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Abstract: Plants adapt to extremely low temperatures in polar regions by maximiz-
ing their photosynthetic efficiency and accumulating cryoprotective and osmoprotec-
tive compounds. Flowering plants of the family Poaceae growing in the Arctic and
in the Antarctic were investigated. Their responses to cold stress were analyzed under
laboratory conditions. Samples were collected after 24 h and 48 h of cold treatment.
Quantitative and qualitative changes of sugars are found among different species, but
they can differ within a genus of the family Poaceae. The values of the investigated
parameters in Poa annua differed considerably depending to the biogeographic origin
of plants. At the beginning of the experiment, Antarctic plants were acclimatized in
greenhouse characterized by significantly higher content of sugars, including storage
reserves, sucrose and starch, but lower total protein content. After 24 h of exposure to
cold stress, much smaller changes in the examined parameters were noted in Antarctic
plants than in locally grown specimens. Total sugar content and sucrose, starch and
glucose levels were nearly constant in P. annua, but they varied significantly. Those
changes are responsible for the high adaptability of P. annua to survive and develop in
highly unsupportive environments and colonize new regions.
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Introduction

The Arctic and the Antarctic are the least anthropogenically modified
ecosystems on Earth due to their remote geographic location and extreme climate.
Extensive research was conducted in those regions focused on global climate
changes which have been observed in the last decades and which indirectly
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influence the distribution of plant species in the tundra (Grobe et al. 1997;
Bjorkman et al. 2017).

Main abiotic factors that significantly influence polar plants include short
duration of growing season, low temperature, low moisture, high salinity and
high radiation stress (Alberdi et al. 2002; Block et al. 2009; Taran et al. 2012).
In the evolutionary process, polar plants have developed specific anatomic and
physiological features that enable them to survive in unsupportive environments
and colonize areas uncovered by melting glaciers (Gietwanowska 2005; Zufiiga-
Feest et al. 2009; Gielwanowska et al. 2011a,b). Plants adapt to extremely low
temperatures in polar regions by maximizing their photosynthetic efficiency
(Xiong et al. 2000) and accumulating cryoprotective and osmoprotective
compounds (Janské er al. 2010). They have developed two main mechanisms
of tolerance to low, namely prevention of freeze damage to tissues and formation
of ice crystals in the extracellular matrix to prevent damage of cellular structures.
Supercooling, a process by which cells prevent liquids from solidifying below
their freezing point, is a strategy that is widely deployed by plants in polar regions
(Reyes-Diaz et al. 2006). Cryoprotective and osmoprotective compounds include
amino acids (proline), proteins (HSP, LEA, PR, dehydrins) and sugars, mainly
sucrose, raffinose family oligosaccharides and other polyols (Lineberge and
Steponkus 1980; Newsted et al. 1991; Solhaug and Aares 1994; Hare and Cress
1997; Reyes et al. 2003; Bravo and Griffith 2005; Olave-Concha et al. 2005;
Piotrowicz-CieSlak et al. 2005; Janska et al. 2010). The mechanism responsible
for the protective effects of carbohydrates on proteins, biological membranes and
cytoplasmic structures during dehydration has been extensively studied during
freezing temperature. Sugars exert a protective influence by replacing water with
hydroxyl groups to maintain hydrophilic interactions of phospholipid molecules
of membranes and proteins. Carbohydrates have the ability to transform the
cytoplasm into a glassy state i.e., membrane rigidification (Hoekstra et al. 2001;
Reyes-Diaz et al. 2006). The glassy state protects cell structures against damage,
and it stabilizes macromolecules (Koster 1991; Buitink and Leprince 2004).

Studies of the adaptive strategies of plants inhabiting extreme polar regions
focuse mainly on species such as Colobantus quitensis (Kunth) Bartl. and
Cerastium arcticum Ange. of the family Caryophyllace and grasses such as
Deschampsia antarctica Desv., Poa arctica R. Br. and Poa annua L. which have
developed specific metabolic mechanisms adapted to very low temperature. Those
plants have been the object of many studies, including experiments investigating
the role of sugars during cold acclimation (Piotrowicz-CieSlak et al. 2005; Convey
and Smith 2006; Parnikoza et al. 2009; Olech et al. 2011; Parnikoza et al. 2011;
Pastorczyk et al. 2014; Kellmann-Sopyta et al. 2015).

Less is known about enzymes that participate in carbohydrate metabolism and
their responses to chill stress. Present investigation focused mainly on sucrose
metabolizing enzymes, synthases and invertases, which are responsible for sucrose
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levels in plants and play an important role in protection against cold stress (Guy
et al. 1992; Bascundn-Godoy et al. 2006). Amylases, glycosidases that decompose
starch, one of the main reserve materials in plants, supply low-molecular-weight
oligosaccharides and glucose, which maintain the osmolarity of intracellular fluid.
Recent research has expanded our understanding of the functions played by
sucrose and monosaccharides in sugar sensing and signaling in plants (Roitsch
and Gonzalez 2004; Rolland et al. 2006; Proels and Hiickelhoven 2014). Those
mechanisms enable sugardecomposing enzymes to control metabolic processes
and defense responses (Dorion et al. 1996; Bonfig et al. 2010).

There are three types of invertase isoenzymes that differ in their localization
in plants (EC 3.2.1.26): vacuolar invertases (Inv-v), cell wall invertases (Inv-cw)
and cytoplasmic invertases (Inv-c). Inv-v and Inv-cw have similar properties, and
their activity is optimized in an acidic environment (pH 5.0-5.5 and pH 3.5-5,
respectively). Both enzymes are B-fructofuranosidases which break down sucrose
and, less effectively, other fructofuranosides such as stachyose and raffinose.
Inv-v is important for osmoregulation, whereas Inv-cw regulates the distribution
of sugars, mainly sucrose, in plants. Inv-c is active under alkaline conditions
(pH 6.8-8.0), and it is also referred to as neutral invertase. This sucrose-specific
enzyme is strongly inhibited by high concentrations of its hydrolysis products,
glucose and fructose (Roitsch and Gonzalez 2004). The multitude of mechanisms
that regulate invertase expression and activity indicate that those enzymes play
a very important role in the metabolism, development and defense responses of
plants (Bournay et al. 1996; Cheng et al. 1999; Rojo et al. 2003; Rausch and
Greiner 2004; Roitsch and Gonzalez 2004).

Plants contain three types of amylases: a-amylase (EC 3.2.1.1), f-amylase
(EC 3.2.1.2) and y-amylase, also known as glucoamylase or amyloglucosidase,
(EC 3.2.1.3), which differ in their mechanism of action and the location of the
hydrolyzed glycoside bond. All amylases hydrolyze a-1.4-glycoside bonds in starch
(Beck and Ziegler 1989). Alpha-amylase plays the most important role. Depending
on reaction time, o-amylase yields products characterized by different degree of
glucose polymerization, including dextrins, oligosaccharides, maltose (which is also
the main product of B-amylase) and glucose. Amylases degrade starch and increase
the concentrations of soluble sugars in plants which act as osmolytes. Research has
demonstrated that amylases are involved in low temperature tolerance, which is an
important trait in polar plants (Vecchia et al. 1998; Kratsch and Wise 2000). Cold-
induced changes in soluble carbohydrates have been identified in selected polar
species of the families Poaceae (Poa arctica vivipara L., Deschampsia antarctica)
and Caryophyllaceae (Cerastium arvense, L., Colobanthus quitensis) (Pastorczyk
et al. 2014; Kellmann-Stopyta et al. 2015). Five other species (ecotypes) of the
family Poaceae (Festuca brachyphylla Schultes, Deschampsia alpina (L.) Roem. et
Schult., Deschampsia cespitosa (L.) Beauv, Poa alpina L. and Poa annua) were
investigated in this experiment. The aim of this study was to analyze the content
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and composition of carbohydrates and the activity of two main enzymes (amylase
and invertase) which initiate the hydrolytic degradation of reserve sugars, starch
and sucrose, in the shoots of plants of the family Poaceae harvested in polar
regions, and to describe their responses to cold stress. The evaluated parameters
were compared in Poa annua plants harvested in the Antarctic and in the Olsztyn
area to analyze their adaptive strategies based on sugar metabolism.

Material and methods

Material. — The experiment was performed on flowering plants of the
family Poaceae growing in the Arctic and the Antarctic. Live Poa annua plants
(designated A) were harvested in 2010 in the area of the Henryk Arctowski Polish
Antarctic Station on King George Island (South Shetland Islands) (62°09°S
and 58°28°W) (Fig. 1A), whereas Festuca brachyphylla, Deschampsia alpina,
Deschampsia cespitosa and Poa alpina plants were collected near the Stanistaw
Siedlecki Polish Polar Station in Hornsund, Spitsbergen (77°00’N and 15°33°E)
(Fig. 1B-F). The sixth studied ecotype was Poa annua (designated O) growing
in the area of Olsztyn, Poland (53°46°N and 20°29’E).

The harvested specimens were planted individually in pots filled with
horticultural soil and grown at a temperature of 18-20°C, in the presence
of daylight in the experimental greenhouse of the Faculty of Biology and
Biotechnology of the University of Warmia and Mazury in Olsztyn (Fig. 1B-F).

Plant responses to cold stress were evaluated under controlled laboratory
conditions. Twenty-four hours after transfer to the laboratory (19-20°C), plants
were placed in an incubator (Heraeus, BK6160, Kendro Laboratory Products)
at a constant temperature of 20°C and 20/4 h photoperiod (light/dark) which
corresponds to the length of day during the growing season in polar regions.
After 24 hours of acclimatization, plants were exposed to cold stress at 4°C for
2 days. Samples for analysis were collected from shoots before (control, O h),
24 h and 48 h after exposure to cold stress. Samples of P. annua (A) were
collected only after 24 h due to a small number of specimens. The experiment
was conducted in three replications. One sample was composed of shoot tissues
from 5-10 plants. Three analytical samples of 3 g each were prepared from
each sample and stored at -80°C.

Preparation of plant extracts. — Plant extracts were prepared by
homogenizing 3 g analytical samples of plant tissues in 30 ml of PBS (Phosphate
Buffered Saline) on ice at 35,000 rpm according to modified method of Sung et
al. (1989). Half of the homogenate was centrifuged for 15 minutes at 12,000 x g
at a temperature of 4°C. The resulting supernatant (supernatant 1) was used
to determine total protein content and enzyme activity. The second half of the
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Fig. 1. The polar flowering plants of the family Poaceae under study. King George Island,
neighborhood of the Henryk Arctowski Polish Antarctic Station (A), Festuca brachyphylla (B),
Deschampsia alpina (arrow) (C), Poa alpina var. vivipara with viviparous culms, Deschampsia
cespitosa (arrow) (D) and Poa anua in the Antarctic (E) and in the experimental greenhouse (F).

supernatant was heated at 90°C for 15 minutes to dissolve starch, precipitate
proteins and deactivate enzymes. The homogenate was cooled and centrifuged
as above. The resulting supernatant (supernatant 2) was used to determine the
concentrations of starch and soluble carbohydrates.

Determination of protein content. — Protein content was determined by
the method proposed by Bradford (1976) in 5-fold diluted supernatant. The
protein content of the sample was read from the calibration curve for bovine
serum albumin (Sigma-Aldrich) with the concentration of 500 pg/mL.
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Determination of protein content. — Total sugar content was determined
by the anthrone method (Morse 1947). Samples were diluted 100-fold. Sugar
concentrations were read from the calibration curve for glucose solution
(50 pg/mL) (Sigma-Aldrich) and were expressed in mg per g of fresh weight
of tissue (ft).

Determination of starch content. — Starch content was determined by
the modified method proposed by Solling and Esmann (1975), which involves
the measurement of the quantity of glucose released from endogenous starch
by exogenous amyloglucosidase to the reaction environment. 10 pL of the
supernatant was transferred to square pieces (1.5 x 1.5 cm) of Whatman 3 filter
paper and left to dry at room temperature. Filter paper was placed in test tubes
and soaked with 3 mL of cold 66% ethanol with the addition of 10% TCA for
20 minutes. The liquid was removed, filter paper was rinsed twice with cold
66% ethanol, and the samples were left to stand for 20 minutes each time. In
the end, filter paper was rinsed for 10 minutes in cold acetone. Filter paper
was dried, cut into pieces and quantitatively transferred to dry test tubes. Every
test tube was filled with 0.5 mL of 0.2 M acetate buffer with pH 4.8 and 30 pl
(containing 25.8 mU) of Rhizopus amyloglucosidase solution (Sigma-Aldrich),
and incubated at 37°C for 30 minutes. Glucose released by the enzyme during
starch hydrolysis was identified with the Oxy-Glucose glucose assay kit (Pointe
Scientific, Poland). Starch content was read from the calibration curve for potato
starch standard (1 mg/mL) (Sigma-Aldrich) which was handled in the same
manner as the analyzed samples. Starch content was expressed in mg per g of ft.

Determination of glucose content. — Glucose content was determined with
the Oxy-Glucose glucose assay kit (Pointe Scientific, Poland) according to the
manufacturer’s instructions.

Determination of soluble sugar content by HPLC. — Sample preparation:
0.5 mL of the supernatant was combined with 1 mL of cold (-18°C) 96%
ethanol. The mixture was stirred and left to stand at 4°C for 30 minutes, after
which it was centrifuged at 12,000 x g for 6 minutes. The resulting supernatant
was poured into dry test tubes and incubated at 50°C until solvent evaporation.
Dried samples were stored in a desiccator at room temperature until analysis.

Chromatography: The sediment was dissolved in 0.5 mL mixture of acetonitrile
and deionized water (3:2), passed through the Alltech Micro-Spin® Filter Tubes
nylon filter (0.2 um) (Deerfield, Ireland) and centrifuged at 12,000 x g for
1 minute. 30 pL of the supernatant was applied onto a chromatography column.

Carbohydrates were separated in the Shimadzu HPLC SCL-10A (Kyoto,
Japan) chromatography system, on a 4.6 x 250 mm High Performance
Carbohydrate Column (Shimadzu) with a 3.9 x 20 mm Sentry™ High
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Performance Carbohydrate Guard Column (Shimadzu). Carbohydrates were
analyzed with the use of the Shimadzu RID-10A refractometer. The mobile
phase was a solution of acetonitrile and deionized water (3:2). Separation was
carried out at a flow rate of 1 mL/min and temperature of 35°C. Sugars were
identified based on their retention times. They were determined quantitatively
by comparing the peak area from the sample elution curve with the peak area of
reference standards in the Chromax 2004 program for processing chromatographic
data (POL-LAB Artur Dzieniszewski, Poland). The results were expressed in
mg of sugar per g of ft.

Determination of enzyme activity. — Amylase activity was determined
by the modified method proposed by Caraway (1959) based on the decrease
in the color intensity of the starch-iodine solution. The experimental samples
contained 50 pL of the tested supernatant, 0.85 pL of 0.2 M acetate buffer with
pH 4.8 and 0.1 mL of 1% potato starch solution (Sigma-Aldrich). They were
incubated at 37°C for 120 minutes. Control samples containing 0.85 mL of acetate
buffer and 0.1 mL of 1% starch solution were incubated simultaneously with
the experimental samples. They were combined with 50 pL of the supernatant
after incubation. Immediately after incubation, all samples were combined with
4 ml of 10-fold diluted iodide in potassium iodide solution. Absorbance was
read immediately at a wavelength of 650 nm. The results were expressed in pug
of decomposed starch per mg of protein.

Invertase activity was determined by the method proposed by Dahlquist
(1968) and Bonfig et al. (2010) by measuring the amount of glucose released
by the enzyme from the sucrose substrate at pH 4.8 and pH 6.8. Glucose was
determined with an enzymatic assay kit (Pointe Scientific, Poland). Enzyme
activity was expressed in U per mg of protein.

Statistical analysis. — The results were analyzed statistically in the Statistica
10.0 program (StatSoft Inc.). Significant differences between means (p < 0.05)
were determined by ANOVA, followed by Tukey’s test.

Results

The protein content of vegetative tissues in control plants was determined in
a broad range of 0.48 mg/g in P. annua (A) to 16.56 mg/g ft in F. brachyphylla.
Mean values differed significantly between species. The only exception was
protein content which was similar in both species of the genus Deschampsia
(Fig. 2). Cold stress (4°C for 24 h) led to a significant increase in protein
concentrations in P. annua plants harvested in both Antarctic (A) and Olsztyn (O).
The protein content of D. alpina, D. cespitosa and P. alpine decreased relative
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Fig. 2. Changes in the content of protein (mg/g fresh tissue) in shoots of polar Poaceae plants
growing at 20°C (control, 0 h) and at 4°C (chilling stress).
Explanation: Mean =+ SD, values are means of three replicates, each of them consists material from
five plants. The same capital letters in the column indicate no significant differences (P < 0.05)
between means of studied species controls. The same small letters in the column indicate no
significant differences (P < 0.05) between means of protein for the same species depended of
time treatment at 4°C.

to control plants. After 48 h of exposure to cold stress, significant differences
in protein content were not observed between control and experimental plants,
excluding D. cespitosa and P. annua (A) (Fig. 2).

The total sugar content of control plants from each species also differed
significantly and ranged from 17.9 mg/g to 54.0 mg/g ft (Fig. 3). The noted
difference was not statistically significant (p = 0.072) only between D. alpina
and P. annua (O). Significant changes induced by cold stress were not noted
in D. alpina and P. annua (A). Cold stress lowered the total carbohydrate
content of D. cespitosa and P. alpina. Similar changes were noted after 24 h in
P. annua (O), whereas an increase in carbohydrate concentrations was observed in
F. brachyphylla. Sugar concentrations in both P. annua (O) and F. brachyphylla
returned to control group levels after 48 h of cold stress (Fig. 3).

The control samples of the evaluated species also differed in the levels of
different soluble sugars (Table 1). After 24 h of storage at 4°C, changes in sucrose
concentrations were not observed, except in P. alpina and P. annua (O), whereas
after 48 h, sucrose levels increased significantly in D. alpina, D. cespitosa,
F. brachyphylla and P. annua (O) (Table 1). The noted differences in sucrose
levels were not always accompanied by the corresponding changes in hexoses —
free glucose and fructose (Table 1). The remaining sugars were not identified in
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Fig. 3. Changes in the content of total sugars (mg/g fresh tissue) in shoots of polar Poaceae plants
growing at 20°C (control, 0 h) and at 4°C (chilling stress). Explanation the same as in Fig. 2.

all species. Raffinose was detected only in D. cespitosa, and its concentrations
increased significantly after 48 h of cold stress (Table 1). The presence of ribose
was noted in control plants of three species, and its concentrations were highest
after 24 h of cold storage (Table 1). The analyzed plants also contained other
polyols — glycerol and myo-inositol. Glycerol was present in all species, and
its concentrations were similar in control samples (Table 1). Glycerol levels
increased after 48 h of exposure to cold stress in D. cespitosa and F. brachyphylla,
and already after 24 h in P. annua (A) and P. annua (O). Myo-inositol was
detected in F. brachyphylla and P. annua (A), and it was less abundant in
experimental than in control plants (Table 1).

The evaluated plant species were divided into two groups based on their
starch content. The first group comprised plants with low starch levels (3.1 mg/g
wt to 4.0 mg/g ft): D. alpina, F. brachyphylla and P. annua (O) (Fig. 4). Plants
from the second group, D. cespitosa, P. alpina and P. annua (A), were more
abundant in starch (6.2 mg/g to 9.2 mg/g ft) (Fig. 4). Cold stress did not
induce significant changes in starch concentrations, and the only exception was
a transient (after 24 h) decrease in starch levels in P. annua (O) (Fig. 4).

Amylase activity was very low, except in D. alpina, F. brachyphylla and
P. alpina, and it was further decreased in most species after 24 of cold stress. After
48 h of cold storage, amylase activity increased significantly relative to the level
noted after 24 h except D. alpina (Fig. 5). Under control conditions, invertase
activity was minimal at pH 4.8 (data not shown). At pH 6.8, invertase activity
was high in D. alpina, P. alpina and P. annua (A), low in F. brachyphylla and
very low in D. cespitosa and P. annua (O) (Fig. 6). After 24 h of cold stress,
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Table 1

Changes in the concentration of soluble carbohydrates (mg/g wet tissue) in shoots
of polar Poaceae plants growing at 20°C (control, 0 h) and at 4°C (chilling stress)

Time Saccha- Myo-
Species | at 4°C Glucose | Fructose | Ribose |Raffinose | Glycerol | . Y
(h) rose -inosytol
0 6.50 = 246 + 1.80 = 1.69 = 0 175 = 0
0.33%aA | 0.120A | 00924 | 0584 0.09:0-A
Des-
. 779 430 = 3.89 + 1.81 =
2?;’:?1[1 24 1039 | 0220 | 0.09 0 0 0.09 0
1008 + | 298+ | 437+ 125 +
B o5 | 0450 | 0220 0 0 0.06° 0
0 | 1791% | 172 | 3132 0 137+ | 088 = 0
0918 | 0092B | 0.162B 0072 | 0.04a.A
l;les' | gy | 1614 | 168x | 309% | 707 | 128x | 126 0
champsia 0812 | 008 | 015 | 036 | 006 | 006
cespltosa
4g | 3149+ 780 | 855= 0 1469 + | 4.18 + 0
1.575 0.390 0432 073> | 021b
o | 1482 357 | 489% | 2235+ 0 228+ | 373«
074 | 0.18C | 0240.C | [.12aB 0.112A | 0.1924
if;%“_‘ by | 16622 | 324% | 5T2% | 3901 0 196 £ | 308 +
Y 0.832 0.168 | 0.29a 1.96 0.12 0.15
phylla
4g | 2468+ | 318  594x | 18722 0 396+ | 155+
1.23b 0.15 0.3 0.94a 0.20 0.08b
195 + 3.96 + 5.84 + 131 =
0 0.1aA | 02aC | 029aC 0 0 0.0724A 0
Poa 1667 = | 238 = 2.16 1.09 =
alpina 24 o83 | 0420 | 0.1 0 0 0058 0
260 £ | 1187 £ | 1082+ 1.67+
B 03 | 059 | 054 0 0 0.08 0
0 | 1322 | 252 | 1835+ | 2637 % 0 268+ | 100+
Poa 0.66:C | 0.13aA | 0924D | 13228 0.133A | 0058
annua
A) by | 12862 | 192 | 2544 | 41972 0 428+ | 059 +
0.64 0.12 127v 210 0.210 0.03
0 | 924% | 037 | 268% | 121x 0 112 + 0
04620 | 0.15D | 0.132.B | 0.1824 0.062A
Poa g | 17422 | 427+ | 825+ | 3163= 0 390 + 0
?g;’”d 0.87b 0.21b 0.41b 1.580 0.2
4g | 1492+ 097 | 591x | 2341= 0 305 + 0
0.75¢ 0.05¢ 0.3¢ 1.17¢ 0.15b

Explanation: * mean + SD, values are means of three replicates, each of them consists material
from five plants. The same capital letters in the column indicate no significant differences (P<0.05)
between means of studied species controls. The same small letters in the column indicate no
significant differences (P<0.05) between means of sugar for the same species depended of time
treatment at 4°C.
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D. alpina D. cespitosa  F. brachyphylla P. alpina P. annua (A) P. annua (O)

Fig. 4. Changes in the content of starch (mg/g fresh tissue) in shoots of polar Poaceae plants
growing at 20°C (control, 0 h) and at 4°C (chilling stress). Explanation the same as in Fig. 2.

invertase activity decreased several fold in D. alpina and P. annua (A). After 48 h,
invertase activity increased multi-fold in P. annua (O) and F. brachyphylla
plants (Fig. 6).

600

m20°C m4°C/24h m4°C/48 h

Activity of amylase (ug/mgprotein/min)

E a a
a a
D. alpina D. cespitosa F. brahyphylla P. alpina P. annua (A) P. annua (O)

Fig. 5. Activity of amylase (1g/mg protein/min) in shoots of polar Poaceae plants growing at 20°C
(control, 0 h) and at 4°C (chilling stress). Explanation the same as in Fig. 2.
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Fig. 6. Activity of invertase (U/mg protein) in shoots of polar Poaceae plants growing at 20°C
(control, 0 h) and at 4°C (chilling stress). Explanation the same as in Fig. 2.

Discussion

Harsh climatic conditions have caused the formation of different morphological
features in vascular plants of the polar regions, which are helping them to
maintain in the cold and harsh climate. These features can include first of all
reduced, vertical and compact plant growth, protect the shoots by reducing the
structure e.g. the loss of water from the tissues or the influence of light intensity,
phenotypic plasticity of individuals of the same species living in different
microhabitats and communal growth of plants. In such difficult conditions it
occurs mostly to reduce to a minimum the metabolic activity of the body, and
thus the processes of plant growth and development (Block er al. 2009). The
presence, development, reproduction and expansion of vascular plants, including
P. annua, in the Arctic and in the Antarctic, indicate that they tolerate adverse
environmental conditions, including cold stress.

Carbohydrates play the same roles in plants inhabiting polar and temperate
climates. Sugars act as energy reserves, signaling molecules, free radical
scavengers and compounds that protect plants against abiotic and biotic stresses.
In plant species native to the Antarctic geobotanical zone, the accumulation of
carbohydrates is one of the key mechanisms conditioning resistance to cold
stress (Zuiiga et al. 1996; Bravo et al. 2001; Piotrowicz-Cie§lak et al. 2005).
In the present study, control plants of grass species belonging to the same genus
differed in their total sugar content (Fig. 3). The greatest, more than 2-fold
differences were noted between P. annua plants harvested in the Antarctic and in
the Olsztyn area, and those variations could be attributed to adaptive mechanisms.
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The above plants also differed in their responses after 24 h of exposure to cold
stress (Fig. 3). Carbohydrate levels decreased in D. cespitosa, P. alpina and
P. annua (O), probably due to higher demand for energy required for adaptation
to cold stress. In P. annua (O), the observed decrease could be associated with
starch decomposition (Table 1). In a similar experiment, Pastorczyk et al. (2015)
reported an increase in sugar levels after 24 h of cold stress in two species of
the family Caryophyllaceae (C. quitensis and C. alpinum) and two species of
the family Poaceae (D. antarctica and P. arctica). The results noted by the cited
authors differed from our findings, probably because Pastorczyk et al. (2015)
analyzed only soluble sugars.

Non-reducing sugars, such as sucrose, raffinose and stachyose, protect plant
cells by providing them with specific properties. They can be accumulated in
higher concentrations because unlike monosaccharides, they do not enter into
reactions with amino acids that lead to non-enzymatic glycation of proteins and
peptides (Lapolla et al. 2005). Increased sucrose accumulation in the vegetative
tissues of plants subjected to various environmental stressors is a well-known
phenomenon. It has been observed in many cold-exposed plant species in different
geographic latitudes and different stages of development, including Triticum
aestivum L. seedlings (Crespi et al. 1991), Spinacia oleracea L. leaves (Guy et
al. 1992) and Lolium perenne L. shoots (Bhowmik et al. 2006). Our findings
(Table 1) and the results of studies analyzing the vegetative tissues and diaspores
of several species of polar plants (Pastorczyk et al. 2014; Kellmann-Sopyta et al.
2015) indicate that sucrose, an osmotically active compound, is accumulated in
response to cold stress. As expected, sucrose was the predominant sugar in the
evaluated species (Table 1). Raffinose, one of the most important oligosaccharides
with protective properties (Piotrowicz-Cieslak er al. 2005), was detected only
in D. cespitosa. This is an interesting observation because the results reported
by Pastorczyk et al. (2014) suggested that raffinose does not occur in polar
plants of the family Poaceae. In the present study, raffinose concentrations in
D. cespitosa increased in response to cold stress (Table 1). Similar results were
noted by Pastorczyk et al. (2014) in Caryophyllaceae species.

Polyols, including cyclitols, are osmotically active compounds that increase
plant resistance to salt stress, low temperature and soil drought (Chiera ez al.
20006). Polyols stabilize cell membranes under exposure to stress (Farrar 1988;
Leprince et al. 1993; Jennings and Lysek 1996). Glycerol is a major polyol
found in the tissues of the analyzed plants (Table 1). In this study, a significant
increase in glycerol concentrations was observed in most of the examined species
(Table 1). An increase in the biosynthesis and content of glycerol was also
reported in Arabidopsis thaliana (L.) exposed to salt stress (Bahieldin et al.
2014). The above observations indicate that glycerol has cryoprotective and
osmoprotective properties. Myo-inositol is the most widely occurring cyclitol
which is found in the cytoplasm of both plant and animal cells and in organelles
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bounded by one or two membranes (Lackey et al. 2003). In this study, myo-
inositol was found in only two plant species, but it could be present in the
remaining plants in quantities below the method detection limit. Control plants
of F. brachyphylla were much more abundant in myo-inositol (3.73 + 0.19 mg/g
wt) than P. annua (A) (1.0 = 0.05 mg/g ft). Myo-inositol levels in vegetative
tissues were nearly halved after cold storage at 4°C. The compound was not
found in the vegetative tissues of P. annua (O) (Table 1). The concentrations
of myo-inositol were very low (0.07 + 0.00 mg/g DW) in mature seeds of P.
annua (O), and were higher in P. annua (A) (0.50 = 0.02 mg/g DW) (Kellmann-
Sopyta et al. 2015). Myo-inositol seems to play a limited role in this species
under exposure to cold stress.

Our study analyzed changes in the content of carbohydrates and their
derivatives as well as changes in the activity of invertases and amylases
hydrolyzing two major plant sugars in response to short-term cold stress. Sucrose
is decomposed by invertase to glucose and fructose, hexoses which are a source
of energy and play important anabolic and regulatory (sugar sensing) functions
in plants (Van den Ende and Valluru 2009). Invertase activity was examined at
pH 4.8 and pH 6.8. The results noted at pH 4.8 were surprising. High levels
of activity were expected because pH 4.8 is close to the optimal values for two
of the three main invertases: Inv-cw and Inv-v (Roitsch and Gonzalez 2004),
whereas only minimal levels of activity were observed. This result is difficult
to interpret, and it could be attributed to the release of invertase inhibitory
proteins, whose presence has been noted in many plant species (Bonfig et al.
2010), during sample preparation. This observation indicates that our knowledge
of invertases and their inhibitors in the analyzed group of plants is limited and
should be expanded. Cytoplasmic invertase has different properties and is active
at neutral pH (Roitsch and Gonzalez 2004). In this study, Inv-c activity was
also low in the control plants of three species, but it increased after 24 h of
chilling. The observed increase was significant in D. cespitosa and P. annua (O),
whereas in F. brachyphylla, a significant rise in Inv-c activity was noted only after
48 h (Fig. 6). In the control plants of D. alpina and P. annua (A) characterized
by high invertase levels, the activity of Inv-c clearly decreased after 24 h of
exposure to cold stress. In the above plants, a simultaneous increase was observed
in the concentrations of glucose and fructose, the products of sucrose hydrolysis
catalyzed by invertase (Table 1). Vargas et al. (2003) demonstrated that Inv-c
is strongly inhibited by those compounds, which could at least partially explain
the accompanying decrease in enzyme activity levels.

Similarly to invertases, the activity of amylases also differed significantly
in control plants. After 24 h of cold stress, a transitional decrease in amylase
activity was observed in most species, except P. annua (Fig. 5). As a result,
starch levels remained fairly constant.



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

Cold stress in metabolism of polar grasses 201

The results of our study suggest that cold-induced changes in the content
and composition of sugars are varied and species-specific, but they can differ
within a genus of the family Poaceae. The values of the investigated parameters
in P. annua differed considerably depending on the biogeographic origin of
plants. At the beginning of the experiment, greenhouse acclimatized Antarctic
plants were characterized by significantly higher content of sugars, including
storage reserves, sucrose and starch, but lower total protein content. After 24 h of
exposure to cold stress, much smaller changes in the examined parameters were
noted in Antarctic plants than in locally grown specimens. Total sugar content
and sucrose, starch and glucose levels were nearly constant in P. annua (A),
but they varied significantly in P. annua (O). These observations point to
epigenetically programmed changes in the species’ genome which are influenced
by habitat conditions. Those changes are responsible for the high adaptability
of P. annua which enables this cosmopolitan species to survive and develop in
highly unsupportive environments and colonize new regions.
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