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KEYWORDS ABSTRACT

Maize The aim of this study was to investigate the post-freezing effect of -4°C for 16 h (FS)
Freezing applied to soaked maize seeds before germination on the levels of total polyphenols (TPC)
Total polyphenols and and total flavonoids (TFC), photorespiration, total respiration and dark respiration,
flavonoids glycolate oxidase (GO) activity in maize plants grown under dark and light conditions.
Photorespiration Exposure of maize seeds to subzero temperatures before germination followed by growth
Respiration in the dark or in the light revealed after-effects of these factors on both TPC and TFC. The
Glycolate oxidase greatest inhibition of TPC by FS was achieved in etiolated sprouts (<10%) and in 6-day-

old plants in the light (<9%), while the lowest level of TPC was observed in leaves of 8-
and 17-day-old plants under light conditions. Photorespiration, total respiration, dark
respiration, and glycolate oxidase activity in maize plants grown from seeds exposed to FS
remained at reduced levels than in control samples. The suppression of these indices,
apparently, in this case may be associated with a slowdown in the intensity of
photosynthetic gas exchange in general.

INTRODUCTION

Maize (Zea maize L.) as crop of tropical and subtropical origin is very susceptible to extreme temperature stresses,
due to rapid global climate changes. The impact of extreme temperature stress mainly depends on duration,
intensity, and timing of the stress (Bano et al., 2015; Wagqas et al., 2021). The optimal temperature for maize
growth, development and crop production is between 25 and 28°C, and a minimum growth temperature of 6—10 °C
(Ma et al., 2022). Suboptimal temperature, defined as suboptimal chilling temperatures below 15 °C and above
0 °C significantly limits seed germination, seedling establishment, and subsequent plant growth, development and
productivity (Ma et al., 2022; Meng et al., 2022; Caus et al., 2022). Maize is also affected by freezing temperatures,
the temperature below 0 °C. Frosts most often occur in early fall before harvest and can cause a variety of physical,
mechanical, biochemical, and physiological changes in immature corn seeds (Woltz et al., 2006). Maize responds
to cold stress through a series of morphological, physiological, biochemical and molecular changes (Zhou et al.,
2022). In particular, during germination and subsequent growth of maize plants grown from seeds exposed to low
positive and negative temperatures, changes in growth parameters occur (Caus et al., 2022; Wijewardana et al.,
2015; Hussain et al., 2020; Caus et al., 2023) which are accompanied by changes in the production of secondary
metabolites, including the content of polyphenols and flavonoids (Ray et al., 2024; Rao et al., 2024; Tian et al.,
2025), the content of photosynthetic pigments and CO; exchange parameters (Ma et al., 2022; Grzybowski et al.,
2019). An important role in plants for resistance against abiotic stresses is played by such metabolic way as
photorespiration and the key enzyme of photorespiration, glycolate oxidase (Zelitch et al., 2009; Rojas et al., 2012;
Voss et al., 2013; Chikov et al., 2019; Lu et al., 2013). To date, the most studied effects on photorespiration are
those of high temperatures (Cui et al., 2016; Dusenge et al., 2019) and water deficit (Voss et al., 2013; Silva et al.,
2015; Urban et al., 2017). As for the effects of other abiotic factors on plant photorespiration, including low and
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freezing temperatures, the available information on this issue is limited. Also, little is known about the combined
effects of freezing stress to which seeds are exposed prior to germination and light conditions on germinated seed
growth, subsequent plant growth, and whether these plant responses persist over longer periods of time.

In this regard, the aim of this work was to study the influence of freezing stress applied to corn seeds before
germination on the content of polyphenols and flavonoids, photorespiration, respiration and glycolate oxidase
activity in maize sprouts and plants, both in the dark and in the light.

MATERIALS AND METHODS

The seeds of the Bemo 203 maize hybrid, provided by the Public Institution National Center for Seed Research
and Production, Pascani, RM, were used in this research. Studies to evaluate some biochemical properties of maize
(Zea mays L) plants grown from seeds subjected to freezing stress (FS) of -4°C for 16 hours was carried out under
controlled laboratory conditions with regulation of humidity, lighting and aeration. Maize seeds from the control
and experimental variants were soaked in distilled water at 5°C for 36 hours. Then the seeds of the experimental
variants, freed from water, were exposed to the action of FS, and the control seeds during this time were placed in
a refrigerator at a temperature of 5°C. Subsequently, control and experimental seeds were sown simultaneously in
containers on wet cotton discs and set for germination in a thermostat, in the dark, at an optimal temperature of
26°C and relative air humidity of 70-85%. The 2-day control and experimental germinated seeds were planted in
pots with soil. Part of the pots with seedlings (control and experimental) were transferred for cultivation in a
chamber with controlled conditions of lighting, aeration, humidity and temperature of 26°C, and another part of
the control and experimental pots with seedlings were cultivated in the dark chamber at a temperature of 26°C and
a relative air humidity of 70-85%. Epicotyl and leaf samples from control and experimental plants were taken from
seedlings and plants aged 2 and 6 days, respectively, grown in the dark, and from those grown in the light for 6, 8
and 17 days, to be used in the determination of total polyphenols, flavonoids and glycolate oxidase (GO) activity.
Photorespiration, total respiration and dark respiration were measured on intact 3ed leaves of maize plants, grown
from seeds exposed to FS followed growth in soil under laboratory conditions at 26°C during of 17 days.
Photorespiration, total respiration, and dark respiration were measured on intact leaves of 17-day-old plants
according to the method of Balaur et al. (2018). The determinations were carried out using the automated system
PTM 48A, from the company “Bioinstrument” SRL, Republic of Moldova.

Estimation of Total Polyphenols Content (TPC). The total phenolics content in ethanolic extracts of sprouts’
epicotyls and plants’ leaves was determined spectrophotometrically at a wavelength of 700 nm using Folin-
Ciocalteu reagent according to the procedure reported by Singleton et al. (1998), using pg standard gallic acid
equivalent (GAE) per gram of FW.

Determination of Total Flavonoids Content (TFC). Total flavonoids content of ethanolic extracts of sprouts’
epicotyls and plants’ leaves was determined spectrophotometrically at 412 nm according to the method of Irshad
et al. (2011) using standard quercetin equivalent (QE) as ug QE/g FW.

Glycolate oxidase (GO) activity was determined according to the method of Kolesnikov (1962).

Statistical analysis of data. The experiments were performed in three repetitions. In each repetition, 10 plants were
used. Each experiment was repeated at least three times. Statistical processing of data was performed using the
"Statistica 7" computer programs, using Basic Statistics, calculating the mean values and standard deviation of the
data determined in three repetitions.

RESULTS AND DISCUSSION

In response to low-temperature stress, including chilling and freezing injuries, plants respond through a myriad of
physiological, biochemical and molecular changes (Zhou et al., 2025). Studies on the effects of subzero
temperatures on maize have been conducted mainly at different stages of seed development and maturation, as
well as the growth and development of plants from immature seeds formed under the influence of subzero
temperatures (Woltz et al., 2006).

In addition to the fact that maize is sensitive to stress at low positive temperatures (Caus et al., 2022) and negative
temperatures (Caus et al., 2023) at early growth stages with varying degrees of damage to germination and
morphological parameters in different hybrids, it has been shown that another important factor affecting the growth
and development of maize plants is light (Caus et al., 2024). It is reported (Ning et al., 2016) that in maize
seedlings, a complex mechanism of molecular regulation of phosphoproteins is realized during the de-etiolation
process. Previous research (Caus et al., 2024) with combined application of freezing stress to seeds before
germination and subsequent growth of seedlings in the dark (etiolated seedlings) and in the light (green seedlings)
for 6 days found that freezing significantly reduced carotenoids content in leaves of green seedlings, while in
etiolated leaves the carotenoid content was not significantly altered by freezing, compared to the respective
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controls. Numerous studies have shown that, along with carotenoids, other groups of polyphenols, including
flavonoids, also play an important role in protecting plants from various abiotic stresses, such as temperature
fluctuations, heavy metals, UV radiation, drought, etc. (Ray et al., 2024; Rao et al., 2025; Li et al., 2021; Samec
etal., 2021; Shomali et al., 2022). To investigate whether the accumulation of polyphenols and flavonoids in maize
seedlings varies depending on the freezing temperature applied to the seeds before germination and the light
conditions during subsequent seedling growth, experiments (Figure 1) were conducted under controlled conditions.

I)Dacness 2) Light 3) Light

Sprouts Plants Plants Plants
2 days 6 days 6 days 17 days

Figure 1. Maize sprouts and plants, control (C) and experimental, the seeds of which were subjected to freezing stress
(FS) at a temperature of -4°C for 16 hours before germination, followed by growing in the dark (1) or in the light (2)
for 6 days, and plants (C, FS) which continued to grow in the light during of 17 days

From the Figure 1.1 it is evident that 2- and 6-day-old maize seedlings grown in the dark are etiolated, while
seedlings grown in the light are green in color (Figure 1.2, 1.3), indicating the presence of chloroplasts that
synthesize chlorophyll pigments. Two-day-old sprouts and six-day-old plants germinated in the dark from seeds
exposed before germination to freezing showed growth delaying and yellowing (Figure 1.1). Total polyphenols
content (TPC) was significantly higher in both frozen and control seedlings, as well as in six-day-old plants under
dark and light conditions (Figure 2A).

A, Tmal_ polyphenols contents B. Total Flavonoids contents
%
a0 | :; T
a0 | ‘|"
2o 53
| b I»
- 18 }
| |
100 ¢ 1o 'l"
L T-
‘" CFs C FS CFSs CFs CFs " CFS CFS CFS CFS C Fs
St o) Plants  Plants Plants LT - R TR Plants  Plants  Plants
p X R T AT 6 days  8days 17 days LTI T PP 6 days  Sdays 17 days
Dacness Light Dacness Light

Figure 2. Changes in A - total polyphenol content (TPC) and B - total flavonoid content (TFC) in sprouts and leaves of
light and dark maize seedlings germinated from seeds subjected to freezing stress (FS) at -4°C for 16 hours before
germination, and subsequent growth of plants from the corresponding germinated seeds in soil under controlled
laboratory conditions

As can be seen (Figure 2A), freezing stress applied to seeds before germination led to a decrease in polyphenols
content under dark conditions in etiolated sprouts while in etiolated and stressed plants polyphenols contents is
insignificant, only an increasing trend is observed. In plants grown in light, freezing stress decreased the
polyphenols content in the leaves of 6-day-old plants and did not affect the polyphenols in the leaves of 8- and 17-
day-old plants (Figure 2A). The lowest TPC levels were found in light-grown plants at 8 and 17 days of age, and
polyphenol levels are similar in both freeze-treated and control plants. Moreover, the highest levels of polyphenols
were found in sprouts and leaves of 6-day-old plants both in the dark

and in the light, compared with the polyphenols content in leaves of 8- and 17-day-old plants under light conditions
(Figure 2A). This probably may be related to the more intensive physiological processes involving secondary
metabolites as polyphenols that occur with plant aging under illumination. Exposure of maize seeds to subzero
temperatures before germination followed by their growth in the dark or in the light revealed the aftereffect of
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these factors on the total flavonoids content (Figure 2, B). In etiolated seedlings, freezing stress reduced flavonoid
accumulation by 23%, whereas in plants of the same age (6 days), stress reduced it by 23% in etiolated and by
21.6% in green leaves compared to the corresponding control samples. At the same time, in the leaves of 8- and
17-day-old plants grown in light, the effect of reducing flavonoid content under the influence of freezing stress
was preserved to a lesser extent, the decrease being 4 and 10% lower, respectively, compared to the control.

The fact that the effect of stress to which seeds are exposed before germination is subsequently manifested in plant
growth processes, expressed by a decrease in the accumulation of flavonoid content, can be explained by the
participation of these secondary metabolites in various physiological and biochemical reactions of plants under
the respective conditions (Shomali et al., 2022). In maize (Zea mays L.), flavonoids, phenolic low molecular
weight, with high antioxidant capacity play a protective role against various abiotic stresses and have a crucial role
in growth and development of plants (Shomali et al., 2022; Falcone Ferreyra et al., 2012; Agati et al., 2013; Rius
et al., 2016; Kumar et al., 2018; Righini et al., 2019; Kitashova et al., 2024). It is also mentioned the role of
flavonoids as antioxidants and regulators in photorespiration (Agati et al., 2013). In a study with Arabidopsis
mutants (Kitashova et al., 2024) was mentioned that flavonoid metabolism plays different roles in the early and
late stages of plant cold acclimation. During the first 3 days of a 2-week cold acclimation period, flavonoid
deficiency was observed to play a role in stabilizing C/N metabolism and photosynthesis, as well as on the
proteome of the photorespiratory pathway. In the late stage of cold acclimation, flavonoid deficiency was found
to cause a significant decrease in total protein amounts in studied Arabidopsis mutants.

Photorespiration, which links processes such as photosynthesis and respiration, is of great importance for the
existence of plants. This process involves a complex of cellular organelles such as chloroplasts, mitochondria, and
peroxisomes. In recent years, a number of studies have appeared indicating that photorespiration is involved in
plant responses to the effects of unfavorable environmental factors of various natures (water deficit, high
temperatures, salinity, low temperatures, heavy metals (Voss et al., 2013; Kangasjarvi et al., 2012; Hodges et al.,
2016; Szymanska et al., 2014; Zhang et al., 2024). Photorespiration is a light-induced process of O absorption
with oxidation of photosynthesis intermediates and release of CO». The monitoring of photorespiration intensity
in intact leaves of maize 17-day-old plants grown from seeds exposed to freezing stress before germination and
subsequent cultivation under light conditions, revealed that the dynamics of changes in the photorespiration
intensity during the measurement process was represented by a curve with several peaks, giving it an undulating
character (Figure 3A).
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Figure 3. Photorespiration, total respiration and dark respiration in leaves of intact maize plants, grown from seeds
exposed to FS of — 4 °C for 16 h before germination and subsequent growth in soil under laboratory conditions at 26
°C. The measurements were performed on leaf 3 of 17-day-old maize plants

In plants grown from seeds that were preventively subjected to frost shock, a decrease in the intensity of
photorespiration was observed, the modification curve of which also had an undulating character and was at a
lower level than the control throughout the monitoring period. Under a light condition the efflux of carbon dioxide
from maize leaves to air was higher than that of plants grown from freezing stress exposed seeds. And the initial
rate of CO; efflux from control leaves was eight times higher than that of FS plants (Figure 3A). Inhibition of
photorespiration in this case may be associated with a slowdown in photosynthetic metabolism in general
(Kangasjarvi et al., 2012). As mentioned above photorespiration is closely related to the processes of
photosynthesis and respiration. The entire complex chain of interconnected processes of production and
transformation of photosynthesis products is carried out by respiration. This process occupies a central place in
the cellular metabolism of consumption, production and delivery of assimilates to organs. The photosynthesis rate
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of maize, a cold sensitive crop, is highly dependent on the temperature conditions (Wu et al., 2024). This is
supported by our data on a significant decrease in chlorophyll pigments and the intensity of photosynthesis in
maize seedlings grown from seeds imposed to frost stress (Caus et al., 2024). Symptoms of impaired
photosynthetic rate in maize plants due to exposure of seeds to low temperatures prior to germination were
observed even in plants returned to optimum growth temperatures and maintained for 17 days (Caus et al., 2024).
There are evidence that cold-induced inhibition of photosynthesis plays an important role in limiting early growth
in maize (Caus et al., 2023). So, the respiratory capacity curves are probably related to photorespiration and
photosynthetic activity of the leaf apparatus, restructuring its functioning. In Figure 3 are shown representative
measurements of photorespiration, total and dark respiration on unfolded leaf 3 of 17-day-old plants (Figure 1)
grown from freeze-treated seeds.

It can be seen that young corn plants germinated from seeds treated by freezing (-4°C for 16 hours) and, after
returning to the optimal temperature of 26°C in the light for 17 days, showed lower respiration levels, compared
to control plants. Frost stress applied to seeds before germination causes a decrease in the rate of total respiration
as well as dark respiration of 17-day-old plants (Figure 3B, C). Dark respiration (also called mitochondrial
respiration) is the controlled oxidation of reduced carbohydrates, producing CO, reducing equivalents (NAD(P)H
and FADH?), and resulting in respiratory O, consumption and ATP production (Siedow et al., 2000). Thus, on the
third leaf of 17-day-old maize plants (Figure 3) it is evident that the characteristics of CO, gas exchange during
photorespiration, respiration and dark respiration change in a similar way. But, as can be seen (Figure 3B, C),
changes in the development of these physiological processes occur at a lower level during the observation period
in the leaves of plants obtained from seeds subjected to frost stress, compared to the control.

In the process of photorespiration, the primary product is glycolic acid, and its further metabolization is associated
with the glycolate pathway. The key enzyme of photorespiration is glycolate oxidase (GO). Glycolate oxidase
(GO) plays an important role in plant photorespiration because it is the only enzyme that catalyzes the oxidation
of glycolate to glyoxylate and hydrogen peroxide (H20;) in peroxisomes. It is known from the literature (Chikov
et al., 2019; Popov et al., 2003; Dmitrieva, 2005) that in C4 plants the key enzyme of photorespiration, GO, is
found both in bundle sheath cells and, in the mesophyll cells. GO genes are involved in a wide variety of
physiological processes in response to abiotic stresses (Dellero et al., 2016) and also strongly regulate
photosynthesis, possibly through Rubisco activase inhibition by feedback mechanism (Xu et al., 2009).

To examine the consequences of the effect of exposing soaked maize seeds before germination to freezing stress
temperature of 4°C for 16 hours on GO activity, germination and initial growth in the dark were examined with
subsequent transfer of plants to light and the optimal temperature of 26°C (Figure 1). Specific GO activity was
also determined to establish possible correlations between GO activity level and photorespiration. Representative
results on changes in GO activity in maize plants grown from seeds subjected to freezing stress are shown in
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Figure 4. Effect of freezing stress (FS) of —4 °C for 16 h applied to the maize seeds before germination and the
subsequent cultivation of plants from respective germinated seed in soil under controlled laboratory conditions on
glycolate oxidase (GO) activity in leaves during the growth

GO activity is present in both etiolated and green maize tissues. The results show that maize GO differs in the level
of enzymatic activity in the leaves of control and experimental plants (Figure 4). It can be observed that the activity
of GO increases, starting with etiolated sprouts and 6-day-old plants in the dark, reaching the highest value in the
leaves of 6-day-old plants in the light, after which it begins to decrease in the leaves of 8- and 17-day-old plants.
Similar results were obtained in studies with seedlings of C4 plants, such as maize, sorghum and amaranth, where
it was shown that on the 6-7th day of greening, the growth of GO isoform activity in the studied plant species
practically slows down (Iventyev et al., 2005). Also, GO activity in plants germinated from seeds treated by
freezing is at a lower level than in controls (Figure 4). Freezing stress decreased GO activity in dark-grown sprouts
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by 47%, in leaves of 6-day-old plants grown in both dark and light by 39% and 27%, respectively, and in 8- and
17-day-old plants grown in light by 15% and 26%, respectively, compared to the respective controls. Can also be
observed that GO in plants of the same age (6 days) is a light-activated enzyme, the maximum effect being
observed in both the control and experimental leaves grown in the light (=2, 6 and 3 times higher in the control
and experimental variants, respectively), compared to those in the dark (Figure 4). Previous studies (Dmitrieva et
al., 2005) have also demonstrated that GO in maize leaves is functionally active in both green and etiolated plants.
And during the greening period, the activity of GO in maize leaves was noted to increase by 4.9 times.
Comparative analysis of the results on photorespiration intensity (Figure 3 A) and GO (Figure 4) demonstrates
that there is a positive correlation between the activities of these two reactions in maize leaves under stress
conditions. The data on the increase in GO activity in maize leaves, correlating with the intensity of
photorespiration (Figure 3A), as well as with previous results on the content of chlorophyll pigments during the
greening period of plants (Caus et al., 2024), confirm the relationship of this enzyme with photorespiratory
metabolism. Similar results were obtained in studies with C4 plants (Dmitrieva, 2005; Yventyev et al., 2005),
which established a relationship between changes in the activity of GO isoforms and the dynamics of chlorophyll
accumulation.

CONCLUSION

Our results show that exposing of water — soaked maize seeds before germination to freezing stress temperature
of -4°C for 16 hours subsequently weakened polyphenols accumulation and reduced flavonoids content during
maize plant growth.

Freezing stress treatment applied to maize seeds before germination induces processes that decrease the level of
plant photorespiration, total respiration, dark respiration, and glycolate oxidase (GO) activity in the leaves of 17-
day-old maize plants.

GO from maize leaf cells was shown to be a light-activated enzyme. In both control plants and plants grown from
seeds exposed to frost stress, of the same age, when transferred to light, GO activity was 2,6 and 3 times higher,
respectively, than in plants grown in the dark.

Overall, the obtained data suggest that when soaked maize seeds are exposed to freezing stress of -4°C for 16
hours before germination, the cultivated plants subsequently show suppression of photorespiration, total
respiration, dark respiration and glycolate oxidase (GO) activity, which, in this case, may apparently be associated
with a slowdown in the intensity of photosynthetic gas exchange in general.
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