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Abstract. The ascorbate-glutathione cycle (AGC) is a metabolic pathway that detoxifies H,O,, which is
a reactive oxygen species produced as a waste product in metabolism. The cycle involves the antioxidant
metabolites — ascorbate, glutathione, and NADPH, as well as enzymes linking them. We studied the
effect of habitat conditions on the activity of enzymes and contents of metabolites of the ascorbate-
glutathione cycle in Plantago media leaves. The experimental plants grew on the floodplain meadow:
on the sparsely vegetated coastal edge (Site 1) and in the grass stand in the central part of the meadow
(Site 2). The hoary plantain plants growing in Site 1 received twice more light than the plants in Site
2. The ascorbate and glutathione concentrations in leaves of the well-lit plants were 2—3 times higher
than in shaded plants. The maximal levels of these metabolites were observed at midday, when light
intensity and air temperature were increased, and relative humidity was decreased. The activity of AGC
enzymes was changing similarly to the metabolite contents. As a result, the leaves of hoary plantain
plants from the sites with different light levels did not significantly differ in their hydrogen peroxide
concentrations. Our data suggest that the environmental conditions and, above all, the light intensity

fine-tune the operation of AGC in plant leaves.

Keywords: Plantago media, ascorbate-glutathione cycle, enzyme activity, metabolite content, light,
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Bansinue ycjioBuid 00MTaHMSI HA AKTUBHOCTH (DEPMEHTOB
U COAepKAHUE MeTA00JIUTOB aCKOPOAT-IVIyTATHOHOBOI'0 LIUKJIA
B JUCTbAX Plantago media
E.B. Cunauna, T.K. T'oj1oBKO
Hncmumym 6uonocuu Komu nayunoeo yenmpa

Ypanvckoco omoenenuss PAH
Poccuiickas ®@eoepayus, Coikmuviekap

AnHoTanusa. Ackopbar-rnyratuoHoBbid Uk (A'L]) nmpencraBiaser cob6oit MeTabommyecKuit
yTh, OCyIIECTBIsIONINI neTokcudukanno H,O, B pacTUTENbHBIX KJIeTKax. B 1ukie yuacTByoT
HU3KOMOJICKYIISIpHBIE aHTHOKCUIAHTHI ackopOaT u rinyratuod, HAJI®H u psax pepmerTos
(ackopOaTnepokcuasa, Aerugpoackopoarpenykrasa, Iy TaTHOHPEAYKTa3a). Mbl UCCIeN0BaAIH
3aKOHOMEPHOCTH U3MEHEHUSI aKTHBHOCTH (DEPMEHTOB U conepxaHust MetadoinuToB AI'L] B ncThsax
Plantago media (MogOPOKHUK CPEAHU) B 3aBUCUMOCTH OT YCIOBUH MeCTOOOUTaHus. PacTeHus
MIPOU3pACTAIHN Ha IOMEHHOM JYTY: Ha cl1ab0 MOKPBITOH paCTUTEIBHOCTHIO ITIECYaHON OpoBKe OrKe
K peke (ydacTok 1) i B TpaBocToe B LieHTpe Jyra (yuactok 2). Pactenus ydyactka 1 noiyyanu BaBoe Oosblie
CBETa, YeM PaCTeHHs ydacTKa 2. BEIsABIIIN, UTO JTUCTHS XOPOIIO OCBEIAEMBIX PACTEHUH COEpKaIH
B 2-3 pa3sa Gouibliie ackopOaTa ¥ IIyTaTHOHA, YeM JIMCThsl 3aTEHEHHBIX pacTeHuil. MakcuMalibHOe
HakoIuIeHHe (POHIA 3TUX METabO0IMTOB HAOIIOIAIOCh B IO AEHD, KOT/1a OCBEIICHHOCTh U TeMIIepaTypa
Cpe/Ibl MOBBIIIAIICH, & OTHOCHTEIIBHASI BIIAYKHOCTH BO3/[yXa CHHIKAJIACh. YPOBEHb aKTHBHOCTH (DePMEHTOB
B TEUEHHE JHS U3MEHUICS KOMIUIEMEHTAapHO COJEePKaHuIo MeTabonuToB. B pe3ynbrare xopomro
OCBEIIICHHBIC U 3aTCHEHHBIE PACTCHHS HE PA3IMYAJINCh CYIIECTBEHHO M0 COACPIKAHHIO MIEPOKCUIA
BOJIOPOZIA B JINCTHSIX. B 11€710M HAIIM JaHHBIC OKA3bIBAIOT, YTO ()Y HKIIMOHHUPOBAHHE META00INIECKOTO
MyTH, YYaCTBYIOILIETr0 B MOAACP)KAHUH PEIOKC-COCTOSIHUSI (POTOCUHTE3UPYIOIINX KIETOK, 3aBUCHT
OT YCJIOBUH Cpenbl U, IIPEXK/Ie BCEro, HTHTEHCUBHOCTH CBETA, TOHKO PETr'yJINPYIOIIEr0 aKTHBHOCTD

(dbepMeHTOB 1 HakomieHHe MeTaboauToB AL,

KuroueBbie ciioBa: Plantago media, ackopOaT-rilyTaTHOHOBBIH IIUKJI, HePMEHTHI, MCTAOOJIUTHI, CBET,

yciaoBus Cpeabl.

Baaropapuoctu. Pabora BbmomHeHa B paMkax [0COIOMKETHOW HayYHO-MCCIEIOBATEIbCKOM,
OIBITHO-KOHCTPYKTOPCKOW M TEXHOJOTMYECKOH paboThl «DU3HONOrUs M CTpecc-yCTOHYNBOCTD
(doTocMHTE3a pACTEeHHH W MOUKWIOTHAPHYECKHX (oToaBTOTpooB B ycioBuax Cesepa»
(Ne AAAA-A17-117033010038-7).
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Introduction

Plants are constantly adapting to changing
environmental conditions and, above all, any light
that they are exposed to. The most important source
of reactive oxygen species (ROS) in photosynthetic
cells is the chloroplast electron transport chain.
If too much energy is absorbed relative to the
requirements of the photosynthetic process,
the generation of ROS is increased. High light,
especially when combined with other stressors,
leads to the development of photo-oxidative stress
and photoinhibition (Foyer, 2018). In the course
of evolution, plants have developed different
mechanisms to adapt to high photosynthetic photon
flux density. They can adjust the angle of their
leaves and chloroplast localization in the cells to
minimize exposure, decrease chlorophyll content,
and dissipate energy via the xanthophyll cycle and
other energy dissipation processes (Bukhov et al.,
2001; Vogelmann, Gorton, 2014; Ruban, 2015).
Plants can prevent excessive ROS accumulation
and maintain the cell redox balance by regulating
the antioxidant system activity (Halliwell, 2006;
Foyer, 2018).

The ascorbate-glutathione cycle (AGC) is an
important metabolic pathway that functions in the

cytosol, mitochondria, plastids, and peroxisomes

(Asada, 2000). The cycle involves ascorbate (Asc),
glutathione (GSH), NADPH, and enzymes that bind
these metabolites (Fig. 1). Ascorbate peroxidase
(APX) uses two ascorbate molecules to reduce
hydrogen peroxide (H,0,) to water with the
concomitant formation of monodehydroascorbate
(MDA). MDA is a radical with a short life-time, and
can be spontaneously oxidized to dehydroascorbate
(DHA) or reduced by the NADPH-dependent
enzyme monodehydroascorbate reductase
(MDAR) to ascorbate. DHA is reduced rapidly to
ascorbate by dehydroascorbate reductase (DHAR),
the process involving reducing equivalents —
glutathione. NADPH and glutathione reductase
(GR) take part in the reduction of oxidized
glutathione (GSSG) in the cell (Foyer, Noctor, 2011).

AGC is a key mechanism for regulation of
H,0, content in plant cells (Foyer, Noctor, 2011).
H,0, is produced mainly during photosynthetic
and photorespiratory processes, especially when
plants are exposed to strong light. This relatively
stable compound is supposed to play a central
role in orchestrating plant metabolism, as it can
affect expression of many genes and regulate many
processes (Neill et al., 2002; Foyer, 2018).

The aim of our study was to estimate the

effects of habitat conditions on the activities

H,0 A GSSG NADPH
BNV F-NAW\K BV
APX MDAR | | DHAR GR
H,0 PN vy WA=y ZANGN ="~ PG 7y

Fig 1. A scheme of the glutathione-ascorbate cycle (Foyer-Halliwell-Asada pathway)
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of enzymes and contents of metabolites of
the ascorbate-glutathione cycle in Plantago
media L. leaves. For this, we assessed the
daytime changes of ascorbate and glutathione
pools and hydrogen peroxide content. We also
determined the activities of ascorbate peroxidase,
dehydroascorbate reductase, and glutathione

reductase.

Materials and methods

Plant material

P. media (hoary plantain) is a perennial
herbaceous plant of Plantaginaceae family.
Experimental plants grew in the Vym river
floodplain meadow (62°16'19"N, 50°39'29"E).
Plants grew on the sparsely vegetated coastal edge
(Site 1) and in the grass stand in the central part
of the meadow (Site 2). The soil of the meadow is
well-drained sod-layered sandy-sandy loam.

The research was conducted in early July
2018, when plants were in the beginning of the
budding stage. We collected fully developed
leaves from the middle part of the P. media rosette
during the day. We placed the samples from 15-25
plants in a dewar with liquid nitrogen, delivered
them to the laboratory, and stored at —70 °C prior
to the analysis.

Photosynthetic photon flux density (PPFD,
umol m? sv), temperature (T, °C) and relative
humidity (RH, %) at the level of the hoary plantain
leaves were measured with sensors of portable
weather station LI-1400 (LI-COR, USA).

Biochemical analyses

Ascorbate peroxidase (EC1.11.1.11) activity
was determined according to Nakano and Asada
(1981). This method is based on measuring
the optical density of the solution during
the ascorbate oxidation. Dehydroascorbate
reductase (EC1.8.5.1) activity was determined
by calculating the rate of dehydroascorbate

reduction (Hossain, Asada, 1984). The activity

of glutathione reductase (ECI1.8.1.7) was
determined by NADPH oxidation kinetics in
the presence of oxidized glutathione (Foyer,
Halliwell, 1976). Soluble protein content was
determined according to Bradford (1976). All
manipulations with the enzymes were performed
at 4 °C.

The ascorbate content was determined based
on the reduction of Fe* to Fe?* (Kampfenkel et al.,
1995). The glutathione content was determined
according to Queval and Noctor (2007). The
H,0, content was determined according to
Bellincampi et al. (2000).

Statistical analysis

Statistical analysis of the data was performed
using the Statistica 6.1 software («StatSoft Inc.»,
U.S.A)). Data are shown as the mean + standard
error (SE). Normal distribution was confirmed
Shapiro-Wilk test.
compared using analysis of variance (one-way
ANOVA) and Duncan's test. A value of P < 0.05
was considered statistically significant.

using the Means were

Results

Microclimatic conditions in plant habitats

The P. media species is widely represented in
the local flora; it exhibits high morphophysiological
plasticity and ability to form phenotypes adapted
to various environmental conditions. Hoary
plantain plants inhabit floodplain meadows,
roadsides, and sparse forests, and this species is a
pioneer on shallows and limestone outcrops. We
studied plants growing in different locations of
the floodplain meadow.

Hoary plantain plants growing in Site 1
received more light and heat than those in Site 2
(Fig. 2). In this site at midday, the average PPFD
at the level of the hoary plantain leaves was 600—
700 pumol m? s™'. The air warmed up to 23-25 °C.
The plant leaves in Site 2 received 2-3 times

less light. The air temperature was also 3—4 °C
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Fig. 2. Diurnal dynamics of photosynthetic photon flux density (a), air temperature (b), and relative humidity (c)
in Plantago media habitats: () the sparsely vegetated coastal edge (Site 1) and (2) the grass stand in the central

part of the meadow (Site 2)

lower than in Site 1. The relative humidity was
distinctly higher in the second half of the day in
Site 2.

Ascorbate and glutathione contents

Total ascorbate concentration increased by
17 % during the first half of the day in leaves
of plants from Site 1 (Table 1). The reduced
ascorbate dominated in the total ascorbate
pool, amounting to 80 % on average. Ascorbate
concentration decreased slightly after midday.
Ascorbate concentration in the leaves of plants
from Site 2 was lower by a factor of more than
two compared to plants in Site 1 and increased
slightly after midday.

A 30-40 % increase in reduced glutathione

concentration was observed during the first half

of the day in hoary plantain leaves from both sites
(Table 2). The reduced GSH content decreased 3.5
times in the leaves from Site 1 by the nighttime.
Oxidized glutathione constituted 1 % of the total
glutathione pool in the daytime. A significant
increase in the level of oxidized glutathione
concentration was observed in the evening. The
daily changes of the glutathione level in plant
leaves from Site 2 were similar, but the reduced

GSH concentration was lower.

Level of AGC enzyme activities

The ascorbate peroxidase (APX) activity
changed markedly during the day in the leaves
of plants from Site 1 (Fig. 3a). We observed a
1.3-fold increase in APX activity from early

morning to midday and the subsequent decrease.

Table 1. Reduced and oxidized ascorbate concentrations in the leaves of the hoary plantain plants, pmol g! dry

weight
. Site 1 Site 2
Time of Reduced Oxidized Reduced Oxidized
day educe xidize Total content educe xidize Total content
ascorbate ascorbate ascorbate ascorbate
6 29.1 +£0.6*" 5.5+ 0.6 34.0 + 0.6~ 12.0+0.32 5.0+0.6° 17.0 £ 0.5*
13 34.3 +£ 1.5 8.4 +£0.8" 41.4 £2.0" 12.4+£0.22 4.8 +0.4° 17.7£0.22
22 30.8 £ 0.6~ 8.3+ 1.2 39.9 + 1.3% 13.9 £ 0.6° 54+07° 19.3 £1.0°

Asterisks indicate significance of differences of Site 1 from Site 2. Different superscript letters denote statistically significant

changes throughout the day (P < 0.05; Dunkan-test).
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Table 2. Reduced and oxidized glutathione concentrations in the leaves of hoary plantain plants, pmol GSH g

dry weight
i Site 1 Site 2
Time o R educed  Oxidized Reduced  Oxidized
da educe xidize educe xidize
Y glutathione glutathione Total content glutathione glutathione Total content

6 5.6 +0.9% 0.05+0.01% 57+0.5¢ 22+0.5 0.08 +£0.01° 2.3+0.3°
13 9.3+ 1.5" 0.09 +0.01* 9.4+ 04" 3.2+1.3° 0.13 £ 0.01° 33+0.1°
22 2.6+£0.1° 0.45+0.01* 29+0.5¢ 1.9 +£ 0.2 0.51 +0.01° 24+£0.1°

Asterisks indicate significance of differences of Site 1 from Site 2. Different superscript letters denote statistically significant

changes throughout the day (P < 0.05; Dunkan-test)
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Fig. 3. Ascorbate peroxidase (a), dehydroascorbate reductase (b), and glutathione reductase activities (c) in the
leaves of hoary plantain plants from Site 1 (light columns) and from Site 2 (dark columns). Asterisks indicate
significance of differences of Site 1 from Site 2. Different superscript letters denote statistically significant

changes throughout the day (P < 0.05; Dunkan-test)

The daytime course of the APX activity in the
leaves of hoary plantain from Site 2 was similar,
but the level of the APX activity was lower by
20 %.

The level of dehydroascorbate reductase
(DHAR) activity increased from early morning
to midday by 40 % in the leaves of plants from
Site 1 (Fig. 3b). No significant daily changes in the
activity of this enzyme were observed in plants
from Site 2. The level of the DHAR activity in
leaves of hoary plantain from Site 2 was lower
compared to plants from Site 1.

The level of glutathione reductase (GR)
activity did not change during the day in the
leaves of plants from Site 2, while in the plants
from Site 1 it decreased by 30 % by the nighttime
(Fig. 3c). During the daytime, the level of the

GR activity in leaves of plants from Site 1 was

slightly higher than in the leaves from Site 2.

Hydrogen peroxide content

The habitat conditions did not have a
significant effect on the H,0, concentration in
the leaves of hoary plantain (Fig. 4). In both sites,
the concentration of H,O, in the daytime was
30—40 % higher than in the nighttime, but plant
leaves from Site 2 contained slightly less hydrogen

peroxide compared to plants from Site 1.

Discussion

Peroxide is produced mainly during
photosynthetic and photorespiratory processes,
especially when plants are exposed to strong

light. From our experiments it is obvious that
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Fig. 4. Hydrogen peroxide concentration in the leaves of hoary plantain plants from Site 1 (light columns) and from
Site 2 (dark columns). Asterisks indicate significance of differences of Site 1 from Site 2. Different superscript
letters denote statistically significant changes throughout the day (P < 0.05; Dunkan-test)

the leaves of hoary plantain plants from the sites
with high and low light did not differ significantly
in hydrogen peroxide concentration (Fig. 4).
Presumably, this may be the result of ascorbate-
glutathione cycle activity, which is an important
metabolic pathway for detoxification of hydrogen
peroxide (Asada, 2000). The ascorbate peroxidase
reaction is the first in AGC. This enzyme uses
ascorbate to reduce H,0, to water. Our data show
that leaves of the plants receiving more light
contained twice as much ascorbate compared to
the shaded plants from Site 2.

Ascorbate is a
The

ascorbate are related to the one-electron cyclic

low-molecular-weight
antioxidant. antioxidant properties of
transformation between the reduced and oxidized
forms of this metabolite (Foyer, Noctor, 2011).
Ascorbate reacts directly with H,0,, NOe, and
0O, and can break the chain reactions of oxidation
of organic molecules. Ascorbate takes part in
the reduction of other low-molecular-weight
antioxidants (o-tocopherol, glutathione, phenolic
compounds) (Smirnoff, 2000; Radyukina et al.,
2019). Ascorbate is a substrate for ascorbate
peroxidase in cytosol and chloroplasts (Foyer,
Noctor, 2011). Ascorbate plays an important role
in photoprotection as a cofactor of violoxanthin

de-epoxidase in the xanthophyll cycle (Conklin,

2001), and as key regulator of anthocyanin
synthesis (Plumb et al., 2018). Previously, we
showed that the hoary plantain plants from open
habitats had the higher level of xanthophyll cycle
pigment conversion compared to shaded plants
(Golovko et al., 2012).

The daytime changes in the ascorbate
content were detected in hoary plant leaves. Our
results are consistent with the data reported by
other authors (see review of Foyer, Noctor, 2011).
The reduced form of ascorbate was dominant
in the total ascorbate pool of the leaves from
both sites, indicating the effective operation
of the regeneration systems of this metabolite.
As is well known, in addition to the de novo
synthesis, the oxidized form of ascorbate is
reduced in glutathione-dependent reaction with
dehydroascorbate reductase (DHAR). According
to our data, DHAR activity was higher in the
leaves of plants from Site 1, where the lighting
was twice higher. This indicates the importance of
maintaining a high level of the reduced ascorbate
in the photosynthetic cells under the high light
condition. The analysis of the results revealed the
presence of a statistically significant correlation
(r = 0.98) between the ascorbate concentration
and the DHAR activity in the leaves of P. media

from Site 1.
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Glutathione is an electron donor for DHAR.
Glutathione is able to reduce the sulfhydryl
groups of proteins after their oxidation by H,O,.
Glutathione is an important participant in redox
signaling (Foyer, Noctor, 2011). The results of
our experiments showed that the leaves of P.
media from Site 1 contained significantly more
glutathione than the leaves of shaded plants from
Site 2. These data can indicate the importance
of this

homeostasis of the photosynthetically active

metabolite for maintaining redox
cells. The accumulation of glutathione in the
leaves of plants from Site 1 may be due to their
active photorespiration. As is well known, glycine
formed during the photorespiration is a substrate
to the GSH biosynthesis (Rakhmankulova, 2018).

According to our data, the reduced glutathione
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