ted with 100 uM DFMO (Figure 1b). The seedling shoot height
treated with 100 uM D-Arg was significantly higher than those
treated with10 pM DFMO, and 100 pM DFMO for two maize
inbred lines (Figure 1b).

There was a significant increase in the root fresh weight of
Mol7 treated with D-Arg as compared to the control.
Moreover, 100 uM DFMO significantly reduced root fresh
weight of both inbred lines as compared to 10 uM DFMO,
10 pM D-Arg and 100 uM D-Arg (Figure 1c). The root fresh
weight of Huang C was not significantly affected by 100 uM
DFMO (Figure 1c); while it was significantly improved by
10 uM D-Arg, 100 uM D-Arg and 10 uM DFMO as compared
with the control plants. The similar results were also observed
in Mol7, except the 100 uM DFMO significantly reduced the
root fresh (Figure 1d). Additionally, both DFMO and D-Arg at
10 uM concentration significantly increased shoot fresh weight
in Huang C as compared with the control plants.
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Figure 1. Effects of D-Arg and DFMO on root length (a), shoot height (b), root
fresh weight (c), shoot fresh weight (d), chlorophyll a (e), chlorophyll b (f), total
chlorophyll (g) and carotenoids (h) of two maize inbred lines under chilling stress.
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Chl a content was significantly increased in Mo17 by 10 uM
D-Arg and decreased by 100 uM DFMO (Figure le), while it
was not significantly affected by 100 pM D-Arg and 10 uM
DFMO. For Huang C, both D-Arg and DFMO at 10 uM con-
centration resulted in an increase of chl a content. On the
contrary, it significantly decreased at both D-Arg and DFMO
at higher concentration (100 uM) (Figure 1le). Chl b content of
Mo17 was significantly increased by D-Arg at both 10 uM and
100 uM concentrations and 10 uM DFMO. In contrast, 100 uM
DFMO significantly decreased chl b in Mo17 inbred line (fig-
ure 1f). In addition, all inhibitors treatments significantly
reduced the chl b content in Huang C as compared with
control. The total chl contents were significantly increased in
Mol7 by 10 uM D-Arg treatment and significantly decreased
by 100 uM DFMO treatment. While the total chl content of
Mol7 was not significantly affected by 100 uM D-Arg and
10 uM DEMO. Except 10 uM D-Arg, the total chl content of
the other three treatments was significantly lower than those of
untreated seedlings of Huang C (Figure 1g). The carotenoids
content was significantly decreased by all inhibitors treatments
except 10 uM D-Arg in Mol7 as compared with the control
plants (Figure 1h). For Huang C, all polyamines inhibitors
significantly increased the carotenoids content, and the caro-
tenoids content of the seedling treated with both D-Arg and
DFMO at 10 uM treatments was significantly higher than those
of 100 uM treatments.

Polyamine content of maize in response to PA inhibitors
and chilling stress

The contents of Put in the roots were significantly reduced by
D-Arg and DFMO treatments in both maize inbred lines
(Table 1). There were no significant differences in Put content
in the roots of plants treated with 10 uM and 100 uM D-Arg,
but the content of Put in the root of the plants treated with
100 uM DFMO were significantly lower than those in the
plants treated with 10 uM DFMO. The Spd content in the
roots of Mol7 inbred line was significantly increased by

D-Arg and DFMO treatments (Table 1). However, for Huang
C, only 10 pM DFMO significantly increased the Spd content
in the roots. Additionally, both D-Arg and DFMO at 100 uM
concentration resulted in a significant decrease in Spd content
in the roots of Huang C. There were no significant effects of
D-Arg and DFMO treatments on Spm content in the roots of
Mol7 (Table 1). For Huang C, except 100 uM DFMO, the
other three treatments significantly increased Spm content in
the roots (Table 1). The total PA contents in the roots were
decreased after exposure to D-Arg and DFMO inhibitors in
Huang C, and the decrease was only significant upon exposure
to 100 uM DFMO as compared to other three inhibitor treat-
ments (Table 1). On the other hand, D-Arg improved the total
PA content in the roots of Mol7, and this increase was only
significant in the 10 pM D-Arg-treated seedlings. However,
total PA content in the roots was significantly decreased with
increasing concentration of both PA biosynthesis inhibitors in
both maize inbred lines (Table 1).

The data related with Put content in mesocotyls of two
maize inbred lines after inhibitor treatments are presented in
Table 2. The results showed that D-Arg and DFMO induced
a significant decrease in Put content in the mesocotyls of both
maize inbred lines as compared with untreated plants.
Moreover, Put content with DFMO treatments was lower
than those of D-Arg treatments at the same concentration.
On the contrast, Spd content in the mesocotyls of Mo17 was
significantly increased by D-Arg and DFMO treatments as
compared to the untreated plants (Table 2). D-Arg and
DFMO at 10 uM concentration significantly increased Spd
content in the mesocotyls of Huang C as compared with
untreated seedlings (Table 2), while the content of Spd in
the mesocotyls of Huang C was significantly decreased by
100 uM DFMO. Except 10 pM DFMO, Spm content signifi-
cantly increased in the mesocotyls of Mol7 after being trea-
ted with D-Arg and DFMO. For Huang C, inhibitor
treatments improved the Spm content in the mesocotyls,
which was significantly increased only with 100 uyM DFMO
(Table 2). Total PA content in mesocotyls was significantly

Table 1. Effects of D-Arg and DFMO on polyamine contents (n mol/g FW) in the roots of two maize inbred lines under chilling stress.

Put Spd Spm Total polyamine
Treatments Mo17 Huang C Mo17 Huang C Mo17 Huang C Mo17 Huang C
0ouM 639.5a* 673.3a 178.7d 302.9b 23.6ab 13.6d 841.8b 989.8a
10 pM D-Arg 550.3b 584.9b 3314a 337.2b 31.5a 33.8a 913.1a 894.8b
100 pM D-Arg 543.3b 578.0b 296.4b 282.3c 23.7ab 253b 863.4b 885.5b
10 uM DFMO 554.0b 496.3 ¢ 2270c 388.8a 22.1b 19.1¢ 803.1c¢ 904.2b
100 uM DFMO 476.0 ¢ 285.0d 2283 ¢ 218.0d 21.2b 15.4d 725.5d 5185 ¢

*Significant differences among treatments in the same inbred line (P < 0.05). Each value represents the mean of three replications of each treatment. The same letters
within a column indicate there was no significant difference at a 95% probability level (P < 0.05).

Table 2. Effects of D-Arg and DFMO on polyamine contents (n mol/g FW) in the mesocotyls of two maize inbred lines under chilling stress.

Put Spd Spm Total polyamine
Treatments Mo17 Huang C Mo17 Huang C Mo17 Huang C Mo17 Huang C
0uM 1369.3a 738.4a 195.4d 248.6b 25.0d 31.4b 1589.6b 1018.4a
10 uM D-Arg 1233.6b 644.5b 466.6a 310.1a 60.5a 35.4b 1760.7a 990.0b
100 pM D-Arg 1055.0 ¢ 581.5 ¢ 331.2b 241.0b 38.3bc 35.9b 1424.5 ¢ 8584 ¢
10 uM DFMO 708.5d 479.3d 259.2 ¢ 296.5a 333 dd 31.5b 1001.0d 745.3d
100 pM DFMO 556.3e 400.6e 240.1 ¢ 2188 ¢ 40.7b 48.2a 837.2e 729.6d

*Significant differences among treatments in the same inbred line (P < 0.05). Each value represents the mean of three replications of each treatment. The same letters
within a column indicate there was no significant difference at a 95% probability level (P < 0.05).



decreased in Huang C inbred line after being treated with
D-Arg and DFEMO (Table 2). In addition, total PA content in
the mesocotyls of Mol7 inbred line was significantly
decreased when exposed to all inhibitor treatments, except
10 uM D-Arg.

Put contents in coleoptiles of both maize inbred lines were
similar to those in mesocotyls. Put content significantly
decreased by D-Arg and DFMO treatments, but the decrease
was more prominent in DFMO at the same concentration-
treated (Table 3). The Spd content in the coleoptile of both
maize inbred lines significantly increased by 10 pM D-Arg
treatments, however, decreased by 100 uM DFMO treatments.
There were no significant differences in Spd content of both
maize inbred lines between 10 uM DFMO and the control
seedlings (Table 3). In addition, Spm content in the coleoptiles
of Mo17 was significantly decreased when the seedlings treated
with 10 pM D-Arg and 100 uM DFMO (Table 3). Furthermore,
D-Arg and DFMO resulted in a significant decrease of Spm and
total polyamine content in the coleoptiles of Huang C. Except
10 uM D-Arg, the other three treatments significantly
decreased total polyamine content in the coleoptiles of Mo17
(Table 3).

Polyamine biosynthetic and degradative enzymes under
chilling stress

Under chilling stress, ADC and ODC activity was significantly
decreased in the roots, coleoptiles, and mesocotyls of both Mo17
and Huang C inbred lines when treated with 100 uM D-Arg and
100 uM DFMO (Figure 2). The decrease in ADC was more
prominent in the seedlings those treated with 100 pM D-Arg as
compared to the untreated seedlings and 100 uM DFMO
(Figure 2a-c). On the contrary, plants treated with 100 uM
DFMO showed a significant reduction of ODC content as com-
pared to plants those treated with 100 uM D-Arg and plants
without polyamines inhibitors treatments in both inbred lines
under chilling stress (Figure 2d-f). Except 100 uM D-Arg treat-
ment in Mol7 inbred lines roots, the activity of SAMDC was
improved in the roots of both maize inbred lines when treated
with 100 pM D-Arg and 100 uM DFMO as compared to the
untreated seedlings under chilling stress (Figure 2g). Interestingly,
the SAMDC activity in the coleoptiles and the mesocotyls of both
inbred lines was significantly decreased in response to 100 uM
DFMO as compared to the untreated seedlings under chilling
stress (Figure 2h, i).

Except 100 uM DFMO treatment in Mo17 inbred lines roots,
PAO and DAO activities were significantly increased in the roots
of both Mo17 and Huang C inbred lines with 100 pM D-Arg and
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Figure 2. Effects of D-Arg and DFMO on ADC activity (a-c), ODC activity (d-f) and
SAMDC activity (g-i) in the root, coleoptiles and mesocotyls of two maize inbred
lines under chilling stress.

100 pM DFMO under chilling stress (Figure 3a, d). The results
showed that the PAO activity was significantly inhibited only in
the coleoptiles of Mo17 inbred line upon treated with 100 uM
D-Arg in under chilling stress, however, there were no differ-
ences among all polyamines inhibitors in PAO activity in the
coleoptiles of Huang C or in mesocotyls of both inbred lines
(Figure 3b, ¢). The DAO activity was significantly inhibited in
the coleoptiles and mesocotyls of both maize inbred lines when
treated with 100 uM D-Arg and 100 uM DFMO, except that the
DAO activity in the mesocotyls of Mol7 was significantly
increased by 100 uM D-Arg treatment (Figure 3e, f).
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Figure 3. Effects of D-Arg and DFMO on PAO activity (a-c) and DAO activity (d-f) in
the root, coleoptiles and mesocotyls of two maize inbred lines under chilling
stress.

Table 3. Effects of D-Arg and DFMO on polyamine contents (n mol/g FW) in the coleoptiles of two maize inbred lines under chilling stress.

Put Spd Spm Total polyamine
Treatments Mo17 Huang C Mo17 Huang C Mo17 Huang C Mo17 Huang C
0uM 2044.7a 932.9a 5353 ¢ 619.9b 80.5a 81.2a 2660.5b 1634.0a
10 uM D-Arg 1905.3b 735.0b 817.2a 724.8a 66.8b 578 ¢ 2789.4a 1367.0b
100 pM D-Arg 1690.6 ¢ 666.8 ¢ 627.3b 565.7 ¢ 80.8a 66.3b 2398.6 ¢ 12989 ¢
10 uM DFMO 975.9d 472.5d 5293 ¢ 634.9b 774a 60.9b 1582.7d 1212.0d
100 uM DFMO 574.7e 507.3d 473.9d 501.3d 63.3b 69.8b 1112.0e 1034.7e

*Significant differences among treatments in the same inbred line (P < 0.05). Each value represents the mean of three replications of each treatment. The same letters
within a column indicate there was no significant difference at a 95% probability level (P < 0.05).
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Polyamine biosynthetic genes in response to PA
biosynthesis inhibitors under chilling stress

The mean data of the gene expression related to the PA bio-
synthesis in response to chilling stress and inhibitors are shown
in Figure 4. The transcript level of ADCI was down-regulated
in the root of both maize inbred lines treated with 100 uM
D-Arg and 100 pM DFMO under chilling stress (Figure 4a). In
comparison, treatment with 100 uM D-Arg resulted in up-
regulation of ADCI in the coleoptile and mesocotyls in Mo17
inbred line, but ADCI expression was down-regulated in
Huang C inbred line when treated with 100 uM DEFMO
under chilling stress (Figure 4b, c). Interestingly, the same
trend was observed for ADC2 in roots, coleoptiles, and meso-
cotyls of both inbred lines upon treatment with 100 uM D-Arg
and 100 uM DFMO under chilling stress (Figure 4d-f). ODC
expression was inhibited in the roots of both inbred lines when
treated with 100 uM D-Arg and 100 uM DFMO under chilling
stress (Figure 4g). Similar expression pattern of ODC was
observed in the coleoptiles and mesocotyls of Huang
C inbred line (Figure 4h, i). But for Mol7 inbred line, the
expression of ODC in coleoptiles and mesocotyls was signifi-
cantly up-regulated with 100 uM DFMO as compared to
100 uM D-Arg and the untreated seedlings (Figure 4h, i).

The SPDS expression was significantly down-regulated in
the roots and coleoptiles of the Huang C when treated with
100 uM D-Arg and 100 uM DFMO under chilling stress
(Figure 4j-k). On the other hand, the expression level of
SPDS in the roots, coleoptiles, and mesocotyls of Mo17 inbred
line was significantly up-regulated upon treatment with
100 uM D-Arg under chilling stress (Figure 4j-1).

SAMDC?2 expression was significantly up-regulated in roots,
coleoptiles, and mesocotyls of both inbred lines with 100 uM
D-Arg and 100 uM DFMO under chilling stress (Figure 5a-C).
PAOI expression was significantly down-regulated in roots,
coleoptiles, and mesocotyls of both inbred lines when treated
with inhibitors under chilling stress, except that PAOI expression

Ck [l 100 pM D-Arg [l 100 1M DFMO

Root Coleoptile Mesocotyl

Aapct 12{ (©

i @Ay Apci ®)
' .

ADC1

Relafive expression
)

Mo17 Huang C

Mo17

Huang C Mo17 Huang C

Figure 4. Effects of D-Arg and DFMO on the relative expression of ADCT (a-c),
ADC2 (d-f), ODC (g-i) and SPDS (j-I) in the root, coleoptiles and mesocotyls of two
maize inbred lines under chilling stress.
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Figure 5. Effects of D-Arg and DFMO on the relative expression of SAMDCT (a-c),
PAOT (d-f), PAO2 (g-i) and PAO3 (j-1) in the root, coleoptiles and mesocotyls of two
maize inbred lines under chilling stress.

in the coleoptiles and mesocotyls of Mo17 was significantly up-
regulated with 100 uM DFMO (Figure 5g-i). Except the expres-
sion of PAO2 with 100 uM DFMO treatment in Mo17 inbred lines
roots, the similar trend was observed for the expression of PAO2
and PAO3 in the roots, coleoptiles, and mesocotyls of both inbred
lines exposed to the inhibitors under chilling stress (Figure 5g-1).

Correlation between maize seedling growth indexes and
polyamines pathway physiological parameters under
chilling stress

The correlation analysis between the maize seedling growth
indexes, polyamines pathway and physiological parameters
under chilling stress are presented in Table 4. The correlation
analysis showed that Spd was positive significantly correlated
with root length and shoot fresh weight in the seedling treated
with DFMO and D-Arg both at 100 pM concentration (Table 4).
While Spm was only positive significantly correlated with root
length in the seedlings treated with 100 pM of DFMO and D-Arg.
On the other hand, the correlation analysis showed a different
pattern for the enzymes involved in both polyamines synthesis and
polyamines degradation and their transcript levels in the seedling
treated with DEMO and D-Arg at 100 uM concentration (Table 4).

Discussion

PA acted as secondary metabolites, participating in the local
allergic reaction of plants against abiotic stress,”’ and also in
plant morphogenesis.***° Nowadays, the exogenous PA, PA
synthesis inhibitors and even transgenic methods have been
used to intensively investigate the role of PA in plant develop-
ment and their mechanism of action.”® D-Arg is the most
important PA biosynthesis inhibitors which were shown to
promote root length, root, and shoot fresh weight, but these
effects occurred in a dose-dependent manner. A recent study
reported that applying PA inhibitors to the growth medium
reduced the Spd content in Arabidopsis, and inhibited bolting
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Table 4. Correlation analysis between maize seedling growth indexes, polyamines pathway and physiological parameters under chilling stress.

PA inhibitors 100 uM DFMO 100 pM D-Arg

Parameters RL SL RFW SFW RL SL RFW SFW
Put 0.314 0.510 0.426 0.429 0.517 0.780 0.520 0.519
Spd 0.940* 0.322 0.772 0.813* 0.904* 0.622 0.874 0.917*
Spm 0.910* 0.425 0.621 0.324 0.929* 0.643 0.771 0.621
PA 0.525 0.425 0.325 0.416 0.649 0.834 0.652 0.659
ADC -0.321 0.072 -0.356 0.425 -374 0.053 —-0.403 -0.440
0oDC -0.127 0.120 -0.135 -0.027 -0.148 0.101 —0.181 —-0.058
DAO -0.035 0.103 -0.057 0.088 -0.043 0.106 -0.072 0.094
PAO 0.124 -0.070 0.214 0.114 0.195 -0.097 0.228 0.130
SAMDC 0.210 0.045 0.200 0.364 0.252 0.079 0.242 0.463
ADC1 -0.130 -0.082 -0.140 -0.325 -0.180 -0.092 -0.163 —-0.381
ADC2 -0.145 -0.072 -0.120 -0.362 -0.164 -0.094 -0.146 -0.362
oDC -0.110 -0.082 -0.114 -0.351 -0.154 -0.095 -0.136 -0.351
Spd Synth. 0.320 0.032 0.251 0.345 0.369 0.042 0.377 0.570
SAMDC2 —-0.045 -0.96 —-0.024 -0.185 -0.067 -0.103 —0.043 —0.242
PAOT -0.123 -0.078 -0.125 -0.245 -0.177 -0.092 -0.160 -0.378
PAO2 -0.112 -0.087 -0.111 -0.350 -0.154 -0.095 -0.135 -0.350
PAO3 -0.125 -0.039 -0.114 -0.355 -0.158 -0.095 -0.140 —-0.355

RL: Root length; SL: shoot height; RFW: Root fresh weight; SFW: Shoot fresh weight.

and flowering.”’ Another study also reported that treatment with
low concentration of D-Arg reduced the chilling damage.”” In
the current study, D-Arg at a lower concentration (10 puM)
positively improved plant growth higher than those caused by
DEMO at the same concentration (Figure 1). The increase of
maize seedling growth by D-Arg might be due to the inhibition
of ethylene and the improvement of the zeatin, zeatin-riboside
and ABA hormones as a result of increasing Spd and Spm and
reduction of Put content as reported previously by Liu et al.>®
These findings also are consistent with those observed in oat
(Avena sativa L.) leaves® and chickpeas (Cicer arietinum L.).>
Another study reported that Put was positively correlated to the
expression levels of genes regulating ABA biosynthesis but
down-regulated those of ethylene, jasmonates, and gibberellin
biosynthesis, and the action of spermidine were found to be
exactly opposite.”® A similar observation was reported by Bais
and Sudha Gravishankar” who found that the addition of
DFMA + DFMO (1 mM each) resulted in a minimum tissue
response in terms of shoot multiplication and length of shoots.
These results are also consistent with those obtained by Tiburcio
et al.”” and Bharti Rajam.”® The effectiveness of D-Arg compar-
ing to DFMO might be due to the capability of D-Arg to reduce
PAO activity and thus can reduce the H,O, accumulation in the
plants organs under chilling stress.”” As previously reported, PA
are a source of reactive oxygen species due to their catabolism
produces the strong oxidizers H,O, and acrolein, and thus can
potentially be the cause of cellular harm wunder stress
conditions.”” However, H,O, can play as a signaling molecule
that can enter the stress signal transduction chain and activate an
antioxidant defense response to the abiotic stress." Thus, it
seems that PA is regulators of redox homeostasis that play
a dual role in plant oxidative stress.* Similar reports also stated
that PAOs catalyze the production of metabolic end-products of
PA to H,0, in wheat plants.®>** In the current study, higher
values of chlorophyll-b, and carotenoids were observed in
untreated seedlings of Huang C than those of Mo17, but higher
chlorophyll-a and total chlorophyll were observed in the Huang
C plants treated with 10 uM D-Arg. A previous study reported
that there was a positive correlation between the PA accumula-
tion and chlorophyll content.”> The enhanced chlorophyll

content might be related to increased reactive oxygen metabo-
lism and photosynthesis due to the PA accumulation, which
improved plant growth and reduced the inhibitory effects of
abiotic stress.**” The effective role of PA biosynthesis inhibitors
at low concentration (10 uM) on chlorophyll production under
cold stress might be related to the original content of chlorophyll
in the two maize inbred lines.” In the present study, D-Arg at
10 pM concentration improved chlorophyll-b and carotenoid
content of Mol7 inbred line, but decreased them in Huang
C inbred line (figure 1f, h). Bharti and Rajam®® reported that
DEMO at 5 mM had no significant effects on the wheat growth,
chlorophyll content, PA level in the cell. However, the DFMO at
high concentration (10 mM) reduced the seedling growth and
PA levels.

In the present study, the Put levels were significantly
decreased by D-Arg and DMFO in the different tissues of
both maize inbred lines, and both inhibitors caused a sharp
inhibition at 100 pM as compared with 10 uM concentration
(Tables 1, 2 and 3). This study indicated that the inhibition of
Put biosynthesis under both PA inhibitors might be due to the
inhibition of ADC and ODC pathways by the application of
D-Arg and DMFO under chilling stress. The inhibition of Put
biosynthesis may contribute to increase antioxidant enzyme
activity, enhance ROS scavenging ability, and reduce mem-
brane lipid peroxidation which ultimately increased the plants
stress tolerance.®®® Our findings are consistent with
a previous study reporting that several PA inhibitors have the
function to repress different PA biosynthetic enzymes such
asADC and ODC, thereby inhibiting endogenous PA synthesis
and ultimately affect the role of PA in stress tolerance.*®
Another study has also reported that D-Arg an inhibitor of
ADC, was shown to be effective in reducing Put synthesis and
its application to apple callus reduce their tolerance to salt
stress; and this effect was diminished upon exogenous Put
was applied, suggesting a role for Put in combating salt stress.>®

DFMO decreased Put percentages in all maize tissues as com-
pared with the same concentration of D-Arg treatment (Tables 1,
2,and 3). These results reported that the biosynthesis of Put might
be mainly through ODC pathway for both maize inbred lines
under chilling stress. These results are in accordance with those
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obtained by Hiatt® who reported that free Put content was mainly
synthesized by ODC in maize callus tissue. However, Hummel
et al.”’ stated that the pathway of Put biosynthesis was mainly
through ADC in Kerguelen cabbage (Pringlea antiscorbutica) seed-
lings under low temperature stress. In addition, Lee et al.”® and
Lee’" indicated that Put biosynthesis pathways in rice seedlings
were mainly through ADC and ODC enzymes under chilling
stress. This evidence suggested that the Put biosynthetic pathway
is intensively dependent on the plant species.

Compared with other tissues of maize seedlings, our study
found that the roots of the chilling-sensitive Mol17 inbred line
had increased percentages of Put content when treated with
DFMO at 10 pM concentration. These findings explored that the
inhibitory effects of DFMO on PA biosynthesis varied consider-
ably according to the intrinsic genetic differences of maize species
and the sensitivity of different seedling tissues to low temperatures.
These findings are consistent with those obtained by Moschou
et al”? who revealed that PA biosynthesis may vary between
tissues/organs, reporting that the shoot apical meristem of tobacco
serves as the predominant site of Spd and Spm synthesis, while Put
was mostly synthesized in roots. Moreover, as the Put biosynthesis
was inhibited by D-Arg and DMFO at 10 uM concentration, Spd,
and Spm contents in the roots were increased correspondingly
(Table 1). Hence, this study explored that the lower ADC and
ODC activity levels caused by D-Arg and DFMO might promote
the activities of SAMDC by a feedback mechanism. Among the PA
tested in the different tissues of both inbred lines, Spm content was
the lowest. In this respect, different types of PA also show different
localization patterns within cells. As such, Put was found to
accumulate in the cytoplasm and Spm in the cell wall in carrot.”
The distribution patterns of PA may be related to their unique
functions.”’ These findings are consistent with those obtained by
Nemeth et al.>! who reported that the Spm content was decreased
after low temperature treatments comparing to other PA contents.
Furthermore, Shen et al.** considered the contribution of Spm to
the chilling tolerance of cucumber to be much lower than Put and
Spd. Thus, the function of Spm in the chilling tolerance of maize
seedlings still needs further study.

A previous study has reported that ADC, ODC and SAMDC
are the key enzymes in polyamine metabolism of plants under the
chilling stress.”* In addition, ADC has been considered to be the
enzyme responsible for the abiotic stress tolerance via accumula-
tion of Put in plants.® In the present study, ADC was significantly
decreased in different tissues of both maize inbred lines in
response to the higher concentrations of two inhibitors under
chilling stress (Figure 2a-c). These results are consistent with the
PA contents in roots, coleoptiles, and mesocotyls of both inbred
lines (Table 3). Meanwhile, the current study suggested that PA,
especially Spd, has a positive correlation with the physiological
parameters of maize under the chilling stress (Table 4). The
positive correlation might be due to the ODC, ADC, and SPDS
enzymes are responsible for the expansion of root tip and hypo-
cotyle cells.”” Moreover, many studies have reported that genetic
transformation with polyamine biosynthetic genes encoding
ADC, ODC, SAMDC, and SPDS improved environmental stress
tolerance in various plant species.”’ Also Duan et al.”* reported
that Put can be synthesized directly by ADC via agmatine and
N-carbamoylputrescine intermediates under the stress condition.

Our results showed that PA biosynthesis inhibitors treatment
inhibited the activities of both ADC and ODC under the chilling
stress (Figure 2a-f). These results are supported by the findings of
Bouchereau et al.”® who reported that the accumulation of PA
contents and polyamine biosynthetic enzymes, mainly ADC,
ODC, and SAMDC, has been observed under different salt-
stressed cultivars. In the present study, the PA biosynthesis inhi-
bitors significantly reduced the DAO activities of coleoptile and
mesocotyl of both maize inbred line in response to chilling stress
(Figure 3e, f), and reduced PAO activity in mesocotyl of Mo 17
inbred line. The current findings showed that the relative expres-
sion of PAOI, PAO2, and PAO3, the main genes encoding the PA
degradative enzymes were down-regulated in the root when the
plants treated with PA biosynthesis, however, it was up-regulated
in the coleoptile and mesocotyl under chilling stress. These find-
ings the relative expression of PAO and DAO showed different
patterns in the different tissues of maize exposed to both PA
biosynthesis and chilling stress. These findings are consistent
with a previous study reporting that the relative expression of
genes involved in the PA degrading enzymes, such as OsPAO3
and OsPAO4, was differentially altered under the chilling stress
and PA biosynthesis inhibitors.” Another study reported that the
accumulation of different organic compounds including polya-
mines and their related gene expression was part of the plant
signaling and defense system against salinity stress.”””®

Conclusions

Based on the obtained results, we concluded that higher con-
centration PA biosynthetic inhibitors inhibited the growth of
both maize inbred lines under chilling stress, and the inhibition
was more accentuated when treated with 100 uM DFMO. The
growth inhibition might be related to the decreased Put accu-
mulation in the different tissues of maize plants treated with
DFMO. Treated maize inbred line with lower concentration
inhibitor positively improved maize seedling growth under
chilling stress, which might be related to the higher accumula-
tion of Spd in PA biosynthetic inhibitors treated seedling as
compared with untreated plants. In addition, the activities of
ADC and ODC enzymes were inhibited in all maize tissues
when the seedlings were exposed to 100 pM D-Arg and 100 uM
DFMO. Moreover, DFMO decreased Put percentages in all
maize tissues as compared with the same concentration of
D-Arg treatment. The decrease of the activity of ADC enzyme
was more prominent in 100 uM D-Arg-treated seedlings, while
the decrease of ODC and SAMDC activities was prominent in
100 uM DFMO-treated seedlings. These results showed that
the biosynthesis of Put might be mainly through ODC pathway
for both maize inbred lines under chilling stress. However,
considering that D-Arg is a competitive and reversible inhibi-
tor of ADC, and DFMO is an irreversible inhibitor of ODC, the
observed effect on Put biosynthesis might also be due to the
nature of the inhibitors, so it still needed to be further studied.
Finally, the relative expression of genes involved in PA bio-
synthesis, such as ADC, ODC, SAMDC, and PAO, showed
different patterns in response to chilling stress and PA bio-
synthesis inhibitors.
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