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ABSTRACT. Annual bluegrass (Poa annua var. reptans), when grown as a putting green species, is sensitive to winter
injury such as ice cover. Inhibiting plant ethylene production could be a way to improve annual bluegrass tolerance of
ice encasement. The goals of this study were to determine how winter conditions and ethylene regulatory treatments
affect the antioxidant system, fatty acid composition, and apoplastic proteins of annual bluegrass plant tissues.
Ethylene-promotive (1-aminocyclopropane-1-carboxylic acid or ethephon) and ethylene inhibition treatments
[aminoethoxyvinylglycine (AVG)] were applied to plants in the field during acclimation. Plant plugs were taken
and subjected to low temperature (L4 8C) and ice-encasement treatments in growth chamber conditions. Antioxidant
activities of ascorbate peroxidase (APX), peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD) were
measured along with malondialdehyde content (MDA) and apoplastic protein content in leaf and crown tissue.
Saturated and unsaturated fatty acid contents weremeasured in leaf, crown, and root tissue. Higher unsaturated fatty
acids are often associated with greater low-temperature tolerance. Compared with the untreated controls, ethephon-
treated annual bluegrass had greater MDA contents, lower POD and SOD activity, and greater saturated and
decreased unsaturated fatty acids. Ethylene inhibition treatments caused annual bluegrass to have less saturated fatty
acid content and greater unsaturated fatty acid content, a greater content of apoplast proteins, and higher CAT
activity when compared with the untreated controls. The activity of APX was greater in AVG-treated annual
bluegrass than in controls. Ethylene may reduce physiological health overwinter, and inhibitory treatments may
promote winter tolerance by promoting antioxidant activity, apoplast proteins, and the content of unsaturated fatty
acids in plant tissues.

The process of acclimating to winter conditions and over-
wintering are both important to the survival of perennial plants in
temperate areas. Despite appearances that plants are doing nothing
during winter dormancy, limited physiological processes such as
respiration are still occurring (Ogren, 2000). Those physiological
processes need to be altered during acclimation and protected
during winter to maintain functionality under harsh winter condi-
tions for spring regrowth. Plants can protect overwintering tissues
via several mechanisms including sugar concentration gradients,
changes in fatty acid profiles, and antioxidants (Samala et al.,
1998). Evaluating how cellular-protection mechanisms may be
affected by winter stresses in species sensitive to winter and
determining whether management practices can improve cellular-
protection mechanisms are important for developing strategies to
reduce winter associated damages.

Annual bluegrass (Poa annua var. reptans), when maintained
in a perennial growth habit typical in turfgrass management, is an
ice-encasement sensitive species. It has been reported to survive
an average of 60 d of ice cover (Beard, 1964; Tompkins et al.,
2004; Vargas and Turgeon, 2004), which contrasts to creeping
bentgrass (Agrostis stolonifera), which can survive under ice

cover for up to 120 d (Beard, 1964). Annual bluegrass and
creeping bentgrass are typically found as pure ormixed stands on
golf course putting greens and fairways. Previously, we have
found that treatments that inhibit ethylene improved annual
bluegrass recovery following low temperature and ice condi-
tions; and ethylene-promotive treatments reduced or had no
effect on winter recovery, depending on the duration (Laskowski
and Merewitz, 2020). As inhibiting ethylene may be a viable
management practice that could be used to protect annual
bluegrass or other turfgrass species during winter dormancy, it
is important to understand the mechanism associated with
improved tolerance. Additionally, how ethylene regulates accli-
mation and overwintering is still not fully understood.

Ethylene, the plant hormone commonly associated with
stress responses and signaling, is primarily understood for plant
stresses such as flooding or submergence (Fukao et al., 2006),
thigmomorphogenesis (Biro and Jaffe, 1984), and wounding or
pathogen responses (Lund et al., 1998). How ethylene plays a
role in acclimation and overwintering is less well understood.
Ethylene effects on cold or other winter stress tolerances may
be based on plant species or environmental conditions because
contrasting results have been found in various studies (Mun-
shaw et al., 2010; Shi et al., 2012; Szalai et al., 2000; Yu et al.,
2001; Zhao et al., 2014). It is clear ethylene has a major effect
on plant acclimation and tolerance of winter conditions, but a
better understanding of the physiological mechanisms associ-
ated with ethylene regulation is needed.

Perennial plant species contain different organs such as leaves,
roots, and crowns that may have different survival or stress-
protection mechanisms while acclimating to cold, surviving ice
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encasement, or overwintering. Here, we investigate several
physiological responses such as apoplastic protein content, anti-
oxidant enzymes, and fatty acid changes in response to chemical
treatment, cold, and ice encasement in these different plant
organs. Measuring apoplastic protein concentration can indicate
plant cold and freeze tolerance, because more proteins in the
apoplast could reduce ice crystal formation, particularly if they
have antifreeze properties (Griffith et al., 1992). In barley
(Hordeum vulgare), apoplastic proteins and antioxidants were
found to play an important role in cold tolerance associated with
salicylic acid treatment (Mutlu et al., 2013). Few studies of
turfgrass cold or winterkill responses have investigated all three
of these organs simultaneously, and little information exists about
antioxidant and apoplastic protein content of important turfgrass
species, particularly in response to ethylene regulatory treat-
ments.

Although it sounds counterintuitive when first thinking
about ice-encasement stress (a stress that can often result in
anoxic conditions under the ice), oxidative stress-protective
mechanisms can play an important role in plant survival of ice
encasement. This is because a plant can experience a dramatic
and rapid shift in oxygen concentration following ice melt. This
stress is often referred to as post-anoxic aeration or reaeration
stress. The lipid peroxidation and other anomalies associated
with lipid damage that result from reaeration can differentiate
between anoxia tolerant and intolerant species (Blokhina et al.,
1999). Plants also respond to post-anoxic reaeration by mod-
ulating their antioxidant system to combat reactive oxygen
species that can form, such as hydrogen peroxide (Blokhina
et al., 2001). Post-anoxic reaeration has largely been studied
with simulated anoxic stress using inert gasses or under flood-
ing conditions, which means the interactions of cold tempera-
tures and real ice encasement on antioxidant systems has not
been thoroughly investigated.

Another major change that can occur during acclimation to
cold is the alteration of cell membrane composition (Shang
et al., 2006). Generally, plants more tolerant of winter condi-
tions, including ice encasement, accumulate more unsaturated
fatty acids than saturated fatty acids in their membranes
(Dalmannsdottir et al., 2001; Heatherington et al., 1987; Shang
et al., 2006). Shifts in fatty acid profiles occurred in annual
bluegrass plants under different plant growth regulator treat-
ments during the fall acclimation period (Laskowski et al.,
2019). Thus, measurement of fatty acid profiles may be a good
indicator for the effects of ethylene regulatory treatments on
annual bluegrass acclimation and survival of ice stress.

We hypothesized that ethylene inhibition-induced improve-
ments in annual bluegrass recovery from ice stress could be
associated with cellular-protection mechanisms such as a promo-
tion or maintenance of antioxidant enzyme activities, increased
unsaturated fatty acid contents, and/or accumulations in apoplastic
proteins. Therefore, the objectives of this study were to evaluate
ethylene-promotive treatments [ethephon (2-chloroethyl phos-
phonic acid) and aminocyclopropane-1-carboxylic acid (ACC)]
and ethylene inhibition treatment [aminoethoxyvinylglycine
(AVG)] effects on annual bluegrass responses to winter stresses.

Materials and Methods

PLANT MATERIAL AND EXPERIMENTAL TREATMENTS. Plant ma-
terials used in this study were generated from the same
experiment described in Laskowski and Merewitz (2020),

which is also where results regarding plant regrowth and other
health indicators were presented. All chemical treatments
began on 3 Oct. 2016 and on 6 Oct. 2017 and were applied
weekly for 6 weeks on the experimental annual bluegrass
putting green field at the Hancock Turfgrass Research Center,
East Lansing, MI. The turfgrass canopy was maintained at a
height of 0.32 cm. The foliar chemical treatments applied to the
field included the following: 1) 7.96 L�ha–1 ethephon (Proxy;
Bayer Environmental Science, Research Triangle Park, NC); 2)
5.26 g�ha–1 ACC (100 mM spray solution) (Sigma-Aldrich, St.
Louis, MO); 3) 33.9 g�ha–1 AVG (AVG1) (ReTain; Valent
BioSciences, Libertyville, IL); and 4) 2.915 g�ha–1 AVG
(AVG2) (Sigma-Aldrich). Untreated plots were sprayed with
water and were used as the control plots. Turfgrass plants
(circular plugs 10.16 cm in diameter) were taken from the
experimental field following acclimation to about –1 to 4 �C on
11 Nov. 2016 and 25 Nov. 2017. A total of 160 turfgrass plugs
(five chemical treatments · four sampling time points · four
plot replications · two stress treatments) were used, taken for
the experiment each year, with eight turfgrass cores taken from
each plot. The plugs were kept outside until planted in plastic
pots (10.16 cm · 15.24 cm) in a sandy loam soil and put in a
low-temperature growth chamber. The plants were given a 2-
week period to acclimate to growth chamber conditions at
–2 �C before stress treatment. For the remainder of the exper-
iment and during stress treatment, the growth chamber was
maintained at –4 �C, with a light level of 200 mmol�m–2�s–1, with
a 10-h photoperiod. Treatments inside the growth chamber
consisted of 1) no ice or 2) ice-encasement treatments. Ice-
encasement treatment involved misting deionized water over
pots to form an ice layer (1.3 cm thick), with periodic misting to
prevent ice loss. The grass leaves are small and are not damaged
directly by thick ice layers. Four randomly selected pots within
each treatment were taken out from the low-temperature growth
chamber on 0, 20, 40, and 80 d of ice- or no ice-treated plants.
On each sampling day, plants were destructively sampled, and
samples were manually split into leaves, crowns, or roots and
immediately frozen in liquid nitrogen. All samples were then
placed in a freezer (–80 �C) until further analysis.

FATTY ACID ANALYSIS. Extraction of fatty acids was per-
formed with �200 mg (fresh weight) crown, leaf, or root tissue
from ice-covered and non-ice-covered samples at 0, 20, 40, and
80 d according to the method of Cyril et al. (2002), with
modifications. Frozen crown material was transferred into test
tubes containing 3 mL of preheated isopropanol (75 �C) with
0.01% butylated hydroxytoluene (BHT). Samples were placed
in a 75 �C water bath for 15 min. After the samples had cooled,
1.5 mL chloroform and 0.6 mL distilled water were added, and
the samples were capped and shaken at room temperature for 5
h. After 5 h, the lower layer containing chloroform and the
lipids were transferred into new test tubes. An additional 4 mL
of chloroform/methanol (2:1) with 0.01% BHT was added to
the tubes containing the crown material. The tubes were
recapped and placed on a shaker for 15 h. After extraction, 1
mL KCl was added to the tubes containing the extracted lipids
and chloroform and was then centrifuged at 5000 gn for 10 min.
After 10min, the top layer was removed, 2 mL of distilled water
was added, and the tubes were centrifuged for an additional 10
min at 5000 gn. The top thin layer was removed, and the
remaining sample was evaporated using vacuum centrifuga-
tion. Samples were preserved in 1 mL chloroform and stored at
–80 �C until analysis. Remaining crown material was dried in
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an oven at 70 �C for determination of dry weight. Gas
chromatography mass spectroscopy was performed at the Mass
Spectrometry and Metabolomics Core at Michigan State Uni-
versity using a mass selective detector (5975 inert XL MSD
detector; Agilent Technologies, Santa Clara, CA). Separation
and quantification of fatty acids was achieved by injection
of 1 mL of extract into a column [30 mm · 0.25 mm · 0.25 mm
(VF-5ms, Agilent Technologies)] using the following temper-
ature profile: 30 �C for 4 min; 10 �C�min–1 to 320 �C; 320 �C for
2 min.

ANTIOXIDANT ACTIVITY AND LIPID PEROXIDATION. Antioxidant
activity was determined by using 250 mg of leaf and crown
tissue, which was ground to a fine powder using a mortar and
pestle and extracted using 4 mL of extraction buffer [50 mM

potassium phosphate buffer (pH 7.0), and 1% polyvinylpyrro-
lidone]. The extractions were centrifuged at 5000 gn for 30 min
at 4 �C, and supernatant was collected for subsequent enzyme
assay and quantification. Ascorbate peroxidase (APX) activity
was measured based on the oxidation of ascorbate as described
by Nakano and Asada (1981), with modifications. The reaction
solution (3 mL) contained 100 mM sodium acetate (pH 5.8),
0.003 mM ethylenediaminetetraacetic acid, 10 mM ascorbate,
and 100 mL leaf extract. The absorbance changes at 290 nm
were measured every 10 s for 60 s using a spectrophotometer
(GENESYS 10S; Thermo Fisher Scientific, Waltham, MA).
The absorbance change of 0.01/min was taken as one unit of
APX activity. The peroxidase (POD) activity was measured by
monitoring the increase in absorbency at 460 nm every 10 s for
60 s, as guaiacol was oxidized according to the method of
Chance and Maehly (1955). The POD reaction solution (3 mL)
contained 0.1 M sodium acetate buffer (pH 5.0), 0.25%
guaiacol (resolved in 50% ethanol), 0.75% H2O2, and 100
mL of leaf extract. Catalase (CAT) activity was measured by
the rate of decomposition of H2O2 at 240 nm in 3mL of reaction
mixture consisting of 50 mM sodium phosphate buffer and
45 mM H2O2 (Chance and Maehly, 1955). Superoxide dismu-
tase (SOD) activity was measured by its ability to inhibit
p-nitro-blue tetrazolium chloride reduction at 560 nm (Gian-
nopolitis and Ries, 1977).

Lipid peroxidation level was determined based on malon-
dialdehyde (MDA) content using the method of Dhindsa et al.
(1981), with modifications. A 1.0 mL enzyme solution was
added to 2 mL of reaction solution containing 20% (v/v)
trichloroacetic acid and 0.5% (v/v) thiobarbituric acid. The

solution was heated in a water bath at 95 �C for 30 min, quickly
cooled on ice, and centrifuged at 10,000 gn for 30 min. The
absorbance readings were taken at 532 nm and 600 nm. The
nonspecific absorbance at 600 nm was subtracted from absor-
bance at 532 nm, and MDA content was calculated using
the adjusted absorbance and extinction coefficient of 155
mM

–1�cm–1 (Heath and Packer, 1968).
APOPLASTIC PROTEIN CONTENT. Apoplastic proteins were

extracted as in the methods of Hon et al. (1994). After
harvesting and separating leaf and crown tissue, tissues were
rinsed with deionized water and then vacuum-infiltrated with a
20 mM ascorbic acid and 20 mM CaCl2 solution. This was then
centrifuged at 900 gn to recover the protein content. The total
apoplastic protein content was measured using a Bradford
(1976) method assay, using bovine serum albumin as the
standard protein.

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS. Field plots
were arranged as a completely randomized design with four
replications. The growth chamber experiment was conducted as
a completely randomized block design with ice treatment as the
main block. Chemical treatment and sampling time were
completely randomized within the main block. The experiment
was repeated using the same growth chamber. All data were
subjected to analysis of variance (ANOVA) using SAS (version
9.4; SAS Institute, Cary, NC) mixed model procedure (Table
1). Fisher’s protected least significant difference (LSD) test at a
0.05 P level was used to detect the difference between treatment
means. LSD bars were presented in the figures where significant
chemical effect was observed. For analyzing the data, time
(year and week) was a fixed factor in the model. As ANOVA
determined no yearly interaction, data from multiple years was
pooled together.

Results

MDA CONTENT. Leaf and crown tissue had similar levels of
lipid peroxidation, and MDA levels increased in both tissues
with stress duration. No differences were seen in MDA levels
with ACC treatment, compared with controls. Before ice cover
at 0 d, ethephon treatments had greater MDA when compared
with the untreated control in leaf tissue. After 20 and 40 d of
ice-covered annual bluegrass, ethephon treatment had 154%
and 79% more lipid peroxidation when compared with the
untreated control, respectively, in leaf tissue (Fig. 1A). After 20

Table 1. Analysis of variance for main treatment factors and interactions of percent regrowth, fatty acid content, antioxidant enzymes [ascorbate
peroxidase (APX), superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)], lipid peroxidation, and apoplastic protein
concentrations of annual bluegrass under ethylene and ethylene inhibition treatments and ice or no ice cover treatments in East Lansing, MI
during 2016 and 2017.

Effectz
Fatty acid content APX SOD POD CAT MDAy Proteins

Leaf Crown Leaf Crown Leaf Crown Leaf Crown Leaf Crown Leaf Crown Leaf Crown

Chemical treatment (T) *** *** *** *** *** ** *** ** ** *** *** ** *** **
Ice cover treatment (I) NS NS * * * ** ** *** ** ** *** *** NS NS

T · I NS NS NS NS NS NS NS NS NS NS NS NS NS NS

Date (D) *** *** ** ** ** ** *** * ** * *** ** ** **
T · D ** *** ** * *** * ** *** ** *** *** *** ** *
I · D NS NS NS NS NS NS NS NS NS NS NS NS NS NS

T · I · D NS NS NS NS NS NS NS NS NS NS NS NS NS NS

zAll data were subjected to ANOVA using a mixed model procedure.
yLipid peroxidation was estimated by measuring malondialdehyde (MDA) content.
NS, *, **, ***Nonsignificant (P > 0.05) or significant at P # 0.05, 0.01, or 0.001, respectively.

J. AMER. SOC. HORT. SCI. 146(2):87–98. 2021. 89



and 40 d of non-ice-covered annual bluegrass, ethephon treat-
ment had 110% and 62.8% more malondialdehyde content
when compared with the untreated control, respectively, in leaf
tissue (Fig. 1B). In crown tissue under ice and no ice cover,
ethephon treatment had greater malondialdehyde content when
comparedwith the untreated control at 0, 20, and 40 d (Fig. 1C–D).

CATALASE ACTIVITY. In leaf tissue of annual bluegrass,
AVG2 treatment increased CAT after 40 and 80 d of non-ice-
covered samples by 17.9% and 34.1%, respectively, when
compared with the untreated control (Fig. 2B). AVG1- and
ACC-treated plants were not significantly different in CAT
activity than the AVG2 treatment. In leaf tissue that was
covered by ice, AVG2 treatment increased CAT activity by
40.6% after 80 d when compared with the untreated control
(Fig. 2A). In crown tissue, AVG1- and AVG2-treated annual
bluegrass had greater CAT when compared with the untreated
control after 40 d of no ice cover (Fig. 2D). CAT was 74.5%
greater in samples treated with AVG2 when compared with the
untreated control after 40 d without ice cover. After 80 d with
ice cover, AVG1-treated annual bluegrass had 34.9% greater CAT
activity when compared with the untreated control (Fig. 2C).

SUPEROXIDE DISMUTASE ACTIVITY. Before ice treatment, eth-
ephon treatment had less superoxide dismutase activity when
compared with the untreated control in leaf tissue of annual
bluegrass. After 40 and 80 d of ice cover, SOD activity of
annual bluegrass was 32% and 38% less for ethephon treatment,
respectively, when compared with the untreated control (Fig.
3A). After 20 d with no ice cover, ethephon treatment had
27.9% less SOD activity when compared with the untreated
control, while AVG2 treatment had 16.7% more SOD activity
in leaf tissue (Fig. 3B). After 80 d with no ice cover, ethephon
treatment had 40.9% less SOD activity in leaf tissue when
compared with the untreated control. In crown tissue after 40
and 80 d of ice cover, ACC treatment had 26.6% and 19.2%
greater SOD activity when compared with the untreated control
(Fig. 3C). The AVG2 treatment after 80 d of ice cover had
42.9% less SOD activity. After 80 d of no ice cover, AVG2 had
31% more SOD activity when compared with the untreated
control, while ethephon treatment had 37.4% less SOD activity
in crown tissue (Fig. 3D).

PEROXIDASE ACTIVITY. Ethephon treatment decreased POD
when compared with the untreated control before ice cover (day

Fig. 1. Malondialdehyde (MDA) content of annual bluegrass treated with 1-aminocyclopropane-1-carboxylic acid (ACC), ethephon, aminoethoxyvinylglycine
(AVG) at 33.9 g�ha–1 (AVG1), and 2.915 g�ha–1 (AVG2), or untreated after 0, 20, 40, and 80 d at –4 �C in leaf tissue under (A) ice cover or (B) no ice cover, and in
crown tissue under (C) ice cover or (D) no ice cover. Means from both 2016 and 2017 are pooled together. Bars with different letters are significantly different
(P # 0.05) due to treatment within a given day based on Fisher’s protected least significant difference tests.
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0) by 24.2% in leaf tissue. After 20 d of ice cover, ethephon
treatments had 28.3% less POD activity when compared with
the untreated control in leaf tissue (Fig. 4A). After 80 d of ice
cover, ethephon treatment had 32.3% less POD activity when
compared with the untreated control, while the AVG2 treat-
ment had 26.4% higher POD activity in leaf tissue when
compared with the untreated control. AVG1-treated annual
bluegrass had higher POD activity when compared with the
untreated control at 80 d of ice cover in leaf tissue. In crown
tissue before ice cover, ethephon treatment had 26.6% less POD
activity. Ethephon treatment in crown tissue after 20 and 80 d of
ice cover had 42.3% and 52% less POD activity, respectively,
when compared with the untreated control (Fig. 4C).

ASCORBATE PEROXIDASE ACTIVITY. APX levels were gener-
ally greater in crown tissue than in leaf tissue. Few significant
differences in APX activity were detected among chemical
treatments. In leaf tissue, AVG2 treatment increased APX
activity after 80 d by 40% and 160% in ice cover and non-ice-
covered treatments, respectively (Fig. 5A). In crown tissue,
AVG2-treated plots had greater APX activity than controls
after 80 d in non-ice-covered annual bluegrass after 40 and 80 d

(Fig. 5B). No consistent differences were found for the other
chemical treatments for APX activity.

APOPLASTIC PROTEINS. Apoplastic protein concentrations
increased in leaf and crown tissue over time. In leaf tissue,
apoplastic protein concentration increased until about 40 d of
low-temperature treatment. In crown tissue, apoplastic protein
concentrations increased up to 80 d of low-temperature treat-
ment. After 20, 40, and 80 d at –4 �C, AVG1- and AVG2-treated
plants had greater apoplastic protein concentrations when com-
pared with the untreated control in leaf tissue (Fig. 6A). In crown
tissue on day 80, all treatments applied to annual bluegrass had
greater apoplastic protein concentrations when compared with the
untreated control. AVG1-treated annual bluegrass had 40% greater
apoplastic protein concentration when compared with ethephon-
treated annual bluegrass (Fig. 6B).

FATTY ACIDS. Six fatty acids, including unsaturated and
saturated, were detected in leaf, crown, and root tissues of annual
bluegrass plants. The saturated fatty acids included palmitic acid
(16:0) and stearic acid (18:0). The monounsaturated fatty acids
were palmitoleic acid (16:1) and oleic acid (18:1), and the poly-
unsaturated fatty acids were linoleic acid (18:2) and a-linolenic

Fig. 2. Catalase (CAT) activity of annual bluegrass treated with 1-aminocyclopropane-1-carboxylic acid (ACC), ethephon, aminoethoxyvinylglycine (AVG) at 33.9
g�ha–1 (AVG1), and 2.915 g�ha–1 (AVG2), or untreated after 0, 20, 40, and 80 d at –4 �C in (A) leaf tissue under ice cover or (B) no ice cover, and in (C) crown
tissue under ice cover or (D) no ice cover.Means from both 2016 and 2017 are pooled together. Bars with different letters are significantly different (P# 0.05) due
to treatment within a given day based on Fisher’s protected least significant difference tests.
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acid (18:3). The fatty acid hexadecadienoic acid (16:2) was not
observed in measurable quantities. Significant effects from PGR
treatments were observed on fatty acid composition of annual
bluegrass crown membrane profiles and were consistent for each
time point of sampling (0, 20, 40, or 80 d of low-temperature or ice
treatment). Ice-treatment duration and ice treatment did not change
fatty acid composition within a given treatment. Statistical analysis
indicated differences among sampling day, resulting in data being
presented separately by sampling day. Ice-cover treatment was not
statistically significant, resulting in data being pooled together for
ice-cover treatment.

Before ice encasement and low-temperature treatments, leaf,
crown, and root tissue fatty acids were analyzed at day 0.
Overall, ethylene inhibition treatments decreased saturated
fatty acid concentrations and increased unsaturated fatty acid
concentrations in leaf and crown tissue. In leaf tissue, AVG1-
treated annual bluegrass had increased oleic acid content when
compared with the untreated control (Table 2). In crown tissue
at 0 d, AVG1-treated annual bluegrass had lower palmitic acid
and stearic acid when compared with the untreated control. For
example, AVG1-treated annual bluegrass had 16% lower
palmitic acid and 19% lower stearic acid content in crown

tissue on 0 d when compared with the untreated control. In root
tissue, both ethephon and ACC-treated annual bluegrass had
lower linoleic acid contents when compared with the untreated
control (Table 2).

Ethylene inhibitory treatments increased unsaturated fatty
acid concentrations in leaf tissue and decreased saturated fatty
acid concentrations in crown tissue when compared with the
untreated control, when measured at 20 d in the low-temper-
ature chamber (Tables 2 and 3). AVG1-treated annual bluegrass
had greater oleic acid content than the untreated control in leaf
tissue (Table 2). In crown tissue, AVG1-treated annual blue-
grass had 13% less palmitic acid content when compared with
the untreated control (Table 3). In root tissue, AVG2-treated
annual bluegrass had less stearic acid content when compared
with the untreated control (Table 2). In crown tissue, AVG1-
treated annual bluegrass had 18% less palmitic acid content and
24% greater palmitoleic acid content when compared with the
untreated control after 40 d of low-temperature treatment
(Table 3). In root tissue, AVG1- and AVG2-treated annual
bluegrass had 25% and 20% less palmitic acid content when
compared with the untreated control, respectively (Table 2).
AVG1- and AVG2-treated annual bluegrass had lower palmitic

Fig. 3. Superoxide dismutase (SOD) activity of annual bluegrass treated with 1-aminocyclopropane-1-carboxylic acid (ACC), ethephon, aminoethoxyvinylglycine
(AVG) at 33.9 g�ha–1 (AVG1), and 2.915 g�ha–1 (AVG2), or untreated after 0, 20, 40, and 80 d at –4 �C in leaf tissue under (A) ice cover or (B) no ice cover, and in
crown tissue under (C) ice cover or (D) no ice cover. Means from both 2016 and 2017 are pooled together. Bars with different letters are significantly different
(P # 0.05) due to treatment within a given day based on Fisher’s protected least significant difference tests.
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acid after 80 d of low-temperature treatment in both leaf
and crown tissue when compared with the untreated control
(Table 2). AVG1 also had 33% and 19% greater linoleic acid
content in leaf and crown tissue when compared with the
untreated control, respectively, and 13% greater linolenic acid
content in crown tissue. In root tissue, annual bluegrass treated
with AVG1 and AVG2 had 39% and 32% greater oleic acid
content, respectively, when compared with the untreated con-
trols (Table 3).

Ethylene treatment of annual bluegrass significantly altered
fatty acid composition of leaf, crown, and root tissue. Ethe-
phon-treated annual bluegrass exhibited lower unsaturated fatty
acid concentrations when compared with the untreated control
plants after 20 d under low-temperature treatment. For exam-
ple, ethephon treatment had 17% less palmitoleic acid and 23%
less oleic acid content when compared with the untreated
control in crown tissue (Table 3). Ethephon treatment had
39% greater stearic acid when compared with the untreated
control after 40 d of low-temperature treatment in leaf tissue
(Table 2). Ethephon-treated annual bluegrass had 32% less
oleic and linolenic acid content when compared with the

untreated control in root tissue (Table 3). Ethephon-treated
annual bluegrass had 48% greater stearic acid content in leaf
tissue and 18% greater stearic acid content in crown tissue when
compared with the untreated controls after 80 d of low-
temperature treatment (Table 2).

Discussion

Plant growth or cellular survival at low temperatures can
cause oxidative stress or the production of stressful levels of
reactive oxygen species [ROS (Okuda et al., 1991)], which can
lead to lipid peroxidation (Thomashow, 1999). Ice encasement
can lead to anoxic conditions that may alleviate some oxidative
stress associated with cold; but when ice melts, oxygen con-
centration can rapidly increase and require a major shift in
antioxidant systems for cell survival. Antioxidant system
responses may play a major role in ice-encasement survival
(Blokhina et al., 1999). In this study, growth-chamber–
simulated low-temperature alone, and ice encasement under
low-temperature conditions, caused an increase in lipid perox-
idation over time, with increasing duration of low-temperature

Fig. 4. Peroxidase activity of annual bluegrass treated with 1-aminocyclopropane-1-carboxylic acid (ACC), ethephon, aminoethoxyvinylglycine (AVG) at 33.9
g�ha–1 (AVG1), and 2.915 g�ha–1 (AVG2), or untreated after 0, 20, 40, and 80 d at–4 �C in leaf tissue under (A) ice cover or (B) no ice cover, and in crown tissue
under (C) ice cover or (D) no ice cover. Means from both 2016 and 2017 are pooled together. Bars with different letters are significantly different (P# 0.05) due to
treatment within a given day based on Fisher’s protected least significant difference tests.
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or ice-encasement treatment in both leaves and crowns. The
average levels of MDA were similar in both leaf and crown
tissue. This means that, surprisingly, crowns were not more
resistant to the development of lipid peroxidation than leaves.
This could mean that systems that protect these membranes,
such as antioxidant and other lipid-restorative pathways, are
important for survival and that additional research of annual
bluegrass lipid-protection mechanisms would have merit.

Regarding the growth-regulator treatment responses of lipid
peroxidation, ethylene treatments were associated with greater
levels of lipid peroxidation in annual bluegrass under ice and no
ice cover. Thus, it may be possible that limiting ethylene
production during acclimation could lead to enhanced survival
of grass species overwinter through reduced lipid damages.
Ethephon treatment at this rate is causing some additional
physiological damage to lipid structure during these over-
wintering treatments. The pure ACC treatment did not cause
this increase, which could be related to formulation or retention
of treatment effects compared with the commercial formula-
tion. Ethylene inhibition treatments did reduce lipid peroxida-
tion of crown and leaf tissues but only under no ice conditions.

The presence of ice or no ice seemed to play a role in how lipid
peroxidation responded to ethylene regulatory treatments, but
the total amount of lipid peroxidation was not different between
the ice and no ice conditions. This could be related to the
amount of available oxygen, because oxygen may be more
limited under ice conditions. Additional investigation of rates
and timing of ethylene inhibitory treatments may be important
to see enhanced protection from lipid peroxidation during
winter stresses.

To combat lipid peroxidation and other oxidative stress
damages, the health of a plant tissue’s antioxidant system is
important for winter survival. SOD and POD were consistently
reduced in ethephon-treated leaf and crown tissues under ice
and in low-temperature conditions with no ice cover. APX
levels were generally higher in crown tissue compared with leaf
tissues. CAT activity was generally higher in leaf tissue
compared with crown tissue. Thus, for each tissue type, the
relative importance of each antioxidant enzyme seems to be
different. For annual bluegrass crowns, which are the major
overwintering structure, maintenance of APX may naturally be
more important than in leaf tissue. It is not yet clear whether

Fig. 5. Ascorbate peroxidase activity of annual bluegrass treated with 1-aminocyclopropane-1-carboxylic acid (ACC), ethephon, aminoethoxyvinylglycine (AVG)
at 33.9 g�ha–1 (AVG1), and 2.915 g�ha–1 (AVG2), or untreated after 0, 20, 40, and 80 d at –4 �C in leaf tissue under (A) ice cover or (B) no ice cover, and in crown
tissue under (C) ice cover or (D) no ice cover. Means from both 2016 and 2017 are pooled together. Bars with different letters are significantly different (P# 0.05)
due to treatment within a given day based on Fisher’s protected least significant difference tests.
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technologies that could improve CAT activity in crowns would
be a benefit to overwintering plants or not.

Some of the antioxidant enzymes evaluated in this study did
significantly change in response to ethylene regulatory treat-
ments. APX and CAT were not greatly affected by ethylene
treatment. Ethylene inhibitors may have indirectly or directly
promoted preservation of antioxidant enzymes. SOD and POD
activity were preserved closer to 0 d control levels to a greater
extent in plants treated with AVG2, and APX and CAT activity
was promoted by AVG2 treatment. Tas‚gın et al. (2006) inves-
tigated the response of several antioxidant enzymes to cold
treatment of winter wheat and found CAT to decline and

peroxidase to increase with cold treatment. It is possible that
maintenance or promotion of the levels of these antioxidants
played a significant role in the survival of annual bluegrass to
these simulated winter conditions.

How ethylene treatments may affect fatty acid changes
during cold acclimation is not well understood or may be
differential in various plant species. Munshaw et al. (2010)
found that ethephon treatment in the fall had no effect on freeze
tolerance of bermudagrass (Cynodon dactylon), there were no
effects on lipid unsaturation levels, and no changes in the level
of linolenic acid due to ethephon treatment were detected.
Linolenic acid may be an important fatty acid for grass cold

Table 2. Changes in the saturated fatty acid contents of leaf, crown, and root tissue of annual bluegrass treated with ethylene regulatory treatments
or untreated. Annual bluegrass plants were exposed to 0, 20, 40, or 80 d in a low-temperature growth chamber (–4 �C) and treated with ice
encasement or no ice encasement. Means from both 2016 and 2017 are pooled together. Ice and no ice cover treatment means are pooled
together.

Leaf Crown Root

Duration of stress treatment (d)

0 20 40 80 0 20 40 80 0 20 40 80

16:0z Saturated fatty acid content (mol %)y

ACCx 14.2 18.1 21.3 19.5 a 41.6 a 41.9 a 40.4 bc 39.1 bc 27.5 30.5 32.6 a 31
Ethephon 10.3 16.6 19.2 25.0 a 37.8 ab 39.9 a 45.8 a 43.2 ab 27.3 29.1 30.7 abc 28.7
AVG1 14 16.6 17.8 16.2 b 32.3 b 36.9 b 36.4 c 35.5 c 25.4 25.5 24.6 c 27.3
AVG2 11.9 16.9 17.5 14.6 b 42.7 a 40.7 a 39.5 bc 35.1 c 28.7 27.6 26.4 bc 25.5
Untreated 11.9 17.6 21.8 23.6 a 38.5 ab 42.4 a 44.4 ab 42.0 ab 28.9 30 32.9 a 31.6

18:0
ACC 3.8 ab 4 3.2 b 2.8 bc 21.6 a 19.1 36.2 a 21.1 bc 3.7 7.1 6.4 5.8
Ethephon 3.2 b 4.3 5.1 a 5.5 a 22.1 a 13.6 25.4 b 28.5 a 3.3 6.4 5.7 6.6
AVG1 2.5 b 5 3.7 ab 3.4 b 17.2 b 13.8 25.7 b 19.1 c 3.1 6.3 5.8 5.7
AVG2 3.2 b 4.6 3.6 ab 3.6 b 19.3 ab 13.3 23.6 bc 22.3 bc 2.3 5.8 6.2 7
Untreated 2.3 b 4 3.1 b 2.9 bc 21.4 a 13 24.3 bc 23.3 b 3.1 6.5 6.7 7.3

zLevels of the saturated fatty acids palmitic acid (16:0) and stearic acid (18:0).
yWithin each column for each fatty acid, means followed by the same letter are not significantly different (P # 0.05). Fisher’s protected least
significant difference test at a 0.05 P level was used to detect the difference between treatment means. Columns with no letters indicate no
significant differences among chemical treatments.
xChemical treatments of aminocyclopropane-1-carboxylic acid (ACC), 33.9 g�ha–1 aminoethoxyvinylglycine (AVG1), and 2.915 g�ha–1 AVG
(AVG2).

Fig. 6. Apoplastic protein content of annual bluegrass treated with 1-aminocyclopropane-1-carboxylic acid (ACC), ethephon, aminoethoxyvinylglycine (AVG) at
33.9 g�ha–1 (AVG1), and 2.915 g�ha–1 (AVG2), or untreated after 0, 20, 40, and 80 d at –4 �C in (A) leaf tissue and in (B) crown tissue. Means from both 2016 and
2017 and from ice cover treatments are pooled together. Least significant difference (LSD) values are indicated by vertical bars (P # 0.05) for treatment
comparisons on a given day of treatment based on Fisher’s protected LSD tests.
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tolerance, as it was found to be differential in bermudagrass
cultivars differing in cold tolerance (Cyril et al., 2002). Here,
for annual bluegrass, ethephon-treated plants had greater sat-
urated fatty acid content when compared with the untreated
controls. Similar results were found for Chlorella vulgaris in
response to ethephon treatment (Kim et al., 2016). Harber and
Fuchigami (1989) and Lyons and Pratt (1964) discuss findings
indicating that increased ethylene levels resulted in greater
levels of fatty acid unsaturation. Further testing of ethephon
under ice conditions in the field may be warranted to determine
whether there are any changes in winter sensitivity following
fall applications of ethephon. Additionally, more research on
how ethylene is associated with fatty acid changes, perhaps
fatty acid desaturase enzyme activity, in grass species under
stress conditions is needed.

Ethylene inhibition improved turfgrass recovery from sim-
ulated winter conditions (Laskowski and Merewitz, 2020).
Ethylene inhibition treatment caused changes in fatty acid
content, as some increases in unsaturated fatty acid concentra-
tions and some saturated fatty acids decreases were detected.
AVG1-treated annual bluegrass had greater linolenic concen-
trations when compared with the untreated controls after 80 d of

ice or no ice conditions. Alterations in linolenic acid may not
always be required for cold tolerance (Roche, 1979), but it does
seem to play an important role in some grass species’ responses
to cold (Cyril et al., 2002). Compared with fruit tissue, more
research is needed on leaf, crown, and root tissue responses in
fatty acid changes due to ethylene inhibition treatments and
how the treatments may promote abiotic stress tolerance.

In addition to fatty acid changes, ethylene inhibition treat-
ments of annual bluegrass caused greater protein content of the
apoplast in leaf tissues compared with controls. Plants have
several defenses against cellular ice formation, such as the
movement of water from intracellular to inter- or extracellular
(apoplastic) areas to reduce the formation of intracellular ice
crystals (Atıcı and Nalbanto�glu, 1999). Proteins, some possess-
ing antifreeze activity, may accumulate in the apoplast, which
would further reduce ice crystal formation. Some proteins
provide antifreeze activity by binding to the surface of ice
crystals and thus reducing the rate at which ice may grow in
plant tissues (Griffith et al., 1992). Our results are contrary to
what researchers have found in winter rye (Secale cereale)
leaves, where ethylene promoted apoplastic protein content and
ethylene inhibitory treatments had lower apoplastic protein

Table 3. Changes in the unsaturated fatty acid contents of leaf, crown, and root tissue of annual bluegrass treated with ethylene regulatory
treatments or untreated. Annual bluegrass plants were exposed to 0, 20, 40, or 80 d in a low-temperature growth chamber (–4 �C) and treated
with ice encasement or no ice encasement. Means from both 2016 and 2017 are pooled together. Ice and no ice cover treatment means are
pooled together.

Leaf Crown Root

Duration of stress treatment (d)

0 20 40 80 0 20 40 80 0 20 40 80

16:1z Unsaturated fatty acid content (mol %)y

ACCx 4.7 4.9 6.2 5.6 ab 2.1 11.4 c 1.8 bc 2 3.5 0.8 0.9 0.9
Ethephon 3.4 4.5 5.3 5.1 b 2 10.4 d 1.8 bc 1.8 3.6 0.7 0.8 1
AVG1 5.1 4.2 6.3 6.4 a 1.4 12.3 ab 2.3 b 2 2.6 0.9 1 0.9
AVG2 5 3.7 4.5 5.1 b 2.3 11.9 bc 1.6 c 1.5 3.2 0.7 0.6 0.8
Untreated 4.3 3.6 5 4.5 b 1.9 12.6 a 1.7 c 1.6 3.4 0.8 0.7 0.8

18:1
ACC 1.8 ab 2.0 bc 2.2 1.8 2.4 2.6 ab 2.7 2.2 10.8 11 9.7 a 9.9 a
Ethephon 1.9 ab 2.4 ab 2.3 2.2 2.3 2.1 b 2.3 2.7 8.4 11.5 6.8 b 9.3 ab
AVG1 2.7 a 2.7 a 2.9 2.5 3.2 2.7 ab 2.3 2.6 12.1 11.2 10.4 a 11.8 a
AVG2 2.2 a 1.6 c 1.9 1.1 3.3 3.4 a 3.4 3.4 9.3 11.5 11.0 a 9.7 ab
Untreated 1.8 ab 2.0 bc 2.4 1.8 2.8 2.7 ab 2.7 2.6 7.7 7.6 11.7 a 7.2 b

18:2
ACC 12 15 16.5 16.3 a 19.5 21.0 a 21.2 a 20.5 ab 32.5 c 34.7 34 35.9
Ethephon 15.3 14.7 9.5 9.95 b 22.6 19.7 ab 15.0 b 16.7 c 33.6 bc 34.6 36.3 34.9
AVG1 16.3 14.3 14.2 15.8 a 22.1 19.7 ab 16.7 ab 20.7 a 34.4 bc 35.2 34.4 36
AVG2 13.6 14.4 13.8 7.1 b 19.6 18.7 ab 15.6 b 11.6 d 35.7 b 37.1 36.2 36.2
Untreated 15.4 13.1 9.4 10.6 b 19.3 17.1 b 15.3 b 16.8 b 34.7 bc 39.1 36.7 36.6

18:3
ACC 44.2 44.7 46.9 43.8 14 14.7 13.8 13.3 cd 15.1 14.2 14.6 a 14.6
Ethephon 44.7 47.8 49.3 48.2 13.5 12.8 12.6 11.2 d 15.2 16.3 10.4 b 13.4
AVG1 44.5 45.9 47 42.8 14.9 15.9 15.1 17.2 a 13.6 12.1 15.1 a 12
AVG2 45.5 47.1 47.2 48.3 15.9 15.4 14.4 15.0 abc 14.8 15.3 15.1 a 15.6
Untreated 45.3 46.4 46.7 50.7 15.8 14.2 15.5 14.9 bc 14.9 14.7 15.3 a 14.3

zLevels of the monounsaturated fatty acids palmitoleic acid (16:1) and oleic acid (18:1), and the polyunsaturated fatty acids linoleic acid (18:2)
and a-linolenic acid (18:3).
yWithin each column for each fatty acid, means followed by the same letter are not significantly different (P # 0.05). Fisher’s protected least
significant difference test at a 0.05 P level was used to detect the difference between treatment means. Columns with no letters indicate no
significant differences among chemical treatments.
xChemical treatments of aminocyclopropane-1-carboxylic acid (ACC), 33.9 g�ha–1 aminoethoxyvinylglycine (AVG1), and 2.915 g�ha–1 AVG
(AVG2).
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concentrations (Yu et al., 2001). We did not find any major,
consistent differences in apoplastic protein content due to
ethylene regulatory treatments for crown tissues, which is a
primary overwintering structure for perennial turfgrasses.
Other than species difference, it is unclear why our results
contrast with the results in wheat (Triticum aestivum), but
further investigation into apoplastic survival mechanisms, or
lack thereof, of annual bluegrass may be warranted.

Winter-preparatory treatments using ethylene regulation is
novel to this study for the purposes of promoting tolerance to
ice encasement and low temperatures. This type of fall plant
growth-regulator treatment is being investigated for other
purposes, such as reducing unwanted flowering and seed heads
in annual bluegrass in the spring, particularly in southern
regions of the United States (Askew, 2017). Based on our
results and depending on the rate used, fall applications of
ethephon to reduce annual bluegrass flowering could be detri-
mental to annual bluegrass percent regrowth in colder regions
(Laskowski andMerewitz, 2020). This current study shows that
the percent regrowth reductions could be related to decreased
antioxidant activity, increased lipid peroxidation, and higher
levels of saturated fatty acids found here in ethephon-treated
annual bluegrass.

In conclusion, ethephon treatment of annual bluegrass may
be detrimental to spring recovery by increasing lipid perox-
idation, increasing saturated fatty acid content, and decreasing
antioxidant activity when compared with untreated annual
bluegrass after winter conditions. Products that are ethylene
inhibitors could potentially be beneficial to annual bluegrass
survival during the winter and may act via increases in antiox-
idant activity and increases in plant cell membrane unsaturated
fatty acid contents when compared with untreated annual
bluegrass. To use ethylene inhibition as a turfgrass winter-
preparatory management strategy, more research into applica-
tion timing and frequency may be desirable. As simulated
winter conditions were used here, testing these treatments in the
field may be important future research.
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