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Abstract—The ability to maintain the balance between the absorbed light energy and energy used in photo-
synthesis is a key factor of plant adaptation to variable environmental conditions. In this work, diurnal varia-
tions in photosynthesis, respiration, thermal energy dissipation, and the activity of the antioxidant system
were studied in hoary plantain (Plantago media L.) growing on an open slope (sun plants) and under natural
shading in the herbage (shade plants). The highest leaves net photosynthetic rate (Pn) was observed early in
the morning and amounted to 2.6 and 9.2 umol COQ/m2 s in shade and sun plants, respectively. In the day-
time, the Pn values of sun plants decreased significantly (threefold) along with the decrease in stomatal con-
ductance; changes of both parameters developed concurrently with the increase in insolation and air tem-
perature. The Pn changes in leaves of shade plants were less pronounced and weakly dependent on stomatal
conductance. The leaves of shade plants contained comparatively high amounts of soluble carbohydrates,
whereas the sun plant leaves accumulated larger amounts of starch. In the daytime, nonphotochemical
quenching (NPQ) of chlorophyll a fluorescence in photosystem II of sun plant leaves could be as large as
2.6 rel. units, which was four- to fivefold higher than NPQ in shade plants. In leaves of sun plants in the
morning and evening hours, the ratio of cytochrome pathway (CP) and the alternative (AP) respiratory path-
ways was approximately 1.0, whereas this ratio decreased to 0.4 during the day, synchronously with an
increase in NPQ. The CP/AP ratio in shade plant leaves remained constant throughout the diurnal cycle and
equaled 1.4, indicating a comparatively high energy efficiency of respiration in shaded plants growing under
the grass canopy. The leaves of sun plants featured an increased content of superoxide anion radical and
hydrogen peroxide as well as the elevated activity of antioxidant enzymes (superoxide dismutase, guaiacol
peroxidase) that control the accumulation of reactive oxygen species. The results emphasize the importance
of coordinated changes in energy-dissipating processes and the activity of the antioxidant system for main-
taining the energy and redox balance in phototrophic tissues during long-term adaptation of plants to envi-
ronmental conditions, excessive insolation in particular.
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INTRODUCTION

The plasticity of a genotype, i.e., the plants’ ability
to acquire different phenotypes, is of key importance
for plant adaptation to diverse environmental condi-

Abbreviations: AP—alternative respiratory pathway; CP—cyto-
chrome respiratory pathway; ETC—electron transport chain;
ETR—electron transport rate; GPX—guaiacol peroxidases;
NPQ—nonphotochemical quenching of chlorophyll a fluores-
cence; PAR—photosynthetically active radiation; Pn—net pho-
tosynthesis; PPFD—photosynthetic photon flux density;
PSII—photosystem II; PSA—photosynthetic apparatus; ROS—
reactive oxygen species; SLW—specific leaf weight; SOD—
superoxide dismutase; TBARS—thiobarbituric acid reactive
substances; V ,—rate of cytochrome respiration; V,—rate of
alternative respiration; WUE—water use efficiency.

tions [1]. Many plant species form sun and shade phe-
notypes that differ in anatomical and morphological
features and functional properties. The phenotypic
polymorphism allows plants to efficiently use light
energy of different intensities and prevent the photo-
oxidative stress development upon excessive insola-
tion. Photooxidative stress results from the imbalance
between the absorption and the use of light energy,
which is accompanied by the increased generation of
reactive oxygen species (ROS) and inhibition of pho-
tosynthesis [2]. The excessive ROS destroy the photo-
synthetic apparatus (PSA) components and inhibit the
repair of proteins in photosystems [3]. In other words,
photoinhibition is result of the imbalance between the
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rates of PSA photodestruction and PSA repair, pri-
marily, the repair of photosystem II (PSII).

Plants have developed various ways to protect PSA
from photoinhibition [4—7], such as the partial ther-
mal dissipation of the absorbed light energy, the acti-
vation of alternative electron flows (water-water cycle
and cyclic electron flow around PSI), and the
enhancement of photorespiration. Recently, consider-
able evidence has appeared on the involvement of
mitochondrial respiration in maintaining the energy
and redox balance of phototrophic cells [8, 9]. The
alternative oxidase (AOX) prevents excessive ROS
generation in the mitochondrial electron-transport
chain (ETC) and enhances plant resistance [10] by
shunting electron outflow from NAD(P)H for direct
reduction of O, to H,O. The risk of oxidative stress
under certain conditions determines the increasing role
of the antioxidant system that controls pro-/antioxidant
homeostasis and the cellular ROS content [11]. How-
ever, the operation of cellular mechanisms as a unified
complex of complementary processes that maintain
the redox balance and protect PSA is far from being
fully understood. This is especially true for the inter-
action of chloroplast and mitochondrial energy-dissi-
pating systems during plant adaptation to stress [12]. It
should be also pointed out that the influence of light
on AOX activity was mainly examined in short-term
experiments in which the seedlings or young plants
were transferred from low to high light [13, 14].

The aim of this work was to conduct comparative
studies of the diurnal dynamics of photosynthesis, res-
piration, thermal energy dissipation, and the pro-
/antioxidant status of Plantago media L. leaves in hab-
itats with contrasting light regimes in order to reveal
the role of physiological mechanisms in long-term
adaptation to growing conditions.

MATERIALS AND METHODS

Plant material and characteristics of plant habitats.
Plantago media L. (hoary plantain) is a widely distrib-
uted perennial herbaceous plant with a taproot, which
belongs to the Plantaginaceae family. In the European
northeast of Russia, it occurs in sparse forests, flood-
plain meadows, on waste grounds, sandy soils, and on
limestone outcrops. It should be noted that the species
of the genus Plantago are characterized by high genetic
and morphophysiological plasticity. We previously
showed the role of environmental factors in the adap-
tive differentiation of phenotypes and in the manifes-
tation of genetic polymorphism in Plantago media L.
plants under natural conditions [15]. On this basis, we
have chosen P. media as the model object of this study.

Field studies were performed in the South Timan,
in the valley of the middle reaches of the Soiva River
(62°45" N, 55°49” E), in the first half of July 2010—
2014. South Timan belongs to the Atlantic—Arctic
region of the temperate climatic zone. It is character-
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ized by a temperate continental climate with long win-
ters and short relatively warm summers. The average
annual temperature is —1.5°C; the average tempera-
ture of the warmest month July is +16°C. The length
of a growing season is approximately 130 days. The
amount of precipitation during the active growing sea-
son is approximately 250 mm. The weather conditions
during the research period (according to the data of
the open weather archive www.rp5.ru) generally corre-
sponded to the long-term average values of the
regional climate.

Cenopopulations of P. media were located on (1) an
open, scarcely overgrown talus slope from the water-
shed to the floodplain terrace (sun plants) and (2) at
the foot of the slope in dense herbage (shade plants).
The soils in the plant habitats were formed on a gravel-
fine-earth layer with a shallow underlayment of large
fragments of carbonate rocks. The humus-accumula-
tive soil horizon was continuous at the foot of the
slope, while it was poorly developed and discontinu-
ous on the slope.

The microclimatic conditions in the habitats were
measured using an multipurpose datalogger LI-1400
equipped with light, temperature and relative humid-
ity sensors (LI-COR, United States). The intensity of
photosynthetically active radiation (PAR), tempera-
ture, and air humidity were recorded close to leaves.
On cloudless days, the solar radiation incident on
plants on an open slope was almost an order of magni-
tude higher than that received by plants in the herbage
(Fig. 1a). Differences in the light regime of habitats
were noted in all years of research, irrespective of
weather conditions during the growing season. It
should also be noted that high light on the slope led to
stronger heating of air and a noticeable decrease in air
humidity (Figs. 1b, 1c¢).

Parameters of induced photosystem II chlorophyll a
fluorescence were measured using a PAM-2100 fluoro-
meter (Walz, Germany).The minimum (F;) and maxi-
mum (F},)) fluorescence yields were measured after pre-
liminarily dark adaptation of leaves for 30—40 min. In
leaves adapted to actinic light, we determined the sta-
tionary (£;), minimal (F;), and maximum (F},) fluo-
rescence yields. All measurements were performed in
20—30 replicates. Parameters characterizing the func-
tional status of PSII were calculated and interpreted
according to Goltsev et al. [16]. The maximum
(F,/F,) and effective (@pg;) quantum yields of PSII
photochemical activity and the values of nonphoto-
chemical quenching (NPQ) were calculated from the
formulas given below and expressed in relative units:

E//Fm:(Fm_Fz))/Fm: (1)
D)y = (Fn — E)/Fn'q > (2
NPQ = (£, — F)/ Fi. 3)
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The electron transport rate (ETR) through PSII (a)
(expressed in umol/m? s) was calculated as 2000

ETR = @, x PPFD x 0.5% 0.84, (4)

where PPFD is the photosynthetic photon flux den-
sity (umol/m? s), 0.84 is the coefficient of absorption
of incident light by the leaf, and 0.5 is the coefficient
corresponding to even distribution of excitation energy
between PSI and PSII.

CO, exchange and leaf transpiration. The measure-
ments were carried out using an ADC LCPro+ porta-
ble photosynthesis system (ADC BioScientific, United 400 -
Kingdom) under natural lighting and temperature.
Leaves were placed in a clamp chamber for 2—3 min.
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slope and in the herbage, respectively. The rates of net 40 -

CO, uptake (Pn) and transpiration (E) were calculated
automatically from the difference between the instru-

ment readings in the presence and in the absence of O 30r
leaf in the chamber. S 7
The rate of CO, net uptake was calculated from the é
formula 5 20+
o
Pn = u, X Ac, (5) 5 2
where ug is the rate of air flow in the leaf chamber, 5 10k
mol/m? s, and Ac is the difference in CO, concentra-
tions in the chamber without a leaf and with a clamped
leaf, umol/mol. 0

The leaf transpiration rate (E) was determined by 6:00 8:00 10:00 14:00 18:00 22:00
the formula ©
C

E = (Aexu)/p, (6) 100

where Ae is the difference between water vapor pres-
sures in the chamber with and without a leaf, expressed 80|
in mbar; ug is the rate of air flow in the leaf chamber,
mol/m? s; and p is atmospheric pressure, mbar.

The rate of water vapor flow through the stomata
(stomatal conductance, gs) was calculated as the
reciprocal of the stomatal resistance (gs = 1/rs). Sto-
matal resistance, in turn, was found by the formula

rs = ((W—wm)/E)—rb, )

where w and wm are concentrations of saturated water
vapor in the chamber in the presence and in the ol . . . . .
absence of leaf, mol/mol; F is the rate of leaf transpi- 6:00 8:00 10:00 14:00 18:00 22:00
ration, mol H,0/m? s; and rb is the resistance of the Time of the day, h
boundary layer for water vapor, m? s/mol H,O.

The determinations were made in four to five bio-
logical replicates.

Respiration rate and contributions of individual
respiratory pathways. The rate of leaf respiration was
determined polarographically from O, uptake at 20°C

60 -

Relative humidity, %

20 -

Fig. 1. Diurnal dynamics of (a) photosynthetic photon flux

using an Oxytherm system (Hansatech Instruments, density (PPFD), (b) air temperature, and (c) relative
United Kingdom). Leaf cuts from the middle part of humidity in Plantago media distinct habitats: (/) an open
freshly harvested leaf blades were placed in the reac- slope and (2) under a grass canopy. Average data represent
. .. the results of multiyear measurements for the warmest
tion vessel Contalnlng HEPES buffer (50 mM, pH 72, cloudless days in July (2010—2014).
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Helicon, Russia). The samples were constantly stirred
during the measurements. Activities of individual
respiratory pathways were determined with the use of
specific inhibitors, whose optimal concentrations
were chosen in preliminary experiments. An § mM
solution of salicylhydroxamic acid (SHAM) (Lan-
caster, United Kingdom) was used as an inhibitor of
alternative oxidase (AOX). Cytochrome oxidase activ-
ity was inhibited with 2 mM KCN solution (Sigma,
United States). The total rate of oxygen uptake was
expressed as the sum of individual components and
expressed in nmol O,/g DW min:

Vt =V;11l+V +Vres>

cyt

(®)

where V is total respiration; V,,, is alternative respira-
tion sensitive to SHAM, an inhibitor of alternative oxi-
dase; V., is cyanide-sensitive (cytochrome-depen-
dent) respiration; and V. is the residual respiration
recorded in the presence of inhibitors for the alterna-
tive pathway (AP) and the cytochrome pathway (CP).
The determinations were carried out in five to eight
biological replicates.

The energy efficiency of leaf respiration was quan-
tified with the coefficient Y rp gcose that characterizes
the efficiency of ATP yield during glucose oxidation.
For these estimates, we took into account the contri-
bution of CP and AP to total respiration using the
coefficients given in [17]. Provisionally, the amount of
O, consumed in respiration was expressed in equiva-
lents of the respiratory substrate. According to the bal-
ance equation, the respiratory uptake of 1 mg of O, is
equivalent to the oxidation of 0.937 mg of glucose.

Sampling of plant material for biochemical analyses.
To determine the content of carbohydrates, lipid perox-
idation products, and the activity of antioxidant
enzymes, functionally mature leaves were selected from
the middle part of the rosette of 15—20 plants. The sam-
ples were fixed in liquid nitrogen and stored at —78°C.

Determining the content of soluble carbohydrates
and starch. Soluble carbohydrates were extracted with
70% ethanol. The extracts were evaporated to an aque-
ous residue and purified from contaminations by
solid-phase extraction using Diapak-amine concen-
trating cartridges (BioChemMak, Russia). Chromato-
graphic analysis of carbohydrates was carried out with
a 250 X 4 mm Diasfer-130-AMIN column, grain size
6 um (BioKhimMak, Russia), using a refractometer as
a detector. Acetonitrile/water mixture (70/30, v/v) was
used as an eluent; the elution rate was 2.0 cm?/min. The
calibration curve was plotted using a commercial glu-
cose sample as a standard (Sigma, United States). The
starch content was determined by spectrophotometry
after completing the reaction of an aqueous solution of
polysaccharide with iodine in the presence of potas-
sium iodide.

Evaluation of the pro-/antioxidant status of leaves.

The activity of lipid peroxidation was assessed by the
content of thiobarbituric acid reactive substances
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(TBARS) [18]. The amount of TBARS was calculated
on the basis of the extinction coefficient after subtract-
ing nonspecific absorbance at 600 nm. The H,0, con-
tent was determined using xylenol orange [19]. The
specificity was tested by the inhibition of H,O, forma-
tion upon the addition of catalase (Sigma, United

States). The content of superoxide anion radical (O3)
was estimated from its ability to reduce nitroblue tetra-

zolium (NBT) [20]. To test the specificity of O, gen-
eration, the samples were supplemented with a com-
mercial preparation of superoxide dismutase (Sigma,
United States) that inhibits superoxide generation by
80—90%.

The activity of superoxide dismutase (SOD) was
assayed from the ability of the enzyme to suppress the
photochemical reduction of NBT [21]. The activity of
guaiacol peroxidase (GPX) was determined by a
method based on the oxidative conversion of guaiacol
to the colored tetraguaiacol compound [22]. The con-
tent of soluble protein was assayed according to Brad-
ford [23] using BSA as a standard. Protein isolation
procedures were carried out at 4°C.

Anatomical and morphological parameters were
determined on cross sections from the middle part of
the blade of functionally mature freshly harvested
leaves (ten leaves, one leaf per plant). Sections were
immersed in glycerol and examined under an Axiovert
200 M microscope (Carl Zeiss, Germany). Morpho-
metric parameters of tissues and cells were assessed by
image analysis using the Carl Zeiss Vision program
(Carl Zeiss, Germany). The specific leaf weight
(SLW)—dry weight per unit leaf surface arca—was
determined with leaf blades sampled from 30 plants in
each habitat.

Statistical data processing. Statistical data process-
ing was performed using a Statistica 10 program (Stat-
Soft Inc., United States). Significant differences
between the mean values of the measured parameters
were revealed using a one-way analysis of variance,
ANOVA (Duncan’s test). The accordance of data dis-
tribution to normality was assessed using the Shapiro-
Wilks test. Calculations were performed at a given sig-
nificance level of P < 0.05. Tables and figures show
mean values and their standard errors.

RESULTS
Anatomical and Morphological Characteristics of Leaves

At the time of research (the first ten days of July),
P. media plants had a well-formed rosette with five to
eight leaves and were in the flowering phase. The
plants growing on an open well-lit slope had thicker
leaf blades. The thickness of palisade mesophyll in
leaves of sun plants was 112 um on average, which is
one-quarter thicker than in shade plants (Table 1).
The leaves of plants growing in dense herbage were
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Table 1. Morpho-physiological parameters of Plantago media leaves in habitats with high (sun plants) and low (shade

plants) light

Index Sun plants Shade plants
Number of palisade mesophyll layers 2.5+0.12 21+0.1°
Height of palisade mesophyll cells, pum 539+ 1.6* 452 +2.0°
Width of palisade mesophyll cells, pm 29.2 £ 1.12 341+ 1.3°
Thickness of palisade mesophyll, um 112 £ 52 83+ 3b
Leaf thickness, pm 258 + 32 238 + 3b
Specific leaf weight (SLW), g/dm? 0.81 £0.02?2 0.51 +£0.02°

Different superscript symbols indicate statistically significant differences between the sun and shade plants (ANOVA, Duncan’s test,

P<0.05).

Table 2. Diurnal dynamics of soluble carbohydrates and starch in leaves of Plantago media growing in habitats with high (sun

plants) and low (shade plants) light

Time . . . Starch/glucose
of the day, h Monosaccharides, mg/g| Disaccharides, mg/g| Glucose, mg/g Starch, mg/g ratio
Sun plants
6:00 85.7 £ 2.0b% 7.0£2.32 83.5 & 4.5b* 27.5 £ 2.6%* 0.33
14:00 95.1 + 3.8%* 9.2+£0.32 93.5 +4.9¢* 35.2 £ 5.2%* 0.38
18:00 104.7 £ 2.82* 8.4+£0.6% 103.8 £ 3.73* 24.1 £ 6.0%* 0.23
23:00 104.0 + 1.2%* 6.5 & 0.4%* 103.7 £ 2.2%* 26.5+£5.72 0.26
Shade plants
6:00 119.9 + 4.32 7.1+£0.72 116.6 £ 9.62 14.1 £0.6% 0.12
14:00 111.5+2.32 7.8 +0.82 108.8 £ 3.62 12.8 £3.22 0.12
18:00 172.6 £ 9.5¢ 10.4 £ 0.6° 166.9 £+ 21.7¢ 50.8 £ 7.6° 0.31
23:00 138.7 £ 1.2° 79 £0.12 133.8 + 1.0° 21.3+3.1° 0.16

Different superscript symbols denote statistically significant differences in the diurnal cycle; asterisks indicate significant differences
between the sun and shade plants (ANOVA, Duncan’s test, P < 0.05).

thinner and characterized by a lower specific leaf
weight (SLW).

Content of Soluble Carbohydrates and Starch

In the composition of soluble carbohydrates in
leaves of P. media, monosaccharides (glucose, fruc-
tose) and disaccharides (sucrose and maltose) were
identified. Monosaccharides accounted for 90—95%
of the soluble carbohydrate pool (Table 2). Glucose
dominated among monosaccharides, accounting for
approximately 95% of their total content. The content
of glucose in leaves of shade plants was higher than in
leaves of sun plants. The amount of glucose in plant
leaves from both habitats increased by the evening.
The concentration of starch in leaves of sun plants did
not change significantly during the day and was
30 mg/g DW average. In the first half of the day, the
starch content in leaves of shade plants was two times
lower than in leaves of sun plants. It increased by more
than 3.5 times by the evening and reached 5% of the
leaf dry weight but decreased rapidly during the night.

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:

The starch to glucose ratio in leaves of sun plants was
significantly higher than in leaves of shade plants,
especially in the morning and night hours.

Pro-/Antioxidant Status of Leaves

The content of H,0, and O in leaves of sun plants
was 15—30% higher on average than in shade plant
leaves (Fig. 2). These differences in ROS content
became already noticeable in the morning hours and
persisted until the night. The highest accumulation of
ROS was observed in the midday hours. The content
of lipid peroxidation products changed during the day
in a similar manner. The leaves of sun plants accumu-
lated 10% more TBARS on average than the leaves of
shade plants.

The levels of SOD and GPX activity were signifi-
cantly (by 15—20% on average) higher in sun plants than
in shade plants (Fig. 3). The maximum activity of anti-
oxidant enzymes in sun plants was observed in the day-
time. In leaves of shade plants, the diurnal dynamics of
SOD and GPX activities was weakly pronounced.
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Fig. 2. Diurnal dynamics in the content of (a) lipid peroxi-
dation products, (b) superoxide anion radical, and (c) H,O,
in Plantago media leaves. (I) sun plants; (2) shade plants.
Letters indicate statistically significant differences through-
out the day; asterisks indicate significant differences
between the sun and shade plants at different times of the
day (ANOVA, Duncan’s test, n =3, P<0.05).
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Fig. 3. Daily dynamics of activity of (a) superoxide dis-
mutase and (b) guaiacol peroxidase in leaves of Plantago
media. (1) sun plants; (2) shade plants. Letters indicate sta-
tistically significant activity changes during the day; aster-
isks indicate significant differences between the sun and
shade plants at different times of the day (ANOVA, Dun-
can’s test, n = 3, P<0.05).

CO, Exchange and Leaf Transpiration

The field assays of CO, exchange in P. media leaves
allowed us to compare the plants from different habi-
tats in terms of CO, assimilation and transpiration
activities (Table 3). The highest rate of net photosyn-
thesis (Pn) in sun plant leaves was observed in early
morning hours at moderate light intensity and tempera-
ture. The Pn rate decreased threefold at noon, despite
the increase in photon flux density. The low Pn rate also
persisted in the afternoon. In the evening hours, the Pn
rate declined further, along with the decrease in natural
light. Following sunset (after 20:00 solar time), the
apparent CO, uptake stopped completely. The rate of
Pn in leaves of shade plants in morning hours was
three to four times lower than in sun plants, remained
stable in the first half of the day, and decreased later on
along with the attenuation in irradiance. The transi-
tion from CO, uptake to CO, release was observed
1—1.5 h earlier in shade plants than in sun plants
because the lighting reduced faster under the grass
canopy than on an open slope.

In the daytime, the leaf transpiration was 2.5 times
larger in sun plants than in shade plants; these differ-
ences were smoothed out when the evaporation rate
decreased by night. The highest evaporation rates in
both habitats were noted around noon (Table 3) when
the solar irradiance and temperature were high and
relative humidity was low (Fig. 1). In early morning
hours, the stomatal conductance (g,) for water vapor
was 0.2 and 0.3 mol H,0O/m? s in shade- and sun plants,
respectively; it decreased substantially throughout the
daylight hours. When the apparent uptake of CO,
ceased after sunset, the conductance g, tended to
increase. The leaves of sun- and shade plants differed
in photosynthetic water use efficiency (WUE). In early
morning hours, the ratio of net photosynthesis and
evaporation rate, i.e., WUE, was 45% higher in leaves

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69:115 2022
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Table 3. Diurnal dynamics of CO, net uptake (Pn), transpiration (E), stomatal conductance (g;), and water use efficiency
(WUE) in Plantago media leaves from habitats with high (sun plants) and low (shade plants) light

Time of the day, h Pn, umol COz/m2 S E, mmol H20/m2 S g, mol H2O/m2 S g(\f)lj/li;gr]:(;(l)
Sun plants

4—6 9.23 £+ 0.36%* 4.34 +0.23* 0.30 = 0.01¢* 2.92 +0.20%*
10—12 3.11 £ 0.34%* 6.55 + 0.27¢* 0.15 +0.01°* 0.70 + 0.10°
15—-17 2.60 + 0.30%* 1.02 £ 0.04** 0.07 = 0.0032* 2.53 £0.30?
20-22 —1.45 +0.215* 0.60 £ 0.072* 0.09 £ 0.01#* -

Shade plants

4—6 2.62 £0.272 1.67 £ 0.08° 0.21 £ 0.02° 1.57 £0.32
10—12 2.22+0.22° 2.55+0.18° 0.08 +0.01° 0.93 £0.5%
15—-17 1.13 £ 0.35°¢ 0.37 £ 0.022 0.03 = 0.002? 3.39+1.3°
20-22 —1.2£0.19° 0.45+0.06* 0.07 + 0.0042° -

Different superscript symbols denote statistically significant differences in the diurnal cycle; asterisks indicate significant differences
between the sun and shade plants (ANOVA, Duncan’s test, P < 0.05).

of sun plants than in shade plants. These distinctions
primarily reflected the different photosynthetic activ-
ities of sun and shade leaves rather than variations in
transpiration rates. In the midday, when net photosyn-
thesis became depressed and evaporation increased, the
WUE value decreased fourfold in sun plant leaves and
by a factor of 1.7 in leaves of shade plants that had more
stable photosynthesis. In the afternoon, a 3.6-fold
increase in WUE was noted in both plant types, which
was largely due to the decrease in transpiration rate
rather than to changes in Pn.

Chlorophyll Fluorescence Parameters

Field measurements of maximum photochemical
efficiency of PSII in leaves of sun- and shade P. media
plants showed that the F,/F,, ratiowas nearly 0.8 in
early morning hours (Fig. 4). During the day, the
F,/F,, values decreased by 10—25% and equaled 0.62
and 0.71 in the sun and shade plants, respectively.
After sunset, the F,/F,, value increased to 0.8.

In the daytime, at high light and air temperature, a
significant part of the light energy absorbed by sun
plant leaves was dissipated in the form of thermal radi-
ation. The parameter of nonphotochemical quenching
(NPQ) was as high as 2.3—2.6. In this case, the effec-
tive quantum yield (®pg) did not exceed 0.22. In
shade plant leaves where PPFD was five to ten times
lower, the ®pg; was threetimes higher and NPQ was
five times smaller than the respective parameters in
sun plant leaves. The electron transport rate (ETR)
through PSII in sun plants in the daytime at full irra-
diance was threetimes higher than in shade plants and
amounted to 80—100 umol/m?s.

Respiration and Involvement
of Energetically Inefficient Alternative Pathway

The respiration in shade leaves was more intense
than in sun leaves, especially in the first half of the day
(Table 4). By the end of the day, the difference in O,
uptake rates in plant leaves grown under different con-
ditions reduced noticeably but remained statistically
significant. The decrease in leaf respiration was more
strongly pronounced in shade plants. The rate of O,
consumption by shade plant leaves at night was two-
fold lower than in the morning.

The rate of respiration through the cytochrome
pathway (V,,,) in leaves of sun plants during daytime
was 1.5 times on average lower than in the morning
and evening; the contribution of the cytochrome path-
way (CP) to total respiration in daytime did not exceed
25% (Fig. 5). The diurnal changes in the rate of alter-
native respiration (V,,) were characterized by the
opposite dynamics. The V,; value increased in day-
time, so that the contribution of the alternative path-
way (AP) to total respiration reached 60%. In the
shade plant leaves, the dynamics of V,,, was similar to
the pattern of total respiration V. The contribution of
the cytochrome pathway to the total O, uptake was
near 45%. The rates of V,;, changed in a similar man-
ner, and the contribution of the alternative pathway to
total respiration was 35% on average. Irrespective of
the plant growing conditions, the contribution of
residual respiration (V) was 15—17% of the total O,
uptakeon average.

Despite significant changes in respiration rates, the
Vey/ Vay ratio in leaves of shade plants remained almost
constant in the diurnal cycle and amounted to 1.3
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Fig. 4. Diurnal dynamics of (a) maximum quantum yield, (b) effective quantum yield of PSII, (c) nonphotochemical quenching,
and (d) electron transport rate through PSII in Plantago media leaves. (1) sun plants; (2) shade plants. Different letters indicate
statistically significant differences in the analyzed parameters during the day; asterisks indicate statistically significant differences
in parameters between the sun and shade plants at different times of the day (ANOVA, Duncan’s test, » = 30—50, P < 0.05).

(Table 4). In sun plants, the cytochrome respiration

was suppressed in the daytime, while the alternative
respiration increased; therefore, the V,,/V,, ratio
decreased to 0.4 during the day and became 2.5 times

lower than in the morning and evening hours.

DISCUSSION

We examined microclimatic conditions in habitats
(Fig. 1) as well as the functional parameters of energy
and carbon metabolism in P. media plants that were

long-time adapted to different light levels. Under

Table 4. Diurnal dynamics of total (V), cytochrome (V,,), alternative (Vy), and residual respiration (V) of Plantago media
leaves from habitats with high (sun plants) and low (shade plants) light, nmol O,/g DW min

Time of the day, h

Parameter 6:00 10:00 14:00 22:00
Sun plants
|2 1399 + 126°* 1483 + 95b* 1116 + 332 1035 + 362+
Vet 606 + 111°* 364 £ 71%* 276 + 27%* 421 + 413b*
Ve 582 + 512b% 865 + 49° 704 + 320% 445 + 792
Vies 211 = 42bcx 254 + 9% 135 + 8% 169 + 2220
Veyt/ Vart 1.1+0.3 0.4 £0.1% 0.4 +0.18 1.1£0.3
Shade plants
v 2413 + 190 2533 & 148° 1534 + 622 1275 + 492
Veyt 1137 £+ 192° 1159 + 123° 689 + 442 594 + 362
Ve 857 + 78° 887 + 96° 536 + 132 471 £ 302
Vies 419 + 47b¢ 486 + 57¢ 309 & 172 209 + 202
Vey/ Vart 1.4 + 0.4 1.4+0.32 1.3+0.12 1.3+0.12

Different superscript symbols denote statistically significant differences in the diurnal cycle; asterisks indicate significant differences
between the sun and shade plants (ANOVA, Duncan’s test, P < 0.05).
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direct solar radiation of the open slope of southeastern
exposure, the day air temperature rose to higher levels
and relative humidity was noticeably lower than under
the grass canopy, in the habitat of shade plants.

The light intensity close to leaves of sun plants was
an order of magnitude higher than in shade plants;
these plants differed in the diurnal dynamics of photo-
synthesis (Table 3). The highest values of net CO,
uptake in sun plant leaves were noted in the morning
at moderate lighting, temperature, and comparatively
high relative humidity. A substantial suppression of Pn
in the daytime at high photon flux density and elevated
temperature was due to the decrease in stomatal con-
ductance, which is confirmed by a statistically signifi-
cant positive relationship between the above parame-
ters (r=0.68, P < 0.01). Apparently, the leaves of sun
plants could not fully utilize available light energy for
the photosynthesis because of the need to save water.
Under these conditions, the closing of stomata pre-
vents water losses during transpiration and restricts the
CO, diffusion into mesophyll cells. We suppose that
the temporary rise in transpiration around noon
(10:00—12:00 solar time) was caused by elevated light-
ing and leaf temperature. Analysis of multiple diurnal
patterns showed that the dependence of evaporation
rate E on the stomatal conductance g, was weak but
statistically significant (= 0.32, P < 0.05).

The leaves of shade plants actively photosynthe-
sized before the noon; however, their Pn rate was sig-
nificantly lower than that of sun plants, apparently
due to insufficiency of available PAR. Analyses
showed that the dependence of Pn on g, in the leaves
of shade plants was rather weak (» = 0.29, P < 0.01).
At the same time, there was a correlation between E
and g, (r=0.46, P < 0.05).

On the whole, field studies showed that the stoma-
tal conductance of P. media leaves decreased during
the daylight hours and was 1.5—2 times higher in sun
plants than in shade plants. Changes in the rate of
apparent photosynthesis and transpiration correlated
to some extent with g.. The values of g, E, and Pn found
in this study and the ranges of their changes under the
influence of environmental factors are consistent with
the literature data for Plantago species [24, 25]. For
example, the Pn rate of P major plants was shown to
decline from 8 to 1.5 umol CO,/m? s upon the decrease
in soil water potential from —0.05 to —0.2 MPa [24].
Under normal water supply, the maximum Pn rate was
observed at nearly 20°C. An increase in temperature to
35°C led to a significant suppression of photosynthe-
sis, from 8 to 2 umol CO,/m? s. In experiments with
P. depressa plants grown under controlled conditions,
the g, E, and Pn values for leaves varied, depending on
water supply, in the ranges of 0.13—0.19 mol H,O/m?s,
2.7—4.1 mmol H,0/m?s, and 4.1—7.4 umol CO,/m?s,
respectively [25].
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Fig. 5. Diurnal dynamics for the relative contributions of
(1) cytochrome respiration, (2) alternative respiration, and
(3) residual respiration to the total O, uptake in leaves of
(a) sun plants and (b) shade plants of Plantago media. Dif-
ferent letters indicate statistically significant changes of the
analyzed parameter during the day; asterisks indicate sig-
nificant differences between the sun and shade plants at
different times of the day (ANOVA, Duncan’s test, n = 4—6,
P<0.05).

The midday reduction in the potential and actual
photochemical efficiencies of PSII in sun plants, par-
alleled by the suppression of CO, assimilation, sug-
gests that elevated lighting combined with supraopti-
mal temperature exert a stressful effect on PSA [4, 26].
The diurnal changes of these parameters were much
less pronounced in shaded plants. The effects of exces-
sive insolation on photochemical efficiency of PSA
(Fig. 4) and CO, assimilation (Table 3) were reversible
and did not cause chronic photoinhibition in sun plant
leaves, thus indicating the presence of an effective sys-
tem for the protection and repair of PSII protein
structures [27, 28].

Nonphotochemical quenching of excitation energy
is one of the main mechanisms of plant protection
against the overreduction of the photosynthetic ETC
and excessive ROS generation [29, 30]. According to
our data, the NPQ values were four to five times
higher in sun plant leaves than in shade plants. There
are several components in the development of NPQ,
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Fig. 6. Energy efficiency of respiration (Y, mol ATP/mol
glucose) in (/) sun plant leaves and (2) shade plant leaves
of Plantago media. Different letters indicate statistically
significant changes of index Y during the day; asterisks
indicate significant differences between the sun and shade
plants at different times of the day (ANOVA, Duncan’s
test, n =4—6, P<0.05).

the most significant component reflecting the
involvement of the violaxanthin cycle (VXC) [31].
The deepoxidation state (DEPS) of the cycle pig-
ments serve as an indicator of VXC activity. We previ-
ously showed that DEPS values in leaves of sun plants
reached 70% at noon, while this index was 1.5 times
lower in shade plants [32]. This implies the role of
thermal dissipation of absorbed light energy in pre-
venting the development of photooxidative stress and
PSA destruction in sun plants exposed to high PAR
and thermal radiation. The use of PAR energy during
photosynthetic CO, fixation is associated with linear
electron transport in the chloroplast ETC, which pro-
duces NADPH and ATP. A significant suppression of
net CO, assimilation in the sun leaves of P. media
plants during the daytime (Table 3) restricts the con-
sumption of ATP and the reducing power in the Cal-
vin—Benson cycle, which, according to the feedback
principle, can also affect the efficiency of light energy
use in primary photosynthetic processes. The data in
Fig. 4b indicate the low photochemical efficiency of
PSII in the daytime.

The comparison of net CO, uptake rate (Table 3)
and the rate of electron transport through PSII (Fig. 4d)
shows that a threefold increase in ETR in sun plants at
12:00 solar time (compared to early morning) is
accompanied by a decrease in Pn over the same period
by 65%. Our data suggest that the ratio of linear (cou-
pled with CO, fixation) electron transport and elec-
tron flows to alternative acceptors shifted in sun plants
in favor of alternative pathways (cyclic electron trans-
port in PSII, pseudocyclic electron transport, photo-
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respiration). A similar, although less pronounced
trend was noted for shade plants.

The comparison of gas exchange parameters, chlo-
rophyll fluorescence, and carbohydrate status of leaves
suggests a possible biochemical limitation of photo-
synthesis. An increase in the starch to glucose ratio is
known to serve as a signal for the suppression of pho-
tosynthesis [33]. According to our data (Table 2), this
ratio was two to three times higher in sun plants than
in shade plants. The increased accumulation of starch
in leaves of sun plants is likely to result from the
decrease in carbohydrates export under the influence
of external conditions (high insolation combined with
elevated temperature and moisture deficiency).

We found that the leaves of shade plants were char-
acterized by a higher respiratory activity and a higher
Vey/ Var ratio, especially in the daytime. The contribu-
tion of the alternative pathway to respiration of shade
plant leaves did not exceed 35%, which is typical for
plants under normal conditions, whereas this contri-
bution in sun plants was as high as 65% (Fig. 5). The
energetically low-efficient AP alleviates the overre-
duction of the ubiquinone pool when the CP is satu-
rated, thus regulating the balance between carbohy-
drate metabolism and electron transport. In strong
light, the AP facilitates the unloading of chloroplast
ETC by oxidizing the reducing equivalents delivered
from chloroplasts to mitochondria under conditions of
limited CO, assimilation [9, 10, 12, 34, 35]. It is rea-
sonable to assume that the AP-mediated respiration
during daytime depression of net CO, uptake in sun
leaves of P. media plants optimizes the chloroplast
energy pools (ATP, NADPH), improves the carbon
balance in photosynthesizing cells, and reduces the
threat of excessive ROS generation.

However, the involvement of AP diminishes the
energy efficiency of respiration (EER), because the
AOX-mediated electron flow bypasses the two energy-
coupling sites where the generation of membrane
potential and ATP synthesis take place [10]. According
to the calculations of Amthor [17], the ATP yield
during complete oxidation of 1 mole of glucose
(Y ATP/glucose) 1N respiration via the main (cytochrome)
pathway is 29 moles (rather than 36 moles supposed
previously). By contrast, the respiration through the
alternative pathway generates 11 moles ATP. We used
this information to estimate the EER of P. media
leaves. After taking into account the contribution of
AP in respiration, the Yarp gucose Tatio for shade plant
leaves was approximately 18 and did not change during
the day (Fig. 6). The Yarp/gucose ratio for sun plant
leaves early in the morning and late in the evening was
close to that for shade plants, whereas it was 25% lower
during the daytime. The calculated absolute values
should be regarded as approximate, already because
the total O, uptake assayed routinely at 20°C com-
prised the residual component unrelated to mitochon-
drial respiration. Nevertheless, the obtained values
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reflect the actual differences in EER for sun and shade
plants. Apparently, the decrease in leaf EER is not
critical for viability of P. media sun plants adapted to
incidence of excess light. This is consistent with the
opinion of Semikhatova [36] that the evolutionary
changes in bioenergetics of living organisms aim at
achieving the maximum energy efficiency, while tem-
porary reductions in energy efficiency are needed to
maintain homeostasis under the influence of adverse
environmental factors.

It should be pointed out that the decrease in leaf
EER of sun plants during the daytime (Fig. 6) occurred
concurrently with the increase in NPQ (Fig. 4). This
finding indicates synchronous changes in thermal
energy dissipation occurring in chloroplasts and mito-
chondria. The interrelations between photosynthesis
and respiration were repeatedly discussed by Semikha-
tova [36, 37]. Considering close interactions between
photosynthesis and respiration, she emphasized that
both processes are capable of supplying ATP,
NAD(P)H, and metabolites required for plant cells.
From the standpoint of current knowledge, the mean-
ing of the above statement can be broadened by the
notion that respiration is the process that protects PSA
and provides favorable conditions for the functioning
of photosynthesis.

The chloroplast and mitochondrial ETCs are the
main source of ROS in phototrophic cells. Compared
to shade plants, the leaves of sun plants contained

higher levels of O, and H,0,. Under conditions of
high irradiance and limited CO, assimilation,
NAD(P)H recycling in the Calvin-Benson cycle
decreases, which leads to overreduction of photosyn-
thetic ETC and enhances electron leakage to O, with

the formation of O, in the Mehler reaction. The
superoxide anion radical dismutates into H,O, either
spontaneously or by means of SOD [11]. High con-

centrations of O; and H,O, can inhibit the enzymes of
Calvin—Benson cycle in chloroplasts and the Krebs
cycle enzymes in mitochondria; they can also give rise
to a powerful oxidizing agent, the hydroxyl radical
(HO") [11, 38]. The main target of HO" in the cell is
polyunsaturated fatty acids. Therefore, it is not sur-
prising that the leaves of sun plants were characterized
by higher rates of lipid peroxidation compared to shade
plants leaves. On the other hand, ROS and lipid perox-
idation products are important components of cell sig-
naling and can modulate the transcriptional responses
at the cell and tissue levels to mobilize protective mech-
anisms and increase plant resistance [38, 39]. Plant
cells possess the antioxidant system to maintain ROS
at the level that ensures efficient retrograde signaling.
In our studies, the activity dynamics of antioxidant
enzymes (SOD and GPX) that control the accumula-

tion of O and H,0, coincided with the diurnal time
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course of ROS accumulation and was higher in the
leaves of sun plants than in the shade plant leaves.

Thus, the long-term adaptation of P. media to dif-
ferent ecological and cenotic conditions results in the
formation of phenotypes with definite physiological
and biochemical properties serving to maintain the
energy and cell redox balance in photosynthesizing tis-
sues and organs. The plant PSA is well integrated into
intracellular processes; it responds adequately to
changes in environmental factors and is reliably pro-
tected from photooxidative stress. Synchronous activa-
tion of energy dissipation mechanisms in chloroplasts
and mitochondria reduces the energy use efficiency,
prevents the excessive generation of active oxygen radi-
cals in the ETC, and counteracts the development of
photooxidative stress. Our results show that a temporary
decrease in the energy efficiency of respiration is not
critical for plants and contributes to the increase in
functional plasticity and stability.
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