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ABSTRACT

Putrescine is reported to be necessary for cold acclimation under low-temperature stress. In this study, the effect
of low-temperature on some physiological and biochemical parameters has been investigated using the green
algae Chlamydomonas reinhardtii. The lipid peroxidation rate, amount of Rubisco protein, activities of antioxi-
dant enzymes and gene expression of polyamine biosynthesis (odc2, and spd1), heat shock proteins (hsp70c,
hsp90a, and hsp90c), and PSII repair mechanisms (psba, rep27, and tbal) were determined to understand the
low-temperature response. Exogenous putrescine application significantly increased Rubisco protein concentra-
tion and catalase enzyme activities under low-temperature stress. Moreover, real-time RT-PCR results and gene
expression analysis showed that polyamine metabolism induced gene expression at low-temperatures in the first
24 h. In the same way, the gene expression of heat shock proteins (hsp70c, hsp90a, and hsp90c) decreased under
low-temperature treatment for 72 h; however, application of putrescine enhanced the gene expression in the first
24 h. The results obtained indicated that molecular response in the first 24 h could be important for cold accli-
mation. The psba and tbal expressions were reduced under low-temperatures depending on the exposure time. In
contrast, the exogenous putrescine enhanced the expression level of the psba response to low-temperature at
24 and 72 h. The results obtained in this study indicate that putrescine could play a role in the PS II repair
mechanisms under low-temperature stress.
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Nomenclature

ADC: Arginine decarboxylase
APX: Ascorbate peroxidase
CAT: Catalase

GR: Glutathione reductase
HSP: Heat shock protein
MDA: Malondialdehyde
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ODC: Ornithine decarboxylase

PSII: Photosystem II

ROS: Reactive oxygen species

RuBisCO: Ribulose-1, 5-bisphosphate carboxylase/oxygenase
uv: Ultra violet

1 Introduction

The polyamines like putrescine, spermidine, and spermine are biogenic amines with multiple in vivo
effects at the cellular level in different organisms [1,2]. The key enzyme in polyamine metabolism is
ornithine decarboxylase (ODC) which catalyzes putrescine biosynthesis via ornithine’s decarboxylation.
In higher plants, putrescine is mainly synthesized via arginine decarboxylation by catalyzing the arginine
decarboxylase enzyme (ADC), encoded by the adcl and adc2 genes [3,4]. However, in C. reinhardtii,
putrescine formation is generally controlled by the ODC activity, encoded by the odc2 gene [5,6].
Moreover, the putrescine is converted into spermidine by spermidine synthase (EC 2.5.1.16) encoded by
the spdl gene in C. reinhardtii [5]. The polyamines and their genes are significant in protecting
photosynthetic organisms from abiotic stresses, such as low temperature, salinity, drought, osmotic shock,
and heavy metals [7-9]. Earlier studies have also indicated that putrescine primarily responds to low-
temperature acclimation in higher plants [3].

PS II includes two main core proteins: D1 and D2. The D1 protein of thylakoid membranes is the most
sensitive and regulates the synthesis/degradation of the D1 protein and psbhA4, encoding of the D1 protein,
gene expression during the dark to light shifts, and under varied stress conditions [10—12]. Previous
studies have demonstrated that D1 protein synthesis is regulated at the translational level RNA binding
protein complex. It consists of four major proteins: a chloroplast poly(A) binding (cPAB1), a protein
disulfide isomerase (cPDI), a novel 38 kDa RNA binding protein, and a 55 kDa protein [13—15]. The
chloroplastic redox potential controls the psbA mRNA translation initiation via reducing the
cPAB1 protein by cPDI. Somanchi et al. [16] demonstrated that thal is a soluble chloroplastic
oxidoreductase-like protein, and its expression is required for cPAB1 RNA binding activity and
D1 translation. In addition, a nucleus-encoded protein, REP27, is necessary for protein turnover of
the D1 reaction center, thus allowing finishing of the translation process, maturation, and activation of
D1 into a functional PSII reaction center holo complex in C. reinhardtii [17,18].

In photosynthetic organisms, stress tolerance is also related to an imbalance in the Photosystem II (PSII)
repair process. The production of reactive oxygen species (ROS) can directly disrupt the chloroplast structure
and has been an important limiting factor in repairing photodamaged PSII under environmental stress
conditions [7]. The balance between photodamaged PSII and its repaired form is related to ROS
accumulation [19,20]. Earlier studies have shown that low temperature [21,22], metal [9], salt [23], and
oxidative stresses [24] prevent photodamaged PSII repair by hindering psbA gene transcription and
translation. However, there is little data on the effect of environmental stress on thal and rep27 expression.

Polyamine metabolisms are also important in photosynthetic regulation under different environmental
factors. Putrescine is the key element for higher plants as a cold acclimation factor [3,25,26]. Its action in
cold acclimation is not completely known. In the present study, we have tried to understand the role of
putrescine on the transcription of photosynthetic genes involved in PSII repair mechanisms using the
model organism C. reinhardtii.

The objectives of our investigations were as follows: (i) to define the effects of exogenously treated
putrescine transcription level of polyamine biosynthesis genes, some of the PSII repair mechanisms genes
(psbA, rep27, and tbal), and heat shock protein (HSP) genes using Quantitative RT-PCR under
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low-temperature stress; (ii) to define physiological responses to low-temperature in C. reinhardtii by
analyzing the growth rate, lipid peroxidation, rubisco protein amount, and antioxidant enzymes activity in
presence and absence of putrescine.

2 Material and Methods

2.1 Materials and Culture Conditions

C. reinhardtii (CC1010) was obtained from the Chlamydomonas Research Center culture collection.
Five Erlenmeyer flasks (250 mL) of C. reinhardtii were used during the trials. The culture was grown in
TAP medium at 24°C, under 120 pmol m 2 s~ ! light intensity, and continuous light.

2.2 Methods
All experiments were carried out in 3 replicates. The chemicals used in the trials were obtained from
Sigma-Aldrich and Merck.

2.2.1 Stress Experiment

The C. reinhardtii culture was pre-incubated at 24°C in the presence of 100 uM putrescine for 3 h before
starting the low-temperature experiment. Untreated and putrescine-treated cells were incubated in a growth
chamber at 10°C under continuous 120 pmol m s~ ' light intensity for 24, 48, and 72 h. The cells not treated
with low temperature and putrescine were used as control. The absorbance of cell growth was measured on a
UV-spectrophotometer at 750 nm, and cell number was counted using a Neubauer hemocytometer.

2.2.2 Lipid Peroxidation Analysis

The lipid peroxidation rate was determined following the malondialdehyde (MDA) content (TBARS)
method [27]. The amount of MDA formed was calculated following the absorption difference between
532 and 600 nm.

2.2.3 Rubisco Protein Concentration Analysis

The Plant RuBisCO ELISA Kit was used to determine the amount of ribulose-1, 5-bisphosphate
carboxylase/oxygenase (RuBisCO) protein (Cat No. CK-E91378). Approximately 30 mg of cells were
rinsed with 0.05 M PBS (containing 2% PVPP and 1 mM EDTA), homogenized with 1 mL of
0.05 MPBS and stored in a freezer (—20°C) overnight. After two freeze-thaw cycles, homogenates were
centrifuged at 5000x g for 10 min to break the cell membranes. 50 pulL Standard or Sample was added to
the other wells. After 60 min of incubation at 37°C, each well was washed by aspirating. The procedure
was repeated three times. The wells were filled with Wash Buffer (100 pL) and left for 2 min, and the
liquid was completely removed. After this, 50 pL of HRP-conjugate working solution was added and
mixed well with a pipette. Incubation was done at 37°C for 60 min. The plate was again washed 5 times,
and 50 pL of chromogen solution A and B were added to each well. Incubation was carried out for
20 min at 37°C. When the last four wells with the lowest standard concentrations turned into a distinct
blue color, 50 puLL Stop Solution was added to each well. The optical density of each well was determined
for 10 min at 450 nm using a microplate reader.

2.2.4 Antioxidant Enzymes Activity Analysis

C. reinhardtii cultures of each experimental group were centrifuged to 20 mg and then ground using
liquid nitrogen. 50 mM sodium phosphate buffer (pH 7.8) was added to each experimental group’s
samples and homogenized with 12.000 g for 15 min, followed by centrifuging at 4°C for 15 min. The
enzyme activity and total protein content were determined in the obtained supernatants [28]. Specific
enzyme activities were determined and recorded as unit mg ™' protein.
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The catalase activity (E.C.1.11.1.6) was determined in the mixture of the extract using 100 mM
phosphate buffer and 6 mM H,O,. The decomposition of H,O, was monitored at 240 nm. 1 unit CAT
activity was defined as 1 umol H,O, destroyed per minute [29]. Each treatment comprised three replicates.

The activity of APX (E.C. 1.11.1.11) was determined by observing the reduction in A 290 using an
extinction factor of 2.8 mM cm™ ! [30].

Glutathione Reductase (GR) activity was detected using the GR Assay Kit protocol (Cayman Chemical
Company, USA, Cat No. 703202).

2.2.5 RNA Isolation and cDNA

RNA isolation was done using TRIZOL reagent. 50 mg samples were triturated with liquid nitrogen.
1 mL of TRIZOL reagent was added to the ground samples, transferred to the Eppendorf tube, and
homogenized. 0.2 mL of chloroform was added to each Eppendorf tube and vortexed vigorously for
15 seconds. Incubated samples were centrifuged at +4°C at 12.000x g for 15 min at room temperature
for 3 min. After washing the RNA pellet once with 75% ethanol, 1 mL of 75% ethanol was added per
1 mL of TRIZOL used for initial homogenization. Samples were centrifuged at 7.500x g for 5 min at
8°C after vortexing. The washing procedure was repeated once. The A260/A280 ratio of partially
dissolved RNA samples was <1.8. Reverse Transcriptase-PCR and a High Capacity cDNA Reverse
Transcription Kit were used as Invitrogen, Cat No. 4398814.

2.2.6 Real-Time RT-PCR

Primer sequences for each gene under real-time PCR are shown in Table 1. Real-Time RT-PCR was
performed using a PowerUpTM SYBR® Green Master Mix. The 18S rRNA was used as a housekeeping
gene to normalize expression changes. All real-time PCRs (Applied Biosystems USA) were performed
under the following conditions: 2 min at 50°C, 2 min at 95°C and 15 s at 95°C for 35 cycles, and 60 in
96-well MicroAmp® Fast Optical reaction plates. In this analysis, three technical replicates were
analyzed using two biological replicates for each sample. The amplification efficiency of Real-Time PCR
was analyzed according to Livak and Schmittgen [31]. The gene expression relative quantification among
the groups was analyzed by 2 **“" method [31], where Ct is the cycle number at which the fluorescent
signal rised statistically above the background.

Table 1: Primer sequences

Gene Primer Sequence

odc2 Fw 5'-GTAACCCTCTCGCATACTC-3’
Rv 5'-GCAATTCCTTCCATCCCA-3’

spdl Fw 5'-GTTAAGGAGATTCTGTACCG-3'
Rv 5'-TCATCTATCATTGGAAGGTG-3'

pshA Fw 5'-TTCCTACTCAGTCTTCACCTC-3'
Rv 5'-GATAAGCGTTACCGTTTCCC-3’

thal Fw 5'-CTCTTTCTCGCACTC-AAGTC-3'
Rv 5'-GTTCTTAACAAAGTCCTCGCC-3’

rep27 Fw 5'-CAAGTCTCAGCAATATCAACCGA-3'
Rv 5'-CACCGACACCTTCTTAGCCT-3'

hsp70c Fw 5'-GCCTACTTCAACGACTCCCA-3'
Rv 5'-CTCCTCATCGTCTTCCGCTG-3'

hsp90a Fw 5'-CTTATCTCCAACGCCTCCGA-3’
Rv 5'-GACCATGACCTTCTCCACCT-3’

hsp90c Fw 5'-TTCTCCTCCATCCTCTACATCC-3’

Rv 5'-GTTGATCTCCATAATCTTGCGG-3'
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2.3 Statistical Analysis

Tukey test [32] (SPSS for Windows version 11.0) was used for statistical analysis. The critical value for
significance was p < 0.05 or p < 0.01.

3 Results

The psbA gene expression levels increased 5.24 and 2.13-fold under low temperature during 24 and
48 h, respectively (Fig. 1A). However, the psbA4 expression decreased by 2.23-fold after 72 h treatment.
The putrescine application showed a positive effect on the psh4 gene expression by an increase of 2.65-
and 1.5-fold after 24 and 72 h, respectively.
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Figure 1: The effects of exogenous putrescine on some genes of the PSII repair mechanisms: (A) psbA gene
expression, (B) thal gene expression, and (C) rep27 gene expression in Chlamydomonas reinhardtii cultures
under low-temperature stress compared with the control. a: control, b: 24 h, c: 48 h, d: 72 h, e: put-24 h, f;
put-48 h, g: put-72 h

The tbal, which plays a role in regulating the RNA binding activity of cPABI1, was also induced in
response to low-temperature stress. Fig. 1B depicts the gene expression profiles of thal in non-putrescine
and putrescine-treatment cells under low-temperature stress. Compared with the control, thal gene
expression increased by 2.0-and 2.09-fold after 24 and 48 h, respectively. These findings confirm the
psbA gene expression results. The putrescine application showed a simulative effect on the tbal gene
expression and increased 2.71-fold within 24 h.

The rep27 gene expression level, a nucleus-encoded protein gene, which is the likely orthologue of
LPA1 in the green alga C. reinhardtii, did not enhance significantly following the low-temperature
application neither after 24 nor 48 h (Fig. 1C). In contrast, the gene expression level of rep27
significantly decreased after 72 h. In the putrescine-treatment culture under low-temperature stress, gene
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expression of rep27 increased 2.44-and 2.21-fold after 24 and 48 h, respectively, in comparison to the
control (Fig. 1C).

Under normal conditions, growth rate and the increase in cell numbers during 48 and 72 h were lower
than previously (Fig. 2). Growth rates and maximum cell densities of algae showed a significant decrease at
low temperature (p < 0.05) compared to the control groups after 72 h. Exogenously applied putrescine
significantly enhanced cell growth under low temperature (Fig. 2).
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Figure 2: The effects of putrescine on the growth rate of C. reinhardtii under low temperature compared
with normal conditions

The low temperature significantly increased the MDA content of C. reinhardtii after 24, 48 and 72 h (P <
0.05) (Table 2). An increase in MDA content indicates cell membrane injury during low-temperature stress.
However, the difference in MDA production levels between the untreated and putrescine treated samples was
significant (p <0.01). The sample treated exogenously with putrescine had a lower MDA concentration than
the other groups. Our findings indicated that the exogenous putrescine addition avoided higher lipid
peroxidation under low temperature.

Table 2: MDA (nmol 10 ° cells) concentration of Chlamydomonas reinharditti under low temperature and
putrescine-applications group

Experiments groups n 24 h 48 h 72 h

X+ X=*s X=*s
control 3 0.083 £0.02 0.089 + 0.04 0.092 +0.01
10°C 3 0.130 +0.042% 0.199 + 0.05* 0.280 + 0.08°
10°C + put 3 0.079 £0.02 0.083 + 0.09 0.095 +£0.012

Note: *Correlation is significant at the 0.05 level. ®Correlation is significant at the 0.01 level.

The odc2 was up-regulated in the treatment with low temperature after 24 (0.91-fold) and 48 h (0.73-
fold) (Fig. 3A), analyzed by real-time RT-PCR. Treatment with low temperature for 72 h resulted in a
lower odc2 gene expression level (2.76-fold). In the putrescine added groups, the odc2 gene expression
level increased 3.15-fold within the first 24 h; however, odc2 gene expression decreased 1.14-and
0.3-fold after 48 and 72 h, respectively. The spd! gene expression decreased 4.2-fold at low temperature
after 72 h (Fig. 3B); however, treatment with exogenous putrescine at low temperature enhanced the spd1
gene expression after 24 h (Fig. 3B).
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Figure 3: The effects of exogenous putrescine on two main polyamine biosynthesis genes in C. reinhardtii
culture under low-temperature stress, compared with the control. (A) odc2 gene expression. (B) spdl gene
expression. a: control, b: 24 h, c: 48 h, d: 72 h, e: put-24 h, f: put-48 h, g: put-72 h

The concentration of rubisco protein reduced gradually in the samples treated for different times (24, 48,
and 72 h) at low temperatures (Table 3). The concentration of rubisco protein was approximately 2 times
lower than the control in C. reinhardtii under low temperature after 72 h. Exogenous putrescine
application significantly improved the Rubisco protein concentration under low-temperature stress (p <
0.05). Additionally, in samples treated with exogenous putrescine, the amount of rubisco protein was
approximately 1.5 times higher than the control after 72 h.

Table 3: Rubisco protein concentration (umol/mL) of C. reinharditti under low temperature and putrescine-
applications group

Experiments n 24 h 48 h 72 h

groups X+£s X+s X+£s

control 3 49.08 £0.09 52.56 = 0.082 61.97 +0.08
10°C 3 49.77+0.012 40.01 +0.03 31.35 +0.088"

10°C+put 3 51.97+0.05 65.89 +0.024" 88.25+0.012°

Note: Significant at the 0.05 level. bSigniﬁcant at the 0.01 level.

The GR activity gradually reduced under low-temperature stress (Fig. 4A). However, the application of
putrescine only significantly enhanced the GR activity under low temperature after 48 h. The CAT activity
significantly increased under low temperature in C. reinhardtii culture within 24 h (p < 0.05). However, this
activity decreased by 1.65-fold after 72 h compared with the control (Fig. 4B). Putrescine application
enhanced CAT activity by 2.04-, 1.59-and 1.56-fold at low temperature after 24, 48, and 72 h
respectively. The APX activity did not change significantly compared with the control after 24 h
(Fig. 4C). This activity significantly increased by 1.35-fold after 48 h but decreased by 1.25-fold after
72 h, compared with the control. Application of putrescine enhanced APX activity under low temperature
only after 24 h.
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Figure 4: Effects of exogenous putrescine on antioxidant enzyme activity [(A) GR activity, (B) CAT
activity, (C) APX activity] in C. reinhardtii culture under low-temperature stress. *Represents a
statistically significant difference at p < 0.05 or ** p < 0.01 when compared with the control

The hsp70c gene expression level increased 2.12 fold after 24 h and decreased 2.76 fold after 72 h,
respectively, compared to control (Fig. 5A). An application of putrescine in the C. reinhardtii culture
under low temperature lead to an enhancement of 2.88-fold in the first 24 h. The Asp90a gene expression
level increased 2-and 2.09-fold after 24 and 48 h (Fig. 5B), while the Asp90c gene expression did not
increase significantly. In the putrescine application, the Asp90c gene expression level was enhanced by
3.27 fold in the first 24 h (Fig. 5C) but did not significantly increase the hsp90a gene expression level
(Fig. 5B).

Pearson’s correlation analysis showed that polyamine gene expression was related to the psbA4 and thal
gene expression levels. The odc2 gene expression level was strongly positively correlated with psb4 and
thal genes (Table 4). In contrast, the spdl gene expression level showed a weak correlation with the gene
expressions of psbA and thal. The rep27 gene expression was strongly correlated with the odc2 and spdi
gene expression levels (Table 4). The hAsp70c, hsp90a, and hsp90c have revealed a strong positive
correlation with psbA, rep27, and thal gene expression (Table 4). The lipid peroxidation rate had a strong
negative correlation with the rep27 gene expression (Table 5). The PSII repair mechanism gene
expression was strongly correlated with CAT activity (Table 5). The lipid peroxidation level was
negatively correlated with the Rubisco protein concentration, the spdl gene expression, and catalase
activity (Table 6). The gene expression of heat shock proteins also showed a strong positive correlation
with CAT activity (Table 7).
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Figure 5: The effects of exogenous putrescine on some heat shock protein genes. (A) hsp70c gene
expression, (B) Asp90a gene expression, and (C) Asp90c gene expression in C. reinhardtii culture under
low-temperature stress, compared with the control. a: control, b: 24 h, c: 48 h, d: 72 h, e: put-24 h, f: put-

48 h, g: put-72 h

Table 4: Pearson’s correlation tests the gene expression of polyamines and heat-shock protein genes with
some genes expression of the PSII repair mechanisms

psbA thal rep27
odc2 0.7462* 0.9198* 0.7301*
spdl 0.2744 0.5948 0.9337*
Hsp90a 0.8810* 0.9860* 0.7680*
Hsp90c 0.7990* 0.9330* 0.6560%*
Hsp70c 0.8670* 0.9740* 0.7402*

Note: The asterisks denote statistically significant correlation coefficients (p < 0.05).

Table 5: Pearson’s correlation test between some genes of PSII repair mechanisms and physiological

parameters

psba rep27 thal
Cat activity 0.7120%* 0.8200%* 0.8070%*
Apx activity 0.2170 0.1710 0.407
GR activity 0.2740 0.5770%* 0.5580%*
Rubisco protein concentration 0.1110 0.3688 0.1690
Lipid peroxidation —0.2735 —0.7850* —0.4989

Note: The asterisks denote statistically significant correlation coefficients (p < 0.05).
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Table 6: Pearson’s correlation test between polyamine gene expression and physiological parameters

Cat Apx GR Rubisco Gene expression Gene expression
activity  activity activity protein of odc2 of spdl
concentration
Lipid peroxidation ~ —0.6796* 0.1017 —0.3040 —6757 —0.4899 —0.8907*
Rubisco protein 0.7120* 0.6878* 0.0690 — 0.2599 0.6722%*
concentration
Cat activity - 0.1706  0.3310 0.7120* 0.7855% 0.8090%*
Apx activity 0.1706  — 0.4860 0.6878* 0.0341 0.7922%*
GR activity 0.331 0486 — 0.069 0.290 0.376

Note: The asterisks denote statistically significant correlation coefficients (p < 0.05).

Table 7: Pearson’s correlation test between genes of heat shock protein and physiological parameters

Hsp90a Hsp90c Hsp70c
Rubisco protein concentration 0.1640 0.1060 —0.0130
Lipid peroxidation —4590 —4270 —3890
Cat activity 0.7540%* 0.7200%* 0.7410%
Apx activity 0.4030 0.4020 0.5250%
GR activity 0.2890 0.6180* 0.4540

Note: The asterisks denote statistically significant correlation coefficients (p < 0.05).

4 Discussion

The rate of replacement of the damaged D1 protein, which is involved in the turnover-repair cycle, could
play an important role in the tolerance of photodamage under low temperature. pshA probably plays an
important role in sustaining stable photosynthesis capability by maintaining PSII from oxidative damage
under stress conditions. Sippola et al. [33] reported that psbA transcript accumulation shows a dramatic
increase under lower temperature stress in Synechococcus sp. PCC7942. It has also been stated that in
tomato WHIRLY1 (SIWHY 1) up-regulates psbA transcription under cold stress [34,35]. In the present
study, the pshbA mRNA transcript increased during the first 24 and 48 h; however,the gene expression
level sharply decreased after 72 h (Fig. 1A). Reactive oxygen species are an important limiting factor for
the PSII repair process. Previous studies demonstrated that oxidative stress inhibits the repair of
photodamaged PSII by limiting the transcription and translation of psbA genes [24]. Thal expression is
necessary for translational initiation of psbA mRNA [16]. Some of the earlier studies also showed that the
REP27 protein plays a critical role in psb4 mRNA translation, the insertion of newly synthesized
DI protein into PSII template in place of the damaged D1 protein, and an activation of the newly
assembled reaction center complex [17,18,36]. Although the role of thal and rep27 have been
demonstrated in PSII repair mechanisms, the alteration of their transcript level under environmental stress
conditions is not completely understood. In the present study, low-temperature stress led to an increase in
the expression level of the tbal gene after 24 and 48 h (Fig. 1B), while rep27 gene expression was not
induced by low temperature (Fig. 1C). However, the thbal and rep27 expressions decreased sharply after
72 h. Our lipid peroxidation and growth results indicate that low temperature stress has negative effects
after 72 h and decreases the tolerance capacity in C. reinhardtii cultures (Table 2 and Fig. 2). Thus, the
thal and rep27 expression could be reduced by increasing oxidative stress, by preventing the PSII repair
mechanism under low temperature stress.
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Many studies showed that exogenous treatment of polyamines, especially spd and spm, retard the loss of
D1 and D2 under various environmental stresses and attenuate the reduction in PSII major protein transcripts
[7,9,37,38]. Hamdani et al. [37] suggested that polyamines play a role in maintaining D1 and D2 proteins of
PSII under stress conditions by delaying their apparent degradation, which may occur. Our earlier studies
also confirmed that the psbA expression was reduced under aluminum stress but it was raised by
spermidine treatment [9]. Hu et al. [7] also showed that spermidine enhances psb4 gene expression under
salinity-alkalinity stress. Similarly, exogenously applied putrescine enhanced the expression level of psbA
and thal in response to low temperature within 24 h (Figs. 1A and 1B). Exogenous putrescine also
enhanced odc?2 and spd1 gene expression within 24 h under low-temperature conditions (Figs. 3A and 3B).

The odc2 gene expression was strongly correlated with pshA and thal gene expression, although spdi
gene expression showed a weak correlation (Table 4). On the other hand, the rep27 gene expression was
strongly correlated with the spdl and odc2 gene expression, indicating that ODC pathways have some
partial role in the PSII repair mechanisms. These compounds could (1) behave as direct radical
scavengers, (2) be conjugated to antioxidant molecules or (3) bind to antioxidant enzymes, and then
permeate to the oxidative stress site [39]. Moreover, Byrd et al. [40] reported that putrescine might play a
role in reducing oxidative stress under cold stress. Also, exogenous putrescine administration improved
oxidative stress in cold-stored okra by eliminating ROS [41]. In the present study, we also found that
putrescine can ameliorate lipid peroxidation rate under low-temperature stress (Table 2). Although the
role of putrescine in the PSII repair mechanism is still unclear, our results indicate that exogenously
applied putrescine might help in the psbA translation via reducing oxidative stress.

Another important mechanism for low-temperature acclimation is the HSP action in plant cells [42,43].
According to Krishna et al. [42], the accumulation of Asp90 mRNA increases in response to cold
temperature. Zhang et al. [43] found that Hsp70 has a role in plants during low-temperature acclimation.
Zou et al. [44] suggested that only some HSP family members respond to cold stress. In the present
study, transcription of Asp70c and hsp90a was induced under low-temperature conditions within 24 h
(Figs. 5A and 5B). However, the transcript level of Asp90c genes was little affected by low temperature,
although Asp90c was significantly reduced after 72 h (Fig. 5C). This indicates that Asp70c and hsp90a
could play a role in stress response to low temperature; extending the low-temperature period can reduce
the transcript level of other HSP proteins in C. reinhardtii cultures. Previous studies showed that HSPs
have a role in protection against photoinhibition and PSII repair mechanisms [45—47]. Schroda et al. [45]
demonstrated that a chloroplast-targeted Hsp70b might contribute to the process of PSII repair during
photoinhibition. Our results also indicated that the HSP gene transcription level was correlated with
translation factors of PSII repair mechanism genes (Table 4). In this investigation, we found that there
was also the transcriptional level of HSP proteins due to the putrescine effects during cold stress in C.
reinhardtii cultures. Konigshofer et al. [48] reported that HSP synthesis under heat stress could be
affected by the cell polyamine metabolic status in cell suspension cultures of tobacco and alfalfa. Sagor
et al. [49] also reported that spermine enhanced gene expression of four heat shock proteins (hspl01,
hsp90, hsp70, and hspl6.7). Our results indicated that external putrescine increased the level of
expression of HSP-encoding genes.

Low-temperature stress affects the photosynthetic process involving the carbon reduction cycle [40,50].
According to Zhou et al. [51], low temperature significantly decreases the rubisco content in higher plants.
In our studies on C. reinhardtii (Table 2), reaction to low temperature related to changes in the amount of
Rubisco protein. A similar result was reported by Zhou et al. [51]. Earlier studies proved that exogenously
applied polyamines prevent Rubisco reduction under osmotic stress in higher plants [50,52,53]. Sagor et al.
[49] showed that inhibition of s-adenosyl methionine decarboxylase activity promotes a decreased Rubisco
activation state under chilling stress. Our data strongly indicated that exogenous putrescine enhanced the
amount of Rubisco protein in C. reinhardtii cells under low temperature (Table 3).
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The cellular antioxidant mechanisms of enzymatic and non-enzymatic nature play important roles in
cold acclimation [54]. Antioxidant enzymes give protection against oxidative damage caused by cold
stress. The catalase plays an important role in chilling tolerance in maize [55] and is particularly
significant for hydrogen peroxide (H,O,) removal in C3 plants [56]. Gechev et al. [57] indicated that
chilling reduces CAT activity in Nicotiana tabacum. In our study, low-temperature conditions led to
important changes in CAT activity (Fig. 4B). Earlier findings have shown a good correlation between
reducing catalase activity and H,O, accumulation [55,58]. Similarly, increased lipid peroxidation rate led
to an increase in oxidative stress and a decrease in the CAT enzyme activity in C. reinhardtii under low
temperature (Fig. 4B). Some previous studies also show that polyamines could moderately reduce ROS
formation by inhibiting the NADPH oxidase activity (EC 1.6.3.1) with spermine, spermidine, and
putrescine [59-61]. According to Shu et al. [62], the exogenous spermine significantly increases the GR,
superoxide dismutase, ascorbate peroxidase, and peroxidase activities. Verma et al. [63] noticed that
putrescine affects various antioxidant enzyme activities, including CAT. In the present investigation,
exogenous putrescine enhanced CAT and GR activities, especially CAT activity, which was strongly
correlated with the odc2 gene expression (Fig. 3A and Table 6).

In conclusion, our results demonstrated that exogenous putrescine provided cold acclimation by
decreasing lipid peroxidation and increasing catalase and Rubisco protein concentration in C. reinhardtii
cultures. Our observations also suggest that putrescine may provide stability to the PS II repair processes,
and act as a signal molecule possibly interacting with heat shock proteins. In addition, our results
revealed that putrescine and PSII repair mechanisms interact with the low-temperature stress response.
Elucidation of how the effect on PS II repair mechanisms is achieved will certainly require future studies.
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