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Abstract
We investigated the mortality and the oxidative damages of Deschampsia antarctica in response to waterlogging stress. In field, we compared the changes in the density of D. antarctica tuft at the two different sites over 3 years. The soil water content at site 2 was 6-fold higher than that of site 1, and the density of D. antarctica tuft decreased significantly by 55.4% at site 2 for 3 years, but there was no significant change at site 1. Experimental results in growth chamber showed that the H2O2 and malondialdehyde content increased under root-flooding treatment (hypoxic conditions—deficiency of O2), but any significant change was not perceptible under the shoot-flooding treatment (anoxic condition—absence of O2). However, total chlorophyll, soluble sugar, protein content, and phenolic compound decreased under the shoot-flooding treatment. In addition, the catalase activity increased significantly on the 1st day of flooding. These results indicate that hypoxic conditions may lead to the overproduction of reactive oxygen species, and anoxic conditions can deplete primary metabolites such as sugars and protein in the leaf tissues of D. antarctica. Under present warming trend in Antarctic Peninsula, D. antarctica tuft growing near the shoreline might more frequently experience flooding due to glacier melting and inundation of seawater, which can enhance the risk of this plant mortality.
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Background
The maritime Antarctic plant, Deschampsia antarctica Desv. (Poaceae), is one of the two angiosperms and the only monocotyledonous species naturally adapted to the harsh environmental conditions of maritime Antarctica, such as extremely high UV-B radiation, low temperatures, and high levels of salinity (Alberdi et al. 2002; Smith 2003). Previous studies have shown that D. antarctica has an efficient photosynthetic system in low temperature, which produces high amounts of sucrose and fructans at the end of summer (Zuñiga et al. 1996) and antioxidant substances to deal with cold and drought stresses (Bravo et al. 2001; Zamora et al. 2010). In addition, D. antarctica frequently experiences root or shoot flooding during its growing period because of snowmelt, and these stress condition can be prolonged because of global warming. However, the degree of tolerance to waterlogging stress has not yet been described.
Most plants do not have adaptive structural and metabolic features to combat anoxic/hypoxic condition, with the exception of wetland plant species (Pezeshki 2001). This lack of oxygen or anoxic condition may induce changes in the redox state of plant species and their mortality (Ricard et al. 1994; Drew 1997). Plants respond to flooding by closing their stomata to avoid water loss and subsequently downregulating the photosynthetic machinery (Ahmed et al. 2002; Yetisir et al. 2006), both of which lead to the formation of reactive oxygen species (ROS) within the leaf because of the light reaction. These ROS can cause lipid peroxidation and consequently cause membrane injury, protein degradation, enzyme inactivation, and disruption of DNA strands (Allen 1995). To cope with oxidative stress, plants produce antioxidant compounds such as ascorbate, glutathione, and phenolic compound as well as antioxidant enzymes, such as superoxide dismutase, ascorbate peroxidase, catalase, and glutathione reductase (Gill and Tuteja 2010).
In late January 2010, we frequently found D. antarctica tufts submerged under the water in Barton Peninsula because of heavy snowfall in 2009. We hypothesized that D. antarctica may experience waterlogging-induced oxidative stress and root- and shoot-flooding condition can affect this plant differently. The objectives of this study were (1) to figure out the waterlogging effect on the mortality of D. antarctica and (2) to estimate the physiological responses of D. antarctica under root- and shoot-flooding conditions.

Methods
Study sites and field survey
The study site is situated at Barton Peninsula, Antarctic Peninsula (site 1: 62° 14′ 11′′ S, 58° 43′ 05′ ′W, site 2: 62° 14′ 28′′ S, 58° 44′ 46′′ W) (Fig. 1). In a geomorphological aspect, site 1 was mainly covered with rocks and gravelstones, but site 2 had a higher ratio of clay in the soil than site 1 because of the seasonal stream which continuously supplies clay and snow melting water during plants growing season (Fig. 1). The mean temperature was 1.8 °C in January and − 5.1 °C in July, and the mean (± SD) annual precipitation was 566 ± 216 mm during 2000–2010 (data from the nearest meteorological station, King Sejong Station; the straight-line distance between meteorological station and site 1 was 3.8 km). In 2009, precipitation (1055 mm) was twice as high as the 10-year average, and we found that the D. antarctica tufts submerged under the water at both sites from late January to early February in 2010. A quadrat (1 m × 1 m) survey was conducted in site 1 and site 2 on King George Island, where a large number of D. Antarctica tuft was found in January of 2009, 2010, and 2011. We selected 120 quadrats (2009, 2010) and 100 quadrats (2011) per a site in a 1000-m2 area and calculated the mean density of D. antarctica tuft. We defined a tuft as more than five shoots that were held together at ground bottom; seedlings were excluded from the count of tuft.[image: A41610_2019_127_Fig1_HTML.png]
Fig. 1The locations of site 1 and site 2 at Barton Peninsula, King George Island (left), and the pictures of two sites in January 2011 (right)





Topographic variable and soil analysis
Topographic variables such as elevation, aspect, slope, and distance from shoreline were derived from the digital elevation model (DEM) which has 1 m grid cell size. We selected 30 different points randomly within the study sites and calculated the minimum and maximum topographic values.
To document differences in soil characteristics between the two study sites, samples were collected from five random quadrats (1 m × 1 m) in January 2010. Soil pH (soil to distilled water = 1:5 w/v) were measured using pH meter. The water content was determined after drying the samples in a 105 °C oven for 48 h, and organic matter content was calculated according to the weight lost after the samples were kept in a muffle furnace at 550 °C, for 4 h (John 2004). Total nitrogen content was determined by an element analyzer (EA1110, CE Instruments, UK) at the National Center for Inter-University Research Facilities, Seoul National University. Bray No. 1 solution (Bray and Kurtz 1945) was used to extract PO4–P for colorimetric assay by the ascorbic acid reduction method (Kovar and Pierzynski 2009). Soil texture was determined by a hydrometer analysis method (Day and Black 1965).

Plant material and growth conditions
D. antarctica tufts were collected from both study sites. The shoot length and tuft diameter of sampled plants was approximately 8 cm and 4 cm, respectively, and they had at least 10 shoots. Plant materials were cultured in the pots (diameter 12 cm, height 14 cm) with soil to peat mixture (2:1) and were watered twice a week with 0.5 L of a diluted Hyponex solution (Hyponex, Japan) in growth chambers (light/dark, 18/6 and 22/20 °C; irradiance 400 μmol m−2 s−1) for 2 months. Plants were allowed to acclimatize to the conditions for 2 weeks by incubating them in a cold room with a photoperiod of 18 h light/6 h dark and average temperature (± SD) of 5 ± 1 °C. For the water-logging treatment, 1 group of plants (randomly selected) was subjected to continuous flooding at 2 cm above the soil surface (root flooding) (n = 4), and another group of plants was flooded above the plant surface (shoot flooding) (n = 4). A third group of plants was maintained under moist soil and considered as control (n = 4). Flooding conditions were maintained for 7 days, after which the pots were drained to permit plant recovery from the flooding. Four leaves were collected randomly in each tuft and made one sample. Only those leaves showing clear senescence symptoms were excluded. Plant tissue was immediately frozen in liquid nitrogen. The frozen material was ground to fine powder using a pre-chilled mortar and pestle stored at − 80 °C.


H2O2 content
To estimate the formation of reactive oxygen species in response to flooding condition, we measured the H2O2 content; 1 g of leaves was homogenized in 3 mL of 100 mM sodium phosphate buffer (pH 6.8). To remove cellular debris, the homogenate was centrifuged at 18,000×g for 20 min at 4 °C. The supernatant was collected to assay the H2O2 content. Measurement of H2O2 content was performed according to the modified method of Bergmeyer (1974) using a peroxidase enzyme. To initiate the enzyme reaction, a 0.5-mL aliquot of the supernatant was mixed with 2.5 mL of peroxide reagent (83 mM sodium phosphate, pH 7.0, 0.005% (w:v) o-dianisidine, and 40 mg peroxidase per mL) and incubated for 10 min at 30 °C in a water bath. The reaction was stopped by adding 0.5 mL of 1 N perchloric acid and centrifuged at 5000×g for 5 min. The resulting supernatant was read at 436 nm, and its absorbance was compared to the extinction of an H2O2 standard.
Malondialdehyde (MDA) content
The MDA concentration was used to estimate oxidative damage to lipid membranes, carbohydrates, and amino acids. The MDA content was measured following the procedure described in Hodges et al. (1999). A 0.2-g aliquot of frozen plant material was homogenized in 2.5 mL of 80% cold ethanol using an ice-cold mortar and pestle. Homogenates were centrifuged at 15,000×g for 10 min at 4 °C and the supernatant was mixed either with 20% Trichloroacetic acid (TCA) or with a mixture of 20% TCA and 0.5% thiobarbituric acid (TBA). Both mixtures were allowed to react in a water bath at 95 °C (for 30 min, cooled, and centrifuged). Absorbance (Abs) at 440 nm, 532 nm, and 600 nm was read against a blank. The MDA equivalents were calculated as follows (Hodges et al. 1999):	1)A = (Abs 532+TBA) − (Abs 600+TBA) − (Abs 532–TBA − Abs 600–TBA)


 

	2)B = (Abs 440+TBA − Abs 600+TBA) × 0.0571


 

	3)MDA equivalents (nmol/mL) = ((A − B)/157,000) × 106


 




MDA equivalents were expressed as nmol MDA per gram of fresh weight.

Chlorophyll, soluble sugar, and protein content
We measure the change of the metabolite such as chlorophyll, soluble sugar, and protein when exposed to flooding. Total chlorophyll (photosynthetic pigment) was determined spectrophotometrically from extracts in 80% dimethyl sulfoxide (DMSO) using the predetermined extinction coefficients and equations (Wellburn 1994). Accurately weighed 0.2 g of fresh plant leaf sample was taken, and extract with 4 ml of DMSO solvent. The contents of total chlorophyll were estimated according to experimental equations as described by Wellburn (1994).
The soluble sugar concentrations were estimated according to the method described by Marshall (1986). Determination of the amounts of soluble sugars in tissues was carried out using 0.2 g of homogenized plant material. Extraction of soluble sugars was carried out with 80% ethanol. After centrifugation, the soluble supernatant was collected. The entire residue that remained after the removal of soluble sugars was dried and subjected to prolonged hydrolysis with 1.1% hydrogen chloride (provides complete hydrolysis) during incubation in a water bath at 100 °C for 30 min. The obtained soluble sugar and hydrolyzed starch extracts were reacted separately with anthrone reagent (0.1% anthrone in 72% sulfuric acid) to produce a blue-green color, and the absorbance was measured at 620 nm. The concentrations of sugar were calculated using glucose curves as standards. The protein content was determined using a Bradford method, and its concentration was calculated using a calibration curve made with Bovine serum albumin (BSA) (Kruger 2009).

Phenolic compound and catalase activity
To identify the ability of D. antarctica to cope with oxidative stress, we measured the antioxidant compounds (phenolic compound) and antioxidant enzymes activity (catalase). The phenolic compound content of the leaves was determined by dissolving 0.2 g of leaf homogenates in 2 mL of 95% methanol solution. The extract was then centrifuged at 15,000×g for 10 min at 4 °C. Phenolic content was quantified using the Folin–Ciocalteu (F–C) assay (Ainsworth and Gillespie 2007). A mixture of 10% of F–C reagent and 700 mM sodium carbonate was added to the aliquot of the supernatant. The mixture was incubated at 30 °C for 1 h and absorbance was recorded at 765 nm. The phenolic content was calculated by comparing results with a gallic acid calibration curve.
Aliquots of 0.1 g of plant material were immediately frozen in liquid nitrogen and ground using a mortar and pestle. The frozen powder was mixed with 1 mL of 100 mM potassium phosphate buffer (pH 7.5) and centrifuged at 15,000×g for 20 min. The supernatant was collected for enzyme analysis catalase (CAT) activity was determined as described by Azevedo et al. (1998) with some modifications. CAT activity was assayed spectrophotometrically in a reaction mixture containing 2 mL of 100 mM potassium phosphate buffer (pH 7.5) with 5 μL of H2O2 (30% solution) prepared immediately before use. The reaction was initiated by the addition of 30 μL of plant extract, and the activity was determined by following the decomposition of H2O2 as indicated by the changes in absorbance at 240 nm for 2 min against a H2O2-free blank.

Statistical analysis
The results are presented as means ± SE. For all biochemical assays, 4 samples taken from independent pots were used. One-way analysis of variance (ANOVA) and comparisons between means were made with the least significant difference (LSD) test at p ≤ 0.05, after which the Duncan multiple-range test was applied to determine differences of the density of D. antarctica tuft for 3 years. Paired Mann-Whitney U test was carried out to determine differences between before flooding (control) and flooding treatment. Statistical analyses were performed using R (version 3. 4. 4).


Results
The density of D. antarctica tuft in the field
To determine the mortality of D. antarctica growing in different environmental conditions (site 1 vs. site 2), the density of D. antarctica tuft was measured over 3 years. The density of D. antarctica tuft decreased significantly by 55.4% at site 2 from 2009 to 2011, but there was no significant change at site 1 (Fig. 2). Furthermore, the mean plant density at site 2 was lower than that at site 1. Two sites located near the shoreline had similar elevation and slope degree except for slope aspect. However, when we compared the soil physio-chemical properties between the two sites, all soil characteristics differed significantly, except for the total nitrogen content. In particular, the soil water content at site 2 was 6-fold higher than that at site 1, and the clay percent at site 2 was also 5.4-fold higher than that at site 1 (Table 1). These two soil characteristics induced soil hypoxic conditions.[image: A41610_2019_127_Fig2_HTML.png]
Fig. 2The density of D. antarctica tuft at site 1 and site 2 on King George Island for 3 years (2009–2011). Values are shown as the means ± SE of 120 quadrat replications in 2009 and 2010, and 100 quadrat replications in 2011 in a 1000-m2 area. The different letters denote statistical difference at p ≤ 0.05 (Duncan multiple-range test)



Table 1Topography (minimum–maximum) and soil physio-chemical properties at site 1 and site 2 on King George Island


	 	Variables
	Site 1
	Site 2

	Topography
	Elevation (m)
	3.2–5.3
	2.1–4.5

	Slope degree (°)
	2.5–5.2
	1.8–4.8

	Slope aspect (°)
	95–125
	160–210

	Distance from shoreline (m)
	110–180
	55–120

	Soil properties
	WC (%)
	6.9 ± 0.5b
	41.6 ± 4.2a

	OM (%)
	3.0 ± 0.1b
	7.1 ± 0.5a

	Sand (%)
	93.7 ± 0.7a
	75.8 ± 1.1b

	Clay (%)
	3.5 ± 0.4b
	19 ± 1.2a

	pH
	6.0 ± 0.03a
	5.4 ± 0.05b

	AP (μg/g)
	5.0 ± 0.4b
	30.4 ± 2.2a

	T-N wt (%)
	0.21 ± 0.03a
	0.27 ± 0.01a


Soil properties values are means ± SE (n = 5). Different letters denote statistical difference at p ≤ 0.05
WC water content, OM organic matter, AP available phosphorus, T-N total nitrogen




Changes of H2O2 formation and oxidative stress
The H2O2 levels in the leaf tissues of D. antarctica significantly increased at 7th day of root flooding (52%) as compared to before flooding (BT). H2O2 levels further increased over the 2nd day of drainage in root flooding (59%). The MDA equivalent showed a similar trend with the H2O2 levels when exposed to flooding. MDA equivalent increased (84% and 123%) at 7th day of root flooding and 2nd day of drainage, respectively. However, unchanged MDA equivalent was found in non-flooding and shoot flooding treatment (Fig. 3).[image: A41610_2019_127_Fig3_HTML.png]
Fig. 3Effect of flooding on H2O2 (a) and MDA equivalent (b) in the leaf tissues of D. antarctica. Graphs show changes (in percent) over a period of 7 days flooding (7d_F) and 2 days drainage (2d_D) when compared to the control (before flooding (BF)). Significant differences were calculated between control and flooding conditions with paired Mann-Whitney U test; “•” and “*,” respectively, indicate significance at the 0.1 and 0.05 levels of confidence





Changes of chlorophyll and primary metabolites
Figure 4 presents the effects of flooding on the chlorophyll, total soluble sugar, and protein content in the shoots of D. antarctica. The total chlorophyll content significantly decreased after the 1st day of shoot flooding (25%) and 3rd day of root flooding (29%). In particular, shoot-flooded plants showed a significant reduction in their chlorophyll content on the 1st and 3rd days of flooding in comparison with the levels before flooding and recovered their chlorophyll content 2nd day after drainage (Fig. 4a). The total soluble sugar content decreased 80% after the 3rd day of shoot-flooding (Fig. 4b). Although the total soluble sugar content recovered to the pre-treatment level after the 2nd day of drainage, it was significantly lower than those of the non- and root-flooded plants. The protein content decreased significantly after the 7th day of shoot flooding and recovered after drainage. However, other treatments did not show any changes over the experimental period (Fig. 4c).[image: A41610_2019_127_Fig4_HTML.png]
Fig 4Effect of flooding on total chlorophyll (a), total soluble sugar (b), and protein (c) in the leaf tissues of D. antarctica. Graphs show changes (in percent) over a period of 7 days flooding (7d_F) and 2 days drainage (2d_D) when compared to the control (before flooding (BF)). Significant differences were calculated between control and flooding conditions with the paired Mann-Whitney U test; “•” and “*,” respectively, indicate significance at the 0.1 and 0.05 levels of confidence





Changes of antioxidant compound and enzyme
The phenolic compound in the shoots of D. antarctica decreased significantly by 20% in root-flooding and 19% in shoot flooding after the 1st day of flooding treatment (p ≤ 0.1). The decreasing of phenolic content was continued until the 7th day of flooding and recovered after drainage (Fig. 5a). The decreasing trend in phenolic content experiencing shoot flooding was the same as that of root flooding. The CAT activity increased by 91% in root-flooding and 66% in shoot flooding at the 1st day of flooding treatment, and after the 3rd day of flooding, the CAT activity was not different statistically as compared to before flooding (Fig. 5b).[image: A41610_2019_127_Fig5_HTML.png]
Fig. 5Effect of flooding on phenolic content (a) and CAT activity (b) in the leaf tissues of D. antarctica. Graphs show changes (in percent) in five parameters over a period of 7 days flooding (7d_F) and 2 days drainage (2d_D) when compared to the control (before flooding (BF)). Significant differences were calculated between control and flooding conditions with the paired Mann-Whitney U test; “•,” “*,” and “**”, respectively, indicate significance at the 0.1, 0.05, and 0.01 levels of confidence






Discussion
Several physio-chemical analyses have been carried out to determine the responses of D. antarctica under drought and cold stress condition (Pérez-Torres et al. 2004; Zamora et al. 2010). However, studies of the response of the antioxidative system of D. antarctica under waterlogging stresses are scarce. In this study, D. antarctica was shown to be damaged from a prolonged soil-flooding condition. Table 1 and Fig. 2 illustrate that high soil water content and clay content could have adverse effects on the survival of D. antarctica during its growing season. The spatial distribution of D. antarctica along environmental gradients also showed that waterlogging induced by heavy snowfall can limit the survival of D. antarctica tuft and its seedling (Park et al. 2013).
In the present study, H2O2 and MDA levels did not change as a result of shoot flooding in anoxic conditions. However, H2O2 and MDA contents increased in root-flooded plants, which represent hypoxic conditions (Fig. 2). H2O2 accumulation under hypoxic conditions has been shown in the roots and leaves of Hordeum vulgare (Kalashnikov et al. 1994). Hypoxic tissues show over the reduction of the photosynthetic electron transport chain and mitochondria-dependent reactive oxygen species (ROS) generation, which results in oxidative damage to cellular components such as lipids, proteins, sugars, and nucleic acids (Sairam et al. 2008). In contrast, the reduction of ROS production in anoxic conditions could be due to a shift from aerobic respiration to fermentation, which leads to reduced ROS production in mitochondrial sites (Sairam et al. 2009). This may also have retarded the production of chemical energy provided by light reaction systems, which are thought to be used for the production of ROS under stressful condition (Ahmed et al. 2002). These results suggest that D. antarctica in a hypoxic state could suffer more oxidative stress than those in anoxic conditions, and oxygen deprivation stress could induce harmful effects on the cellular components of these plants.
A reduction in chlorophyll content was reported after several days of flooding in wheat (Collaku 2002). We found that total chlorophyll content in D. antarctica also decreased in flooding conditions (Fig. 4a), which may contribute to the blockage in the photosynthetic site of chemical energy and ROS production. Furthermore, our results show that total soluble sugar (Fig. 4b), which is a typical product of the photosynthetic reaction, was significantly decreased in shoot flooding treatment. The previous study reported that photosynthetic capacity has significantly inhibited in flooding-intolerant plants when exposed to anoxia (Liao and Lin 2001).
High accumulation of soluble sugar could be one of the protective mechanisms against low temperature in maritime Antarctica (Zuñiga et al. 1996). Therefore, lower soluble sugar contents attributed to flooding stress could be lethal to D. antarctica in the Antarctic area. Furthermore, a decrease in protein content indicates serious damage in the metabolic rate of D. antarctica.
While phenolic content was increased under drought stress in D. antarctica (Zamora et al. 2010), its content decreased in the case of flooding stress (Fig. 5b). Most phenolic compounds are very effective scavengers of hydroxyl and peroxyl radicals and can stabilize lipid peroxidation (Yamasaki et al. 1997). CAT activity showed higher levels initially, but then declined quickly in plants that experienced root flooding. Ahmed et al. (2002) also reported the same antioxidant enzyme response in waterlogging stressed mung beans. This result may indicate a cellular protective mechanism to mitigate damage in earlier stressed conditions, but with the progression of oxygen deprivation, the enzyme activity decreased dramatically.

Conclusions
The mortality of D. antarctica and the changes of H2O2 and MDA contents under waterlogging condition demonstrate that D. antarctica is sensitive to root flooding condition. Furthermore, these results showed that D. antarctica prefers well-drained soil to poorly drained soil. Although increasing antioxidant enzymes showed that this plant can overcome the hypoxic stress for a short period of time, H2O2 and MDA contents were steadily increased during the root-flooding (hypoxia) treatment period. Under shoot-flooding (anoxia) conditions, ROS production was not increased significantly because oxidative phosphorylation of mitochondria was replaced with anaerobic fermentation (Davies 1980). Soluble sugar and protein content were more significantly dropped after the onset of anoxic treatment than hypoxic treatment. These results suggest that photosynthesis and the activities of the enzyme-related nitrate reduction and ammonia assimilation may be inhibited more severely during anoxic condition than hypoxic condition (Hsu et al. 1999; Liao and Lin 1996). These responses under flooding conditions could be detrimental to the survival of D. antarctica in the harsh environmental conditions of maritime Antarctica. We can predict that the soil water flooding induced by recent accelerated ice melting in this region may affect the mortality and the distribution of D. antarctica. Especially, over the last 50 years, the Antarctic Peninsula has experienced rapid warming than in the rest of Antarctica and the ice shelves around the Antarctic Peninsula have retreated remarkably (Vaughan et al. 2003). Specifically, Lee et al. (2008) predicted that the glacier in Marian cove near the study sites may disappear by 2060 under the present warming trend. D. antarctica tuft growing at the shoreline area might more frequently experience flooding due to glacier melting and inundation of seawater, which can enhance the risk of this plant mortality.
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