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development of wheat. The AN-induced changes in redox 
homeostasis seemed to be important for processes of 
acclimation to low temperature and generative induction. 
AN influenced hormonal balance in wheat and stimulated 
accumulation among other gibberellins and cytokinins. For 
example, in aerial part of plants, the content of  GA3 was 
increased by AN in 12 days of cold by about 30%, whereas 
the content of cis-zeatin was increased by 65%. AN was 
absorbed into plant membranes (Langmuir bath studies). 
The membrane absorption of AN increased the distance 
between lipid molecules and this may be an important step 
in the AN-induced enhancement of frost resistance. AN 
interaction with lipid membranes showed similarity to the 
interactions of some known regulators stimulating flower-
ing in plants, and thus it may also underlie the acceleration 

Abstract Understanding of the physiological role of 
mammalian hormone—androstenedione (AN)—in plants is 
scant and the mechanisms of its action at a cellular level are 
practically unknown. The aim of this study was to inves-
tigate the physicochemical and biochemical background of 
AN activity in winter wheat exposed to low temperature. 
Cold periods are important in the lifecycle of this species 
as they induce frost resistance and further generative devel-
opment. Wheat seedlings (control and AN-supplemented) 
were acclimated 2 weeks in cold and then exposed to 
frost (−12 °C). AN supplementation reduced frost dam-
ages by 30%. Moreover, AN also accelerated generative 
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of wheat development. Androstenedione was naturally pre-
sent in wheat leaves (5–21 pg g−1 FW).

Keywords Androstenedione · Frost resistance · Langmuir 
analysis · Phytohormones · Soluble sugars · Winter wheat

Introduction

Cultivars of winter plants have generally improved produc-
tivity and yield quality and hence they successfully com-
pete with spring cultivars. Given the agronomic importance 
of winter plants, it is important to elucidate the mecha-
nisms of their generative induction which occurs during 
the cold (vernalization process). They are also an important 
subject for studying the mechanism of plant acclimation 
to freezing temperatures because they survive in winter. 
The temperature required for inducing generative develop-
ment (vernalization) is between 1 and 6 °C. The same tem-
perature range has a hardening effect and allows for plant 
acclimation to subsequent winter frost. These two overlap-
ping processes have been studied for decades (Scarth and 
Levitt 1937; Lang 1952), but new mechanisms and new 
components involved in the response of plants to cold are 
still being uncovered. Research into the mechanisms of 
plant acclimation to cold and subsequently plant tolerance 
to frost is crucial to agriculture. The results are useful for 
breeders to obtain varieties with better frost resistance. On 
the other hand, knowledge of the regulators that control the 
process of cold acclimation helps create agrochemicals use-
ful for improving frost tolerance in crop plants.

Plant damage caused by frost is mainly due to freez-
ing of water in the cells and dehydration processes (Beck 
and others 2004). This causes the destruction of biomem-
branes and the degree of membrane damage is manifested 
by electrolyte leakage from the cells. For this reason, in the 
cold, during the acclimation/hardening process, metabolic 
changes occur to prevent this happening. Plants respond 
to cold among other things with elevated level of sucrose 
and other osmoprotectants to increase the concentration 
of cell sap and lower its freezing point (Sasaki and others 
1996); increase concentration of stress hormones [that is, 
abscisic acid (ABA)] engaging in adjustment of cell water 
management (Gusta and others 2005); increase the level 
of specific proteins—chaperones that protect the struc-
ture of other more susceptible proteins against dehydra-
tion damage (Kovacs and others 2008); changes in redox 
homeostasis—increase in enzymatic and non-enzymatic 
antioxidants (Boldizsár and others 2011; Awasthi and oth-
ers 2015). Finally, one very important phenomenon is an 
increase, observed during the cold, of unsaturation of the 
fatty acids in membrane lipids (Skoczowski and Filek 
1994) resulting in the reduction of the phase transition 

temperature and increase in the “fluidity” of the hydropho-
bic phase. This prevents accumulation of water in the mem-
branes which during the thawing process can cause irre-
versible mechanical disruption. However, changes in lipids 
(hydrophilic–hydrophobic composition) also accompany 
the developmental processes in winter plants as well as 
changes in osmoprotectants and substances providing anti-
oxidant and hormonal conditions (Filek and others 2007). 
Hence it is difficult to separate the biochemical effects 
associated with the adaptation of winter plant cells to low-
temperature stress and those that are directly associated 
with the induction of generative development. However, 
increased expression of ‘vernalization genes’—TaVRN1, 
TaVRN2, or TaFT1—in the meristem after cold treatment 
can be used to trace the effect of cold on generative induc-
tion in wheat (Diallo and others 2012). Among hormones 
whose concentrations change due to cold (in connection to 
plant generative development), are cytokinins (CKs) and 
gibberellins (GAs). CKs and GAs were postulated by the 
hormone theory of generative development induction due 
to Melchers (1939). This theory assumed the participation 
of the so-called “vernalins” (flowering hormone/hormones) 
that could be transmitted between organs to initiate plant 
generative development. “Vernalin” theory was supported 
by grafting experiments describing the diffusion of various 
substances (such as hormones) from the generative organs 
to the apical portions of non-vernalized plants which were 
connected with generative induction of non-vernalized 
plants (Filek and others 2003). The importance of GAs in 
the control of flowering in various plants is well established 
(Silverstone and others 1997; Bernier and Périlleux 2005; 
King and others 2006). The GA biosynthetic GA1 gene 
is expressed in the expanded leaves and meristem apexes 
before the transition to flowering. As for CKs, their exoge-
nous applications promoted flowering in Arabidopsis (Wer-
ner and others 2003). In transgenic plants, CK-deficiency 
blocked generative induction, and plants remained vegeta-
tive during the entire developmental period (Werner and 
others 2003). In Brassica winter plants, higher CK levels 
were observed in the later period of cold treatment that 
induces flowering (Tarkowska and others 2012).

Mentioned hormones—ABA, CKs, and GAs—belong 
to the so-called ‘classic five,’ along with auxins and ethyl-
ene. Their physiological activity is relatively well known. 
In recent years, the group has been extended to include jas-
monic acid, polyamines, salicylic acid, and brassinosteroids 
(BRs), whose physiological properties are currently still 
being investigated. The list of regulators/hormones cer-
tainly is not closed (Davies 2010). BRs are so far the only 
recognized group of plant hormones with the structure and 
properties of steroids. BRs stimulate cell division and plant 
growth as well as increase plant tolerance to stress (Khri-
pach and others 2000). Besides brassinosteroids in plants, 
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there are also trace amounts of other steroids: steroid hor-
mones of insects (ecdysteroids; Adler and Grebenok 1999) 
and mammalian sex hormones (progesterone, estrogens, 
androgens; Janeczko and Skoczowski 2005; Janeczko and 
others 2013). These compounds at the current stage of 
knowledge are not considered as plant hormones and rela-
tively little is known about their role in plants. An exam-
ple of such compounds is 4-androstene-3,17-dione (AN). 
In mammals (including humans), AN has weak androgenic 
properties and is an intermediate in the biosynthesis of tes-
tosterone and estrogens (Kley and others 1980; Milewich 
and Whisenant 1982). In plants, AN has been found in 
Nicotiana tabacum L. (7.69 pmol g−1 of fresh weight) and 
Inula helenium L. (11.18 pmol g−1 of fresh weight) (Simer-
ský and others 2009). Janeczko and Filek (2002) as well 
as Janeczko and others (2003) observed that application of 
AN stimulated flowering of Arabidopsis thaliana L. and 
winter wheat plants and improved stress resistance of soy-
bean (Janeczko and others 2012), which suggests the pos-
sibility of participation of this substance in the processes 
supporting cold acclimation. However, the detailed mecha-
nisms underlying the action of AN as a stimulator of gen-
erative development as well as a protective agent against 
low-temperature stress remain unexplained.

The aim of this study was to investigate

1. whether AN is found endogenously in winter wheat 
cells and if its content is dependent on the plant growth 
temperature;

2. whether exogenous AN may protect plants against low-
temperature stress and/or act as a flowering stimulator;

3. the activation of which antioxidant, hormonal, and/or 
osmoprotective (sugars) substances is dependent on 
AN treatment; and

4. whether AN can interact with cell membranes (due to 
its chemical similarity to sterols); whether this interac-
tion is related to the hydrophilic or hydrophobic part of 
lipids and how it modifies membrane properties.

Materials and Methods

Plant Material

The study was conducted on the winter wheat (Triticum 
aestivum L.) cultivar Kobiera derived from “Nasiona Kobi-
erzyce” (Kobierzyce, Poland) and whose vernalization 
demands have been previously established. In controlled 
greenhouse conditions, the normal generative development 
of this cultivar occurs after vernalization at 5 °C (cold) for 
approximately 6 weeks. According to the Development of 
Polish Official Variety Testing, cv. Kobiera is characterized 
by a high frost resistance.

Experimental Design

Three experiments investigating the role and mechanisms 
of action of androstenedione in wheat exposed to low tem-
perature were conducted. Experiment 1 was dedicated 
to studying the impact of AN on wheat frost resistance. 
Simultaneously, we monitored the AN-induced biochemi-
cal changes (hormones, antioxidants, and sugars) during 
acclimation to cold (hardening process). The presence of 
endogenous AN in wheat and its changes during 2 weeks 
of cold were studied in experiment 1. The second experi-
ment was designed to show the stimulative effect of AN 
applied during cold (vernalization process) on the gen-
erative development of the wheat. The third experiment 
attempted to obtain an answer to the question of whether 
and how androstenedione can change the physicochemi-
cal properties of wheat cell membranes. Membranes are an 
important element in the mechanisms of cell response to 
low temperature.

Design of Experiment 1 and Sampling

The seeds were germinated on Petri dishes (2 days, dark-
ness, 24 °C) and then they were moved into 12 new vessels 
(10 × 13 × 2 cm, 40 seeds per vessel). The vessels were kept 
in the greenhouse at a temperature of 20 °C day/night, under 
natural solar radiation (April, latitude: 50°30′ North, lon-
gitude: 19°55′ East). Seeds in 6 vessels were watered with 
distilled water 50 cm3/vessel (control group). The plants in 
the remaining 6 vessels were watered with the same vol-
ume of AN aqueous solution (1  µM concentration), pre-
pared from the stock solution (2 mg of steroid in 0.5 cm3 
DMSO). On the second day, solutions were replenished in 
all vessels by adding 10 cm3 of water or a solution of AN, 
respectively, to each vessel. For the next 3 days, the plants 
were watered daily with only distilled water (30  cm3/ves-
sel/day). Then, from the control group of plants, the aerial 
parts of seedlings (in the stage of two leaves) were sampled 
for analysis of endogenous androstenedione content. Next, 
a group of samples was collected from both the control and 
AN-treated plants to analyze the antioxidative system: (1) 
samples for measuring the activity of antioxidant enzymes 
(superoxide dismutase, catalase, and peroxidases) were 
collected from leaves and also from roots. (2) Samples for 
measuring superoxide dismutase isoforms and redox poten-
tial were taken from leaves. Finally, leaves and roots of the 
control and AN-treated plants were also sampled to assay 
phytohormones and sugars. The remaining vessels of con-
trol and AN-supplemented plants were placed in a growth 
chamber [temperature 5 °C, photoperiod 8/16 h (day/night)] 
for 15 days. During this period, the samples from both 
groups, were collected for phytohormone and sugar analy-
ses every 3 days. On the 6th and 15th day of cold, samples 
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from the two groups were collected for antioxidative sys-
tem analysis. On the 15th day of cold, samples were taken 
from the control plants to assay the content of endogenous 
androstenedione. The remaining control and AN-treated 
plants were transferred from vessels to pots with soil and 
exposed to frost (−12 °C, darkness) in the growth chamber. 
The freezing cycle took place in the dark and was based on 
lowering the temperature by 3 degrees per 1 h starting at 
5 °C [at which the plants were acclimated (hardened)] until 
−12 °C was reached. The plants were kept at −12 °C for 
12 h and then the temperature was increased by 3 degrees 
every hour to 12 °C. The plants remained at 12 °C (8/16 h 
photoperiod) for 1 day and subsequently the estimation of 
frost damage of leaves was performed.

Design of Experiment 2

Wheat seeds were disinfected, as described by Janeczko 
and others (2015), with 96% ethanol, “Domestos” formu-
lation,  HgCl2 solution, and sterile distilled water. Seeds 
were then placed in Petri dishes and germinated in the dark 
for 3 days at 25 °C on MS medium. The MS medium con-
tained micro- and macroelements according to Murashige 
and Skoog (1962): 0.6% agar, 3% sucrose, pH = 5.8. After 
germination, seeds were cut off, to obtain sprouts with 
roots (that is, isolated embryos), which were transferred to 
Magenta vessels (GA-7, Sigma-Aldrich, Poznan, Poland) 
to fresh MS medium (control), and MS medium supple-
mented with AN. To obtain the desired AN concentra-
tion in the medium (10  µM), 2  mg of AN was dissolved 
in 1 cm3 of 96% ethanol and appropriate amount of stock 
solution was added to the MS medium. Isolated wheat 
embryos were divided into six groups. Particular groups 
of embryos (containing both the control plants and plants 
on medium with AN) were exposed to cold (vernalized) 
in a growth chamber for a period of 0, 3, 6, 9, 12, and 15 
days at 5 °C, photoperiod of 8/16 h (day/night). Seedlings 
were subsequently acclimated at 10 °C for 7 days. Next, the 
plants were planted from in vitro culture into pots with soil, 
where the development was continued under the following 
conditions: photoperiod of 16/8 h (day/night); temperature 
21/17 °C (day/night). The advancement of generative devel-
opment was evaluated at the end of the experiment.

Design of Experiment 3 and Sampling

Seeds were germinated in Petri dishes (2 days, darkness, 
24 °C) and then transferred to two pots with soil (50 seeds 
per pot: 40 × 15 × 15  cm). The pots with plants were kept 
for 7 days in a greenhouse at a temperature of 20 °C (day/
night), under natural solar radiation (April, latitude: 50°30′ 
North, longitude: 19°55′ East). After this time, seedlings 
from one pot were picked up and aerial (upper) parts were 

separated from the root system and collected (control). The 
second pot with plants was placed in a growth chamber 
where it was exposed to a temperature of 5 °C [photoperiod 
8/16  h (day/night)] for 15 days. Then, the upper parts of 
seedlings were collected. The seedlings growing in cold 
were similarly developed (stage of two leaves) as seedlings 
from the first pot (not-cold-treated), because during cold 
exposure, plant growth is limited. Lipid fractions were iso-
lated from cold-treated and not-cold-treated plants and AN 
interaction with native as well as model membranes was 
analyzed.

Measurements and Observations

Estimation of Frost Damage of Leaves

Frost damage to cell membranes results in the outflow of 
cell content (that is, the so-called electrolyte leakage). Vis-
ible dark areas on a leaf are a symptom of this, followed 
by its flabbing and withering. In experiment 1, to evaluate 
the frost resistance, visual observations were carried out on 
plants from the control group and those treated with AN, 
which after hardening at 5 °C were exposed to −12 °C. Two 
parameters were estimated: percentage of plants with frost 
damage of leaves compared to the total number of plants 
exposed to frost, and the size of the frost damage area—
expressed as a percentage of tissue damage to the surface 
of the whole leaf. This measurement was performed using 
a CI-202 Leaf Area Meter (CID Bio-Science, USA).

Estimation of Advancement of Generative Development

At the end of experiment 2, the stage of development of 
each plant was assessed individually. The measurement was 
performed for the AN-treated and control groups of plants 
exposed earlier to 0, 3, 6, 9, 12, and 15 days of vernaliza-
tion at 5 °C. Plants were qualified to one of two groups: 
plants producing only leaves (vegetative) or plants in the 
generative stage of development. Plants in the generative 
stage of development included plants with a small spike 
hidden in the leaf sheath and generative-heading plants 
with a visible spike. Then the percentage of plants in the 
vegetative and generative stage was calculated for control 
and AN-treated groups.

Analysis of Androstenedione

The extraction and purification of AN were performed 
exactly as described earlier (Simerský and others 2009) 
using Strata X columns (Phenomenex, Torrance, CA, 
USA) and immunoaffinity columns [Laboratory of Growth 
Regulators (IEB ASCR & Palacký University)]. AN was 
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determined chromatographically using an UHPLC-MS/
MS system: ACQUITY  UPLC® I-Class system (Waters, 
Milford, MA, USA) and a XevoTM TQ-S MS triple quad-
rupole mass spectrometer (Waters MS Technologies, Man-
chester, UK). The analysis was performed in triplicate. One 
replicate was a 1 g sample of fresh weight of aerial part of 
seedlings collected from independent plants.

Analysis of Activity of Antioxidative Enzymes and SOD 
Isoforms

For analysis, 0.5 g fresh weight of plant material was sam-
pled and homogenized at 4 °C in 50  mmol  dm−3 of  KPi 
buffer (pH 7.0) containing 0.1  mmol  dm−3 EDTA. After 
centrifugation for 15  min at 10,000g, the supernatant 
was dialyzed for 24 h at 4 °C. The prepared samples were 
assayed spectrophotometrically for the activity of super-
oxide dismutase (SOD), catalase (CAT), and peroxidases 
(POT). The activity of enzymes was expressed per mg of 
protein, where protein content was estimated spectropho-
tometrically using a modified method of Bradford (1976). 
The analyses were performed in triplicate.

SOD activity was determined spectrophotometrically 
using the cytochrome method (McCord and Fridovich 
1969). The kinetics of the enzymatic reaction was studied 
using a KinLab program (Perkin Elmer, USA). Catalase 
activity was measured spectrophotometrically according 
to the procedure described by Aebi (1984). For the analy-
sis, 0.05 mol dm−3 phosphate buffer (pH 7.0) was used and 
0.03  mol  dm−3 solution of  H2O2 in the same buffer. The 
spectrophotometer was reset in pure buffer, followed by the 
addition of 0.5 cm3 of  H2O2 solution and the two compo-
nents were mixed. Then 50 µl of tissue extract was added, 
and after 2-min mixing, decrease in absorbance was meas-
ured at λ = 240  nm at 20 °C. The reaction kinetics were 
determined using Specto Applications. The absorbance 
difference of 0.015 within 60  s was adopted as a unit of 
enzyme activity. POD activity was measured using a modi-
fication of the method of Lück (1962). The measurement 
was carried out using spectrophotometry at λ = 485  nm. 
This was based on determining the amount of oxidation 
products of p-phenylenediamine in the presence of  H2O2. 
The incubation mixture contained 3  cm3 of plant extract 
and 2 cm3 of 1% p-phenylenediamine in 0.05 mol dm−3  KPi 
buffer. The reaction was initiated by the addition 0.05 cm3 
0.03  mol  dm−3  H2O2, and an increase in optical density 
was measured. The incubation time was selected so that the 
absorbance increase did not exceed 0.4 units. The reaction 
kinetics for both enzymes were measured 1 and 2 min after 
initiation of the reaction.

The analysis of SOD isoforms was performed by elec-
trophoresis on a 13% polyacrylamide gel, according to the 

procedure previously described in the work of Hura and 
others (2014). The measurement was repeated five times.

Estimation of Redox Potential

Fresh plant material was incubated for 30 min in a mixture 
of 1 mmol dm−3 Tris–HCl buffer containing 0.5 mmol dm−3 
 CaCl2 and 50 mmol dm−3 KCl. The redox reaction was ini-
tiated by adding 1  mmol  dm−3  [K3Fe(CN)6]. The meas-
urements of redox potential were carried out using cyclic 
voltammetry (CV) in a HPLC system (HPLC/ED, ESA 
Coulochem II, Beckman HPLC pump with a 5040 cell). 
The potential between the measuring (Au) and reference 
(Pt) electrode changed linearly from −800 to 1600  mV 
(Chevion and others 2000). Oxygen was removed from 
each solution by  N2 flow. The gold electrode was cleaned 
before each measurement (Oslonovitch and others 2003). 
The redox potential (E1/2) was calculated as the average of 
the peaks of the recorded voltammograms for the cathode 
and anode. The voltage values were compared with a cali-
bration curve for standard solutions  [K3Fe(CN)6].

Analysis of Phytohormones

The plant material was lyophilized and pulverized after 
collection. Samples of 30  mg of dry weight were pre-
pared. Extraction and then purification [Bond Elut Plexa 
PCX columns (Agilent Technologies, USA)] were carried 
out as described in Dziurka and others (2016). Phytohor-
mones [CKs, GAs, jasmonic acid (JA), ABA, salicylic acid 
(SA), auxins] were analyzed by ultrahigh performance 
liquid chromatography using an Agilent Infinity 1260 
equipped with 6410 Triple Quad LC/MS with ESI (Elec-
trospray Interface) (Agilent Technologies, USA) exactly as 
described by Dziurka and others (2016). The analysis was 
performed in triplicate.

Sugar Analysis

The content of soluble sugars was analyzed using high-per-
formance liquid chromatography as described by Janeczko 
and others (2010). Samples of fresh plant material (0.3 g) 
were lyophilized and ground. Extraction was carried out on 
5 mg dry weight of samples. Analyses were performed in 
triplicate.

Isolation of Lipids and Lipid Fractions

Lipids were isolated from the plant material according to 
the Blight and Dyer (1959) method by extraction with the 
chloroform:methanol (1:2) mixture, as described in our ear-
lier studies (Filek and others 2005). Fractions of phospho-
lipids (PL), monogalactosyldiacylglycerols (MGDG), and 
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digalactosyldiacylglycerols (DGDG) were obtained by sep-
aration on silica gel columns. The purity of fractions was 
analyzed by thin-layer chromatography. Qualitative and 
quantitative analysis of fatty acids were carried out chroma-
tographically (Hewlett–Packard gas chromatograph, USA), 
as previously described in Filek and others (2010).

Lipid Monolayer Preparation

The Langmuir (Minitrough, KSV, Finland) technique was 
used to assess the physicochemical parameters of lipid 
monolayers (Rudolphi-Skórska and others 2014). The 
monolayers were prepared from PL, MGDG, DGDG frac-
tions of lipids extracted from wheat plants cultured at 20 
and 5 °C, and additionally from the mixtures of PL with 
AN (Sigma-Aldrich; Poznań, Poland) in the ratio of 1:10 
(w:w). Lipids, dissolved in chloroform, were spread on 
the surface of the water subphase in a Langmuir trough 
(total area of 243  cm2) or on 1 × 10−5 M aqueous solu-
tion of AN [the PL + AN mixture; proportion 1:20, 1:40 
(%w/w)] which was located only on the water subphase. 
The dependence of surface pressure versus area per 
lipid molecule (π–A) was the basis for calculating the 
parameters of lipid monolayer structure. Surface pres-
sure was stabilized with a Pt Wilhelmy plate suspended 

on an electrobalance. The subphase temperature (10, 
25 or 35 °C) was maintained using a thermostat with an 
accuracy of 0.1 °C. These temperatures were selected to 
mimic the possibility of different lipid molecular organi-
zations in membranes at various environmental tempera-
tures. The surface pressure was measured with an accu-
racy of ±0.1  mN/m and area per molecule—±0.01  Å2/
molecule.

Statistical Analysis

Statistical analysis of the results was made using the 
Statistica 10 (StatSoft, USA) program. Number of sam-
ples/repetitions is given in chapters describing particu-
lar measurements. Comparison of >2 averages (data in 
Table 1) was made using a Duncan test. Comparison of 
2 averages (data in Tables 2, 3, Supplementary Table 1) 
was made using Student’s t test. Values marked with the 
same letters are not significantly differing. Averages pre-
sented in Figs. 1 and 2 were compared in pairs and sta-
tistical significance was calculated using a χ2 test (Fig. 1, 
left and Fig.  2) and Student’s t test (Fig.  1, right). Data 
presented on Figs. 3, 4, 5, 6, 7, 8, and 9 are mean values 
with standard deviations (±SD). Graphs in Figs.  10 and 
11 are exemplary results extracted directly from the pro-
gram controlling the Langmuir bath.

Table 1  Surface parameters 
of monolayers (Alim—area/
molecule in condensed 
monolayer, πcol—surface 
pressure in condensed 
monolayer and Cs

−1—molecular 
compressibility) calculated for 
monolayers of lipid fractions 
(PL—phospholipids, DGDG—
digalactosyldiacylglycerols 
amd MGDG—
monogalactosyldiglycerols) 
obtained from plants cultured at 
20 and 5 °C

Measurements were performed on the water subphase at 10, 25, and 35 °C. Data represent the means from 
three experiments ± SE. Significant differences (Duncan test, P ≤ 0.05) between monolayers formed at 10, 
25, and 5 °C for individual lipid fraction are indicated by different letters

Plant growth temperature 
(°C)/lipid fraction

Temperature of meas-
urement (°C)

Surface parameters of monolayer

Alim (Å2) πcol (mN/m) Cs
−1 (mN/m)

20/PL 10 57.45 ± 0.04c 41.15 ± 0.02a 52.66 ± 0.09a

20/PL 25 66.19 ± 0.05b 38.92 ± 0.03b 52.55 ± 0.10a

20/PL 35 67.00 ± 0.07a 36.41 ± 0.03c 43.64 ± 0.11b

5/PL 10 64.15 ± 0.03c 41.96 ± 0.03a 62.25 ± 0.05a

5/PL 25 74.17 ± 0.06b 40.78 ± 0.05b 62.01 ± 0.08b

5/PL 35 77.04 ± 0.08a 38.66 ± 0.01c 56.93 ± 0.06c

20/DGDG 10 84.61 ± 0.12c 40.74 ± 0.05b 78.40 ± 0.10b

20/DGDG 25 90.74 ± 0.09b 41.83 ± 0.04a 78.74 ± 0.08a

20/DGDG 35 92.38 ± 0.13a 39.55 ± 0.03c 77.79 ± 0.09c

5/DGDG 10 81.93 ± 0.08c 41.60 ± 0.02a 73.58 ± 0.06a

5/DGDG 25 89.45 ± 0.07b 41.47 ± 0.04b 73.54 ± 0.07a

5/DGDG 35 90.69 ± 0.10a 39.79 ± 0.04c 73.31 ± 0.09b

20/MGDG 10 63.59 ± 0.12b 39.41 ± 0.03a 65.10 ± 0.08a

20/MGDG 25 70.47 ± 0.08a 37.90 ± 0.07b 65.23 ± 0.12a

20/MGDG 35 70.49 ± 0.09a 35.74 ± 0.06c 50.85 ± 0.11b

5/MGDG 10 75.35 ± 0.05c 42.00 ± 0.09a 62.00 ± 0.10a

5/MGDG 25 78.11 ± 0.07b 37.72 ± 0.02b 62.01 ± 0.12a

5/MGDG 35 84.76 ± 0.04a 35.06 ± 0.05c 47.32 ± 0.10b
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Table 2  Surface parameters of monolayers (Alim—area/molecule in condensed monolayer, πcol—surface pressure in condensed monolayer and 
Cs

−1—molecular compressibility) calculated for monolayers of phospholipids fractions (PL) obtained from plants cultured at 20 and 5 °C

Measurements were made on the androstendione (1 × 10−5 M) water solution as a subphase at 10 and 25 °C. Data represent the means from three 
experiments ± SE. Significant differences (Student’s t test, P ≤ 0.05) between monolayers formed at 10 and 25 °C are indicated by different letters

Plant growth temperature (°C)/lipid 
fraction

Temperature of measurement 
(°C)

Surface parameters of monolayer

Alim (Å2) πcol (mN/m) Cs
−1 (mN/m)

20/PL 10 58.55 ± 0.08b 41.44 ± 0.05a 51.07 ± 0.07a

20/PL 25 72.10 ± 0.12a 39.98 ± 0.06b 50.87 ± 0.05b

5/PL 10 64.11 ± 0.10b 41.60 ± 0.04a 58.73 ± 0.08a

5/PL 25 74.62 ± 0.09a 40.12 ± 0.06b 50.64 ± 0.10b

Table 3  Surface parameters of monolayers (Alim—area/molecule in condensed monolayer, πcol—surface pressure in condensed monolayer and 
Cs

−1—molecular compressibility) calculated for monolayers of mixed phospholipids fractions (PL) and andriostendione (1:10; w:w)

PL was obtained from plants cultured at 20 and 5 °C. Measurements were performed on water as a subphase at 10 and 25 °C. Data represent the 
means from three experiments ± SE. Significant differences (Student’s t test, P ≤ 0.05) between monolayers formed at 10 and 25 °C are indicated 
by different letters

Plant growth temperature (°C)/lipid 
fraction

Temperature of measurement 
(°C)

Surface parameters of monolayer

Alim (Å2) πcol (mN/m) Cs
−1 (mN/m)

20/PL 10 60.36 ± 0.10b 41.60 ± 0.07a 47.28 ± 0.04a

20/PL 25 66.90 ± 0.11a 39.05 ± 0.03b 46.80 ± 0.05b

5/PL 10 68.97 ± 0.14b 41.31 ± 0.06a 58.28 ± 0.02a

5/PL 25 75.72 ± 0.09a 40.24 ± 0.05b 48.20 ± 0.08b

Fig. 1  The improvement of frost tolerance in wheat seedlings by 
androstenedione. Plants after 15 days of growing at 5 °C were sub-
jected to frost. *Represents statistically significant difference with 
respect to control based on χ 2 test (P ≤ 0.05). Δ Represents statisti-
cally significant difference with respect to control based on Student’s 
t test (P ≤ 0.05)

Fig. 2  Participation of androstenedione in the stimulation of genera-
tive development of wheat not exposed to cold (marked as ‘0 days 
in cold’) and exposed to 5 °C (3–15 days) at the seedling stage. Data 
expressed as a percentage of plants in the generative stage of devel-
opment. *Represents statistically significant difference with respect to 
control based on χ2 test (P ≤ 0.05)



206 J Plant Growth Regul (2018) 37:199–219

1 3

Results

Frost Tolerance and Generative Development of Wheat

Androstenedione increased the frost tolerance of wheat and 
accelerated the generative development of the plants. In 
the group of control plants, due to the frost (−12 °C), about 
80% of the plants were damaged (Fig. 1). AN supplementa-
tion reduced the number of damaged plants by 26%. The 
observed damage in the control plants covered 13% of the 
leaf surface, whereas in the plants supplemented with AN 
this was only 5%.

Non-vernalized (not exposed to cold) plants, and those 
that were exposed to a 3-day cold treatment, did not enter 
into the generative phase during the experiment (Fig.  2). 
Six-day cold resulted in the induction of generative devel-
opment in less than 15% of plants. There was no effect of 
AN supplementation on the generative development when 
0–6 days of cold was applied. The application of a 9-day 
cold treatment caused generative phase induction in 18% of 
the control plants and 65% of the plants treated with AN. 
The application of 12- and 15-day cold resulted in genera-
tive phase induction in approximately 35% of the control 
plants and 100% of the plants treated with AN.

AN Content in Wheat

AN was present in wheat seedlings growing at 20 °C in the 
amount of 21.7 pmol g FW−1 (Fig. 3). After 15 days of cold 
exposure, the amount of AN decreased by four times.

Antioxidant Enzymes and the Redox Potential 
of Tissues

The activities of antioxidant enzymes (catalase, super-
oxide dismutase, and peroxidases) were measured in 
roots and aerial part of plants growing at 20 °C and then 
after 6 and 15 days at 5 °C (Fig.  4a–c, e–f). During cold 
exposure, the activity of CAT and POD decreased in the 
leaves of the controls by an average of 30%, whereas SOD 
activity remained at the same level. In the leaves of AN-
treated plants, the activity of all three enzymes significantly 
increased after exposure to 5 °C. The effect was spectacu-
lar after 15 days of cold when the activities of CAT and 
POD doubled, and SOD nearly quadrupled compared to the 
activity recorded at 20 °C. In the roots of the control plants, 
during cold exposure, the activity of CAT decreased after 6 
days of cold but after 15 days it doubled in comparison to 
that measured at 20 °C. The activity of POT was the same 
before and during cold exposure in the control roots. SOD 
activity in the roots of controls had increased as early as 6 
days in cold and remained at the same level after 15 days 
of cold exposure. Similar to the results obtained for aerial 
parts, the activity of all three enzymes increased gradually 
in the AN-treated plants during cold, and on day 15 of cold, 
it was several times higher than prior to cold exposure.

The following isoforms of SOD were found in the leaves 
of wheat: Cu/Zn SOD I, II, and MnSOD (Fig.  4h). Their 
accumulation decreased after 6 days of cold exposure but 
increased after 15 days of cold compared to those measured 
for plants growing at 20 °C. The accumulation of the iso-
forms (especially Zn/Cu SOD) was the highest in the AN-
treated plants after 15 days of cold.

Changes in the redox properties of tissues were calcu-
lated based on the changes in the oxidation state of iron 
using the measurement of the redox potential.  Fe3+ was 
introduced in excess to tissue extract, and changes in its 
content, demonstrating the oxidation of this compound to 
 Fe2+, were the indicator of changes in the quantity of free 
electrons (radicals) in solution. During the control seed-
ling growth in cold conditions, an increase in  Fe3+ content 
was recorded, based on the amount of protein, compared 
to the results obtained for seedlings before cold applica-
tion (Fig.  4d). The change was recorded on day 6 and 
further stay of plants in cold conditions resulted in only 
minor changes in redox potential. In plants treated with 
AN, an additional increase (a few percent) in the  Fe3+ 

Fig. 3  Content of androstenedione in the leaves of wheat seedlings 
growing at 20 °C and after 15 days of exposure to 5 °C. Mean values 
are shown with bars representing SD
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concentration was recorded in relation to the corresponding 
control plants.

Content of Phytohormones

Cytokinins, Gibberellins, and Auxins

The analysis of CK content in the wheat showed the pres-
ence of trans-zeatin, cis-zeatin, trans-zeatin riboside, cis-
zeatin riboside, N6-isopentenyladenine and N6-isopenteny-
ladenosine (Fig. 5a–l).

In the aerial part of plants, these hormones were pre-
sent in an amount of 10–100 of times higher than in the 

root. At the end of the cold period, the CK content usually 
decreased or remained unchanged both in the aerial part 
and the root of the control plants compared to the plants 
before cold treatment. A slight increase was recorded only 
in the case of N6-isopentenyladenine in the aerial part. In 
AN-supplemented plants (aerial part), the dynamics of CK 
changes during cold exposure were similar to the control, 
but cytokinin concentration was on average a little higher. 
This phenomenon was particularly evident on days 9 and 
12 of cold exposure (Fig. 5a, b, d–f). In the root, compared 
to control, AN caused only very slight changes in the CK 
content with the exception of cis-zeatin ryboside. Roots 
of plants treated with AN accumulated about 20% more 
of this cytokinin before the cold exposure than the control 

Fig. 4  Changes in the effi-
ciency of antioxidative system 
in wheat seedlings during 
15 days of exposure to cold 
(5 °C)—the effect of andros-
tenedione. The activity of 
antioxidative enzymes (CAT, 
POD, SOD) in the aerial part 
(a–c) and in roots (e–g); redox 
potential in leaves measured 
as changes in the concentra-
tion of  Fe3+ (d); the activity of 
superoxide dismutase isoforms 
in leaves (h). Mean values (fig-
ures a–g) are shown with bars 
representing SD
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Fig. 5  Changes in the concentration of cytokinins in the aerial part (a–f) and in roots (g–l) of wheat seedlings during 15 days of exposure to 
cold (5 °C)—the effect of androstenedione. Mean values are shown with bars representing SD

Fig. 6  Changes in the concentration of gibberellins and auxin (indole-3-acetic acid) in the aerial part (a–e) and in roots (f–j) of wheat seedlings 
during exposure to cold (5 °C)—the effect of androstenedione. Mean values are shown with bars representing SD
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plants. On day 9 of cold exposure, the amount of the hor-
mone in the AN-treated roots was higher than in the con-
trol, whereas on day 12 of cold, the content was decreased 
relative to control.

Of GAs, in the aerial part and roots, gibberellic acid 
and gibberellins A4, A6, and A7 were identified, whereas 
the content of gibberellin in the aerial parts was higher 
than in the roots (Fig.  6a–d, f–i). Cold increased the 
concentration of gibberellins both in the control and 
AN-treated plants. The aerial part of the control showed 
increased concentrations of gibberellic acid and gibberel-
lins A4, A6, and A7 starting from day 12 of cold expo-
sure. Thus, at the end of the cold period, the content of 
gibberellins was several times higher than in the not-
cold-treated plants as well as those exposed to cold for 
3, 6, and 9 days. The dynamics of changes in the aerial 
parts of plants supplemented with AN were similar but 
the increase in the contents of gibberellic acid and gib-
berellins A4 and A7 occurred not on the 12th but on the 
9th day of cold. In roots, the increases were observed 
from day 9 of cold exposure in both the control and the 

AN-treated plants. There were however differences in 
the content of particular gibberellins between the control 
plants and the AN-treated plants, depending on the dura-
tion of the cold period. On day 9, plants treated with AN 
had less A4, whereas on day 12, they had more gibberel-
lic acid, A6, and A7 than the control plants. At the end of 
the cold period (day 15), the AN-treated plants had about 
20% more only gibberellic acid, whereas other gibberel-
lins were the same for both groups.

The only auxin detected in the aerial parts and roots of 
wheat was indole-3-acetic acid (IAA) (Fig.  6e, j). Dur-
ing cold, the IAA content in the aerial part significantly 
decreased and this effect was more spectacular in the AN-
supplemented plants. In the roots, the dynamics of change 
were different. As regards to the control plants, the con-
tent of IAA remained practically unchanged after the cold 
period. In the roots of the AN-treated plants, a transient 
30% increase in IAA concentration was observed on day 
3 and 6 of cold exposure, and then a decline was detected 
in the following days down to the content recorded in the 
control.

Fig. 7  Changes in the con-
centration of abscisic acid, jas-
monic acid, and salicylic acid in 
the aerial part (a–c) and in roots 
(d–f) of wheat seedlings during 
exposition to cold (5 °C)—the 
effect of androstenedione. Mean 
values are shown with bars 
representing SD
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Stress Hormones

Analysis of the so-called stress hormones in wheat revealed 
the presence of ABA, JA, and SA (Fig. 7a–c, d–f). In the 
aerial part, the concentration of all compounds except SA 
was on average several times lower than in the root. As a 
result of cold, the ABA content systematically increased 
in the control plants (aerial part) and those treated with 
AN, where the maximum values were recorded on day 12 
of the cold period. In the roots, a similar phenomenon was 
observed, although some AN-induced effects were observ-
able. On day 12, the ABA content in the roots of the plants 
treated with AN was lower than in the control by about 1/3, 
and this difference persisted until the end of cold exposure.

Before the latter, the JA content was higher on aver-
age by 20% both in the root and the aerial part of the AN-
treated plants compared to control. About a 20% increase in 
the concentration of JA was noted in aerial parts of the con-
trol (on day 3). Later, the amount of JA decreased slightly. 

In turn, in the aerial parts of the AN-treated plants, the JA 
content decreased during the cold exposure between days 3 
and 9. On day 12, there was a large increase in JA content, 
but at the end of the cold period, the content of JA in the 
aerial parts of plants treated with AN was lower than before 
the cold exposure by about 40%. The root of the con-
trol plants, both before and after the cold period, had the 
same content of JA; however, during cold exposure there 
were two large spikes in the JA content on days 6 and 12. 
Changes in the JA content in the roots of the plants treated 
with AN had a different course than in the control. The JA 
levels decreased steadily as a result of the cold but on day 
9, there was a slight temporary increase in JA content. On 
day 15 of the cold period, JA concentration was five times 
lower in the root of the AN-treated plants than before cold 
exposure.

SA concentration in the aerial parts of wheat plants 
before cold was similar in the control plants and those 
treated with AN. The decrease in SA occurred between 

Fig. 8  Changes in the accumulation of mono- and disaccharides in the aerial part (a–e) and in roots (f–j) of wheat seedlings during exposure to 
cold (5 °C)—the effect of androstenedione. Mean values are shown with bars representing SD
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days 3 and 12. On day 15 of the cold period, SA concentra-
tion again increased, but to values a little lower than that 
recorded before cold. SA concentration in aerial parts of 
the AN-supplemented plants was higher than in controls 
only on day 3 of cold exposure. The roots of the AN-treated 
plants before cold exposure had a lower concentration of 
SA than the control plants. During the cold, SA content 
steadily increased to reach fivefold higher values on day 15 
of cold exposure compared to the values noted before cold. 
In the control roots, despite fluctuations occurring between 
days 3 and 12 of cold exposure, the content of SA on the 
15th day of cold reached the same level as before cold 
exposure.

Sugar Content

Significant changes were recorded in sugar content (mono- 
and disaccharides—Fig.  8 and tri- and tetrasaccharides—
Fig. 9) as a result of cold exposure. AN supplementation in 
both aerial parts and roots modified the sugar accumulation.

A transient increase in glucose and fructose was found 
in the aerial part of the control wheat plants during cold 
exposure. On day 15 of cold exposure, glucose content 
was similar to the value recorded in the plants before cold, 

whereas the content of fructose was twofold higher than 
before the cold period. Simultaneously, between days 3 
and 9 of cold exposure, the sucrose content remained at 
a similar level, but on days 12 and 15 it increased signifi-
cantly, several times exceeding the content recorded before 
the cold. After a temporary decline in the accumulation of 
maltose on the third day of cold, there was an increase in 
the concentration of this sugar (days 6–9). However, at the 
end of the cold period (day 15), maltose content in aerial 
parts was twice as low as before cold. The content of treha-
lose changed only slightly in response to the cold. Changes 
in the accumulation of all these sugars in the aerial parts of 
the plants treated with AN were similar. The only excep-
tion was sucrose, which did not change as a result of cold 
exposure.

Glucose and fructose decreased by a few percent in the 
roots of the control plants in response to cold. At the same 
time, the sucrose content increased tenfold. Despite some 
(a few percent) fluctuations during cold, the maltose con-
tent was similar to that before the exposure to cold and after 
the cold period. The content of trehalose decreased more 
than twice as a result of the cold action. As a result of AN 
action, plant roots produced more glucose, less fructose, 
and sucrose (between days 3–6 of cold exposure); however, 

Fig. 9  Changes in the accu-
mulation of tri- and tetrasac-
charides in the aerial part (a–d) 
and in roots (e–h) of wheat 
seedlings during exposure 
to cold (5 °C)—the effect of 
androstenedione. Mean values 
are shown with bars represent-
ing SD. LOD—too low to detect
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Fig. 10  Examples of relation-
ships between surface pressure 
(π) and surface molecules (A) 
obtained from isotherms of 
Langmuir monolayers prepared 
from lipid fractions (PL, 
DGDG, and MGDG) extracted 
from plants cultured at 20 and 
5 °C. Experiments were carried 
out at 10, 25, and 35 °C

Fig. 11  Examples of relationships between surface pressure (π) and 
surface molecules (A) obtained from isotherms of Langmuir mon-
olayers prepared from phospholipid fractions (PL), extracted from 
plants cultured at 20 and 5 °C. The experiments were carried out at 

10 and 25 °C. a Lipid monolayers were built in the water solution of 
andriostendione  (10−5  M) as a subphase. b Monolayers were built 
with lipid mixtures with andriostendione (1:10; w:w)
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the overall pattern of changes of these sugars was similar 
to that observed in the control. Likewise, the pattern of tre-
halose changes in the roots under AN action was similar 
to controls. In contrast to the control, the accumulation of 
maltose increased (approximately 30%) in response to cold 
exposure in the roots of the plants treated with AN.

The content of raffinose and nystose in the aerial part 
increased several times in the control plants after the cold 
period. The amount of kestose was also increased, although 
the maximum occurred on day 6. Stachyose content was 
decreased due to cold, reaching finally values below the 
level of detection. The pattern of changes in the accumula-
tion of these sugars in the aerial parts of plants exposed to 
AN was similar, although on the last day, they accumulated 
a few percent less of raffinose and nystose than control. At 
the same time, stachyose was detected longer (until day 12 
of cold exposure) than in controls (to day 9).

Cold exposure induced accumulation of raffinose, kes-
tose, and nystose in the roots of the control plants, and the 
final concentrations of these sugars (on day 15) increased 
3–5 times relative to the accumulation recorded prior to 
cold. Similarly as in the aerial parts, stachyose content in 
the roots fell below the level of detection during cold. The 
roots of the plants treated with AN demonstrated a simi-
lar general pattern of changes in the concentrations of raf-
finose, kestose, nystose, and stachyose, as that observed in 
control. However, the roots under AN action accumulated a 
few percent less of kestose and nystose between days 3 and 
6 of cold exposure than the control roots. In turn, the accu-
mulation of stachyose persisted longer (until the 9th day of 
cold exposure) at the level of detection than in the control 
where stachyose could be detected only until day 3.

Interaction of Androstenedione with Model 
and Natural Membranes

The lipid fractions extracted from plants growing at 20 and 
5 °C contained palmitic (16:0), palmitoleic acids (16:1) 
(mainly in galactolipids (DGDG and MGDG)), 16:3 (hex-
adecatrienoic acid), as well as stearic (18:0), oleic (18:1), 
linoleic (18:2), and linolenic acids (18:3) (Table 1, supple-
mentary data). Plant growth at a lower temperature caused 
an increase in unsaturated fatty acid (determined as the 
18:3/18:2 ratio) in all tested fractions. The greatest unsatu-
ration changes were recorded for DGDG and MGDG, for 
which the C18:3 acid represented more than 50% of the 
content in relation to other fatty acids present in the lipid 
membrane.

The π–A isotherms of PL, DGDG, and MGDG iso-
lated from plants cultured at 20 and 5 °C are presented in 
Fig.  10. Monolayers of all lipids were found to be highly 
sensitive both to the temperature of plant cultures and the 
temperature of the measurements (10, 25 or 35 °C). Lipids 

obtained from plants grown at a lower temperature (5 °C) 
formed more expanded monolayers (higher maximal values 
of area/molecule) than the layers of lipids extracted from 
plants grown at 20 °C. Analyses of π–A isotherm profiles 
taken at various temperatures indicated that lowering the 
temperature of the measurements led to the formation of 
more condensed monolayers. Detailed calculations of mon-
olayer surface parameters (Alim—area/molecule in con-
densed monolayer, and πcol—surface pressure correspond-
ing to this state) are compiled in Table 1.

Generally, higher values of Alim were obtained for PL 
and MGDG lipid fractions which were extracted from 
plants cultured at 5 °C when compared to those grown at 
20 °C (Table 1). In contrast, the Alim parameter for DGDG 
showed a slightly lower value for fractions isolated from 
plants grown at 5 °C (than those for plants cultured at 
10 °C). The increase of temperature of measurement 
resulted in an elevated Alim. Higher changes of ΔAlim (dif-
ferences between 10 and 35 °C) were detected for lipids 
obtained from plants cultured at 5 °C.

πcol parameters usually reached higher values for lipids 
extracted from plants grown at 5 °C, and decreased with 
an increase of measurement temperature for all investi-
gated objects. Moreover, these changes were more visible 
for lipids obtained from plants developed at lower than at 
higher temperature.

To better characterize monolayer properties, a parameter 
describing the layer compressibility (Cs

−1) was determined 
as calculated according to the following formula (Davies 
1961):

where A is the molecular area at the corresponding surface 
pressure π.

Cs
−1 parameters were calculated at the pressure region 

of monolayers mimicking the lipid organization in natu-
ral biomembranes (>30  mN/m). The higher measurement 
temperature caused a decrease in Cs

−1 parameter values for 
all lipid fractions. Moreover, for PL extracted from plants 
cultured at 5 °C, higher values of Cs

−1 parameters (than for 
plants grown at 20 °C) were obtained, in contrast to both 
galactolipid fractions where lower values of Cs

−1 were 
recorded for fractions extracted from objects grown at 5 °C.

When AN was introduced into the subphase, Alim param-
eters of PL were higher than those obtained for lipids 
spread on pure water (compare Table 2 with Table 1). At 
a temperature of measurements equal to 10 °C, changes in 
ΔAlim (calculated between PL in surface contact with AN 
and with pure water) were smaller (about 1.10 and 0.04 Å2 
for 20 °C/PL and 5 °C/PL, respectively) than that found at 
25 °C (abut 5.91 and 0.45  Å2 for 20 °C/PL and 5 °C/PL, 
respectively). πcol parameters had values similar to those 

Cs
−1

=

d�

d lnAm

,
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calculated for the water phase. The parameter characteriz-
ing monolayer compressibility was smaller in the presence 
of AN in the subphase.

When monolayers were prepared for mixtures of AN 
with PL (Fig.  11), increase in Alim values (compari-
son between PL + AN and pure PL) was also observed 
(Tables  1, 3). Moreover, for PL fraction extracted from 
plants grown at 20 °C, additional experiments were per-
formed for the lipids:AN ratio equal to 1:20 and for ratio of 
1:45 (% w:w). The increase of AN content in the lipid layer 
by 20% caused an increase in ΔAlim (in comparison to pure 
PL) to about 3.35 and 1.51 (Å2), at a measurement temper-
ature of 10 and 25 °C, respectively, whereas an AN level 
equal to 45% caused an increase in ΔAlim to about 18.67 
and 3.01 (Å2), at 10 and 25 °C, respectively.

πcol parameters demonstrated similar values to those 
calculated for pure lipid monolayers and Cs

−1max param-
eters were smaller even than those obtained with AN in the 
water phase (Tables 2, 3).

Discussion

Thus far, the very few studies on the presence of AN and 
its role in plants have inspired us to conduct more detailed 
research on the mechanism of action of this mammalian 
androgen in plants. The present study demonstrated that 
AN is found in the cells of winter wheat and we investi-
gated the biochemical and physicochemical changes 
induced by AN, associated with plant acclimatization to 
low temperatures.

Quantitative determination of the AN content showed 
the presence of this compound in wheat seedlings at con-
centrations similar to those recorded in Nicotiana tabacum 
L. and Inula helenium L.(Simerský and others 2009). How-
ever, after 15 days of cold, endogenous concentrations of 
AN did not increase [as expected by the authors and ear-
lier observed for another steroid (brassinosteroids); Pocie-
cha and others 2016], but was reduced. Pociecha and oth-
ers (2016) underlined, that the first days of cold induced 
a stress response in the plant, and that exogenous supple-
mentation with brassinosteroids before cold considerably 
increased the resistance to frost and pathogens (pink snow 
mold). A similar phenomenon may be occurring in the 
studied wheat. AN supplementation activated mechanisms 
that lead to reduction of frost damage of seedling leaves. 
Another androgen (androsterone) stimulated resistance 
to cold in maize plants, among others, by decreasing the 
membrane damage (also measured by electrolyte leakage) 
(Erdal 2012a). Improvement of the resistance to stress (for 
example, drought, salinity) through the application of AN 
and other androgens has also been reported by Janeczko 
and others (2012) and Erdal (2012b).

In turn, AN mediation in the stimulation of genera-
tive development of wheat was evidenced by an increase 
(compared to control) in the quantity of generative plants 
observed after a short vernalization (6–9 days). This is in 
agreement with earlier findings in Arabidopsis thaliana L. 
and also in other wheat cultivars (Janeczko and Filek 2002; 
Janeczko and others 2003).

Although we know some physiological effects induced 
in plants by AN, the mechanisms underlying the action of 
this steroid are unknown or very little has been learned 
about them. The biochemical background to the AN-
induced stimulation of resistance mechanisms to low-tem-
perature stress was verified by analyzing the activity of 
antioxidant enzymes—ROS (reactive oxygen species) scav-
engers. Direction and magnitude of changes in enzymatic 
activity of SOD, CAT, and POD are indirectly indicative 
of the amount of ROS and the capability of cells to tolerate 
their excess (Asada 1999). Changes in the redox balance, 
disturbed by the oxidation of biomolecules by ROS, have 
a signaling importance in the regulation of stress acclima-
tion and development processes in plants (Fath and oth-
ers 2002; Boldizsár and others 2011). Treatment of cereal 
plants with ROS and antioxidants improved the freezing 
tolerance and affected the expression of genes connected 
with it (Boldizsár and others 2011). Interestingly, fluctua-
tions in the activity of the enzymatic antioxidant system 
are also characteristic for the preflowering and flowering 
period in date palm and during the development of apple 
flowers (Cheruth and others 2015; Abassi and others 1998). 
In oilseed rape, the formation of generative organs after a 
cold period was accompanied by an increase in the oxida-
tion state of iron ions (Filek and others 2006). In our study, 
the increase in the activity of antioxidant enzymes during 
cold exposure and the recorded changes in redox potential 
(increased  Fe3+ in relation to the oxidized  Fe2+) indicated 
changes in the amount of ROS during the exposure to cold 
in wheat. The increase in the concentration of  Fe3+, which 
occurred at the end of the cold period along with a simulta-
neous increase in the activity of antioxidant enzymes, dem-
onstrated the effectiveness of the enzymatic system in ROS 
deactivation. This is aimed at maintaining the proper home-
ostasis in cells. In turn, the altered ratio of reduced compo-
nents to oxidized components may be part of signaling in 
the cells, an important element in the process of generative 
induction. AN used in our experiment generally enhanced 
the intensity of the discussed phenomena. The plants 
treated with AN had a higher antioxidant enzyme activity 
and a greater concentration of  Fe3+ on day 15 of cold expo-
sure than the control plants. According to data obtained by 
Erdal (2012a), another androgen (androsterone) also stimu-
lated resistance to cold in maize plants by activation of the 
antioxidative system. In conclusion, the AN-induced redox 
changes in the cells can be one of the factors responsible 
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for higher frost resistance and subsequent acceleration of 
wheat generative development.

Plant acclimation to low temperature is always accom-
panied by hormonal alterations, especially the so-called 
stress hormones. During cold stress, hormones induce the 
expression of stress-related genes, maintain photosynthetic 
activity, activate antioxidant systems, regulate accumula-
tion of osmoprotectants, and so on. The main player here is 
abscisic acid (ABA) (Churchill and others 1998). Jasmonic 
acid (JA) is another stress hormone, and the expression of 
biosynthetic genes of this compound, for example, in rice, 
is enhanced by the cold (Du and others 2013; Sharma and 
Laxmi 2015). Salicylic acid also induces multiple stress 
tolerance (Senaratna and others 2003). In our work, AN 
practically did not influence concentrations of stress hor-
mones in aerial parts of plants. In roots, AN even decreased 
the contents of hormones such as ABA or JA. AN action, in 
this context, does not give grounds for concluding that the 
improvement of frost resistance of the tested wheat was due 
to the increased production of stress hormones induced by 
AN.

The control of development in the plant organism is a 
very complex process, involving the entire hormonal metab-
olism. However, the accumulation and mutual interactions 
of hormones, being cationic (CKs) and anionic organic sub-
stances (mainly GAs, but also auxins), are believed to play 
a more important role in the induction of generative devel-
opment and regulation of plant flowering. Gibberellins are 
the most studied hormones that induce/regulate flowering 
(Mutasa-Göttgens and Hedden 2009). Lang (1952) demon-
strated that application of gibberellic acid may substitute 
cold treatment in some species of plants requiring vernali-
zation for flowering induction. Exogenous gibberellins in 
combination with a 2-week cold period stimulated the gen-
erative development of winter wheat (Biesaga-Kościelniak 
and others 2010). The increased levels of GAs during the 
period of generative development initiation, and a subse-
quent decrease in their concentrations were found during 
oilseed rape vernalization (Tarkowska and others 2012). 
In our experiment, the longer the time of exposure to cold, 
the higher the gibberellin content in the roots and aerial 
parts of plants. Control wheat accumulated more gibberel-
lins (gibberellic acid, A4, A6, and A7) in the aerial parts 
starting from day 12 of cold exposure. An increase in the 
concentrations of GAs (in aerial parts of plants), induced 
by exogenous AN, occurred already after 9 days of cold. 
Nine days of cold was sufficient to induce the development 
of about 70% of AN-treated plants (in controls <20%). This 
result could suggest that AN-induced stimulation of gen-
erative development of wheat is gibberellin dependent, at 
least in part, because AN-induced stimulation of genera-
tive development of wheat may be also connected to acti-
vation of cytokinin metabolism. A transient increase in the 

content of almost all analyzed cytokinins in aerial parts 
of wheat (between day 9 and 12 of cold) was noted under 
AN action but not in controls. Correlation between higher 
cytokinin concentration and flowering induction is charac-
teristic for some species—Chenopodium ssp., Sinapis alba 
L., Perilla frutescens (L.) Britt. (Mok and Mok 1994). The 
main effect of cytokinin deficiency in Arabidopsis thaliana 
L. is dwarfness but plants are also late-flowering (Eckardt 
2003). In wheat, exogenous cytokinin applications, com-
bined with 14 days of cold, stimulated generative develop-
ment (Biesaga-Kościelniak and others 2010). The effect 
is not observed for exogenous auxin (Biesaga-Kościelniak 
and others 2010). Auxins can even inhibit plant flowering 
(Kulikowska-Gulewska and others 1995). These hormones 
rather function as plant growth stimulators. In AN-supple-
mented wheat, we observed enhanced decrease in auxin 
content (particularly in aerial part between 9 and 12  day 
of cold). A parallel increase of content of gibberellins and 
cytokinins can be interpreted as circumstances conducive 
to the stimulation of plant development by AN.

Sucrose is one of the most important soluble sugars 
whose high concentrations lower the freezing point of 
intracellular water in plants exposed to low temperatures. 
Moreover, high concentrations of sucrose mobilize the 
translocation of assimilates to the generative parts and 
activate genes associated with the induction of flowering 
(Kataoka and others 2004). In our experiment, sucrose con-
tent in the leaves and roots of control plants increased in 
cold. This was accompanied by reduced concentrations of 
two sucrose components (glucose and fructose). AN coun-
teracted the phenomenon of cold-induced sucrose accumu-
lation (in the aerial part of plant). Hence, it could not be 
stated that the improvement of frost resistance and acceler-
ation of the generative development by AN was associated 
with its impact on the accumulation of increased amounts 
of sucrose. Sucrose is also a substrate in fructan synthe-
sis and induces fructan synthesis genes (Müller and oth-
ers 2000). Lower contents of two fructans: nystose (three 
units of fructose + one glucose) and kestose (two units of 
fructose + one glucose) in the AN-treated plants (compar-
ing to control) may then result from lower accumulation 
of sucrose. Fructans serve as osmoprotectants and stabi-
lize cell membranes by inserting polysaccharides into the 
lipid head region of the membrane (Hendry 1993; Liv-
ingston and Henson 1998). Due to the protective proper-
ties of fructans against abiotic stress, a decrease in their 
content may even weaken anti-stress mechanisms of the 
cold-exposed plants. Therefore, fructans rather did not par-
ticipate in AN-induced improvement of frost resistance of 
wheat.

Rafinose and stachyose have ROS scavenging capac-
ity (ElSayed and others 2014; Nishizawa-Yokoi and others 
2008), thus they might help counteract oxidative stress of 
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various origins. Trehalose also acts as an ROS scavenger 
as well as a stabilizer of cell membranes (Elbein and oth-
ers 2003). In wheat seedlings (control), rafinose content 
increased as a result of cold. The AN-treated plants accu-
mulated a few percent lower amounts of rafinose than the 
control plants. Simultaneously, stachyose content decreased 
during cold exposure in the control plants even to val-
ues close to 0 in aerial parts (from 12 day of cold) and in 
roots (from 6 day of cold). AN-treated seedlings produced 
stachyose longer and in higher amounts. Due to relatively 
low concentrations of these sugars (compared to glucose, 
fructose, sucrose, or fructans) in wheat, their role in the 
process of acclimation to cold probably should not be over-
estimated. The same concerns trehalose—sugar present in 
wheat in amounts below 1 μg per mg DW. AN even slightly 
decreased the content of trehalose in the aerial part of 
plants, and thus this sugar also did not seem to be impor-
tant in the AN-induced increase of wheat frost resistance.

According to Kaplan and Guy (2004), the experiments 
with temperature stress showed maltose accumulation (cor-
related with β-amylase induction) in chloroplast stroma. 
Maltose acted as an osmoprotectant and had a positive 
effect on the functionality of proteins, membranes, and 
membrane-associated processes, such as the photosynthetic 
electron transport chain. In our work, on day 15 of cold, the 
plants under AN action accumulated a few percent more of 
this sugar than controls. It is however difficult to say how 
important it was for the subsequent improvement of frost 
resistance, especially that maltose was present in wheat in 
amounts much less than other sugars, i.e., glucose, fruc-
tose, or sucrose.

In summary, changes in the accumulation of the ana-
lyzed sugars seem to appropriately characterize the 
response of control wheat to the cold, but the intensity of 
these changes and the level of sugar accumulation (with 
some exceptions) were not dramatically modified in the 
AN-treated plants. Hence, it does not appear that the AN-
induced higher frost resistance was caused by the modula-
tion of sugar metabolism. What is more, AN action in some 
cases (for example, a decrease in the sucrose content in the 
aerial part) should have even worsened frost resistance.

AN beneficial effects, especially in the improvement of 
plant frost resistance, may result from the interactions of 
these steroid with cell membranes. It is assumed that cell 
membranes act as thermal sensors (and/or contain sen-
sors), which allow the plant to flexibly react to the chang-
ing temperature (Los and Murata 2004), and alterations in 
membrane fluidity play a significant role in this process. 
Changes in membrane fluidity can indirectly cause subse-
quent expression of genes that ensure acclimation to new 
environmental conditions (Los and others 2013). In turn, 
the change in membrane fluidity, in addition to the increase 
of fatty acid unsaturation, is affected by sterols (Laggner 

and others 2003) and compounds with a similar structure, 
which are incorporated into the membrane (Gzyl and others 
2004).

In the present study, research was carried out that 
allowed to describe the interactions of AN with lipids pre-
sent in the membranes of wheat plants. These interactions 
were verified by recording the dependence of changes in 
the surface pressure of the formed lipid monolayer in rela-
tion to the area occupied by lipid molecules in this model 
system (analysis using Langmuir technique). The applied 
model—a lipid monolayer/water (AN solution)—is equiva-
lent to the system present at the interface of the membrane/
cytosol (apoplast) phases, and is used to study subtle rela-
tionships associated with the direct interaction of individual 
molecules with the cell membrane surface (Rudolphi-Skór-
ska and Sieprawksa 2016). Physicochemical parameters 
(Alim, πcol, Cs) were determined for the lipids extracted from 
wheat membranes. These parameters characterize the dif-
ferences in lipid structure of membranes and may be used 
to describe changes in native membranes, caused by physi-
cal (for example, temperature) and/or chemical (andros-
tenedione) factors. We analyzed monolayers obtained 
from fractions of phospholipids (PL) and mono-(MGDG) 
and digalactosyl diglycerides (DGDG) of hardened (5 °C) 
and non-hardened (20 °C) wheat plants. A comparison of 
physicochemical parameters of monolayers allowed us to 
demonstrate that the distances between lipid molecules 
(concerning mainly PL and MGDG fractions) were higher 
in the membranes of hardened plants than in the mem-
branes of non-hardened plants. This is due to the presence 
of polyunsaturated fatty acids (mainly 18:3) in the hydro-
phobic parts of lipids of these fractions, which were pre-
sent in a higher proportion (relative to other fatty acids) in 
the membranes of hardened plants. Lowering the measure-
ment temperature (from 35 to 5 °C) of the model monolayer 
resulted in a higher lipid arrangement in the monolayers 
and a decrease in the distance between adjacent molecules 
(decrease in the kinetic energy of lipids).

Introduction of AN (at a concentration of 1 × 10−5  M) 
to an aqueous solution, on the surface of which the mon-
olayers were formed, resulted in an increase of the distance 
between lipid molecules in the monolayer. This was caused 
by the penetration of the monolayer by AN, absorbed from 
the solution surrounding the monolayer. The highest AN 
incorporation in the monolayer was obtained at a higher 
temperature and for lipids extracted from non-hardened 
plants. This demonstrated that the exogenous application of 
AN to wheat plants before the start of the cold period might 
result in modification of the membrane structure to better 
prepare for stressful conditions. When AN was introduced 
directly to the lipids (mixture of PL + AN), and monolay-
ers were prepared from such mixtures, an increase in the 
distance between lipid molecules was also demonstrated. 
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However, then, higher distances between the lipid particles 
were obtained at a lower temperature, and for the lipids iso-
lated from hardened plants.

As mentioned above, in the membranes of hardened 
plants (and therefore with already acquired frost resist-
ance), the distances between lipid molecules are larger 
than in the membranes of non-hardened plants. A similar 
effect (increase in the distance between lipid molecules in 
a monolayer) was obtained when AN was introduced in the 
aqueous solution on the surface of which the monolayers 
were obtained. AN incorporation in the membranes, chang-
ing their physicochemical properties, may therefore be 
an important step in the mechanism of formation of frost 
resistance induced by AN. At the same time, AN interac-
tion with lipid membranes showed similarities to the inter-
actions of some of the known regulators stimulating the 
flowering of plants (Filek and others 2002, 2005), there-
fore, they can also be involved in the acceleration of wheat 
development.

Concluding Remarks

Our work provides new knowledge about the presence of 
mammalian androgen in plants, especially in winter wheat. 
The study shows the multidirectional activity of AN in 
regulating plant metabolism (hormonal management, car-
bohydrate accumulation, antioxidant system). Of particular 
novelty are studies devoted to the interaction of AN with 
model and natural plant membranes, and its relation to 
the development of temperature stress resistance. Taking 
all our results into account, in our opinion, more attention 
should be devoted to studies of the role of steroids (not only 
androgens but also others—progesterone, brassinosteroids) 
particularly in frost resistance in winter plants. This could 
lead to the development of agrochemicals useful for plant 
protection against abiotic stress or help to breed new culti-
vars with improved resistance.

To summarize:

• Androstenedione is present in wheat but its content 
diminishes as a result of 2-week exposure to cold.

• AN enhances frost resistance and accelerates the gen-
erative development of wheat.

• Mechanisms of AN action are connected to regulation 
of activity of enzymatic antioxidants, and some changes 
in sugar accumulation and hormonal management. The 
enhanced frost resistance due to AN should be sought 
in the activation of the antioxidant system. The AN-
induced changes in redox homeostasis are probably also 
involved in the signaling necessary for generative induc-
tion. The impact of AN on hormone (stress hormones) 
and sugar metabolism does not seem to be relevant for 

improving frost resistance or stimulating generative 
induction. In certain cases (results for sucrose), AN 
even abolished the effects induced by cold. Stimulating 
the production of certain flowering hormones (mainly 
gibberellins) can be considered an AN mechanism 
accelerating generative development.

• The enhanced frost resistance may also be connected 
to the impact of AN on cell membranes. AN can be 
absorbed either into plant membranes, when present in 
the hydrophilic solution surrounding the membrane and 
when found in association with hydrophobic molecules. 
The degree of membrane penetration by AN depends 
on the membrane composition (saturated/unsaturated 
fatty acids), which is modified by plant growth condi-
tions (room temperature/cold exposed) and the tempera-
ture of measurement. The composition of the solution 
(aqueous or organic solution), in which the compound 
is dissolved also affects membrane penetration. How-
ever, in general, the membrane absorption of AN and 
steroid-induced increase in the distance between lipid 
molecules may be important steps in the formation of 
frost resistance by AN. AN interactions with lipid mem-
branes showed also similarities to the interactions of 
some of the known regulators stimulating the flowering 
of plants, and thus they can also underlie the accelera-
tion of wheat development.
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