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Introduction
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The complex of invasive species of phytophagous insects that can adapt to novel living conditions is constantly increasing.
The ecological effect of their vital activity in the new environment is almost impossible to predict. As a result, invasions undesirable in the
economic sense are often observed. The horse -chestnut leaf miner (Cameraria ohridella Deschka & Dimi¢, 1986, Gracillariidae) is one
of these problematic invader species in the introduced range of the horse chestnut (4esculus hippocastanum (Linnaeus, 1753), Sapinda-
ceae). We studied the effect of C. ohridella on the state of the photosynthetic apparatus in Ae. hippocastanum leaves. Photosynthesis is the
one of the processes most vulnerable to stress factors, so information about the state of photosynthetic apparatus in a plant under the influ-
ence of phytophage feeding obtained with fluorescence analysis can be significant. The feeding effect of C. ohridella caterpillars on the
functional state and activity of Ae. hippocastanum photosynthetic apparatus was studied. We studied critical parameters of chlorophyll
fluorescence induction reflecting the effect of a single C. ohridella generation (feeding the caterpillar for the five stages of this species’
development) on the functional links of the photosystem II in Ae. hippocastanum leaves. The data obtained show a decrease in PS II
quantum efficiency (inhibition of photosynthetic activity) in the leaves from different parts of the crown; it suggests the destructive effect
of C. ohridella caterpillar feeding on Ae. hippocastanum photosynthetic apparatus. Values of all key parameters of chlorophyll fluores-
cence indication evidence inhibition of photophysical and photochemical processes of photosynthesis and impaired coherence of Calvin
cycle reactions. Study of the feeding effect of C. ohridella caterpillars on the efficiency of the main enzyme in the Calvin cycle (which
closely correlates with the coefficient of fluorescence induction that characterizes the efficiency of dark photosynthetic processes) showed
a significant decrease in its activity in the leaves of both the illuminated and shaded parts of the crown. Our study has shown that the me-
thod of chlorophyll fluorescence induction allows one to determine the general state of a plant in an express regime by evaluating the main
process of plant life as photosynthesis. Analysis of chlorophyll fluorescence parameters is a powerful and effective tool for determining the
effect of phytophages on the plant body. The obtained data allow us to apply the method of analyzing chlorophyll fluorescence induction
in practice to establish the physiological state of tree flora in forests and garden farms.

Keywords: invasive species; lepidopteran miners; plant ontogenesis; chlorophyll; chlorophyll fluorescence; plant photosynthetic apparatus.

territory of Ukraine at the beginning of the XXI century (Akimov et al.,
2003). C. ohridella is trophically associated with the horse chestnut (4es-

According to estimates of the Invasive Species Specialist Group
(ISSG) of the World Conservation Union (IUCN) and the European Plant
Protection Organization (EPPO), the number of species that have entered
into novel, untypical environments under the influence of direct or indirect
human action is annually increasing (Lopez-Vaamonde et al., 2010).
Having adapted, some of these live organisms begin to compete with
native species, interfering with the established ecological functions of
various ecosystems (Brygadyrenko & Nazimov, 2015). Such invasions
can often bring irreparable environmental consequences that cause signifi-
cant biological disturbances in the function of entire ecosystems resulting
in significant economic losses to various economic sectors (Kirichenko
etal,, 2019). Currently, a list of 435 species enumerates quarantine organ-
isms (Holoborodko et al., 2016) having different hazard statuses, both
environmental and economic, because their life activities annually cause
direct economic losses. The range of potential invasive species that can
enter the territory of Ukraine is currently estimated at 1,500 (Holoborodko
et al.,, 2016). Disturbances in the natural functioning of ecosystems caused
by the effect of invasive species can cause both direct and indirect risks
directly to human health (Inghilesi et al., 2013; Voronkova et al., 2018).

The horse-chestnut leaf miner (Cameraria ohridella Deschka &
Dimi¢, 1986) is an invasive phytophage from the family of leaf blotch
miner moths (Gracillariidae Stainton, 1854) which completely settled the
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culus hippocastanum (Linnaeus, 1753)). By its vital activity, this invasive
species threatens the existence of Ae. hippocastanum, inhabiting its trees
sometimes at 95%. Taking into account that the horse chestnut is one of
the main tree species in populated areas of Ukraine, invasion by this insect
species is of increased interest. Our results demonstrate activation of the
enzymatic antioxidant defense system of Ae. hippocastanum in response
to the damaging effect of the horse-chestnut leaf miner, which allows the
plant to survive and complete the ontogenesis program in unfavourable
conditions. The most significant factor in protecting cells from caterpillar
activity involves an increase in the activity of guaiacol peroxidase, which
indicates an increase in the cell barrier properties (Shupranova et al., 2019).
On the other hand, the effect of C. ohridella on the processes of
Ae. hippocastanum photosynthesis remains unclear. Photosynthesis is one
of the processes most vulnerable to stress factors, so significant informa-
tion about the state of the photosynthetic apparatus in a plant under the
influence of various abiotic and biotic factors can be obtained using fluo-
rescence analysis (Huang et al., 2012; Kargar et al., 2019; Pérez-Bueno
etal,, 2019). Chlorophyll fluorescence is an indicator that allows us to
study the passage of photochemical reactions in living objects associated
with the operation of photosystem II (FSII), the most sensitive to envi-
ronmental factors. The results of studies on chlorophyll fluorescence in-
tensity contribute to a deeper understanding of the regulatory mechanisms
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that ensure efficient energy conversion in the primary and subsequent
stages of photosynthesis (Kalaji et al., 2017; Chen et al., 2019; da Silva
etal,, 2020). Our study aimed to establish the features of the influence of
vital activity C. ohridella on the process of Ae. hippocastanum photosyn-
thesis using the chlorophyll fluorescence induction estimation method.

Material and methods

The study was conducted during the 2019 growing season in Dnipro
city (Ukrainian North Steppe subzone) (Brygadyrenko, 2015, 2016; Faly
et al,, 2017). The city is located in the zone of temperate latitudes with a
fairly active atmospheric circulation (the predominant movement of air
masses from East to West). The territory has a temperate-continental
climate. Significant fluctuation in weather conditions from year to year is
one of the features of the climate in the territory. Moderately wet years
alternate with sharply dry years, and hot dry winds are not uncommon.
In general, the climate is characterized by rather cool winters and hot
summers. In 1931, the Botanical Garden at Oles Honchar Dnipro National
University (48.430957° N, 35.040264° E, 127 m above sea level) was
founded on the territory of Dnipro city. A test site was laid on its territory,
with horse chestnut (4e. hippocastanum) trees having similar morphologi-
cal and tax features (trunk diameter 132-151 cm; height 17-21 m).
In general, the edaphotope of the selected test site is represented by de-
graded ordinary low-humus chemozem (1.0-4.0%).

To study the feeding effect of caterpillars of C. ohridella on photosyn-
thesis processes in Ae. hippocastanum selected leaves of medium forma-
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A light filter at the input of the photodiode amplifier was used to study
the intensity of chlorophyll fluorescence that occurs in the red region of the
spectrum. In the optoelectronic head (clip), LEDs are mounted, the light
from which is directed to one point of the leaf under study, and one photo-
detector. It is provided that the radiation intensity of light diodes and the
sensitivity of the photodetector of the sensor head can be changed during
the measurement process.

The internal memory capacity of the device provides long-term sto-
rage of information about 40 chlorophyll fluorescence induction curves.

Observations were made on live Ae. hippocastanum leaves. After the
start of light exposure, the intensity of chlorophyll fluorescence (fluores-
cence induction or fluorescence induced by light) begins to change signifi-
cantly over time. The time dependence of the chlorophyll fluorescence
intensity has the characteristic form of a curve with one or more maxi-
mum and is called the chlorophyll fluorescence induction curve (Kautsky
curve, Fig. 2). The shape of this curve is quite sensitive to changes that
occur in the photosynthetic apparatus in plants when adapting to different
environmental conditions, which has become the basis for the widespread
use of the Kautsky effect in the study of photosynthesis. At the initial time
point, all channels of photosynthetic electron transfer are open and the

b

Fig. 1. Experimental Aesculus hippocastanum trees (a) and portable fluorometer “Floratest” (b)

tion, we sampled five leaves on the illuminated and shaded sides from
annual vegetative growth in the lower third of the crown of different expo-
sures in dry weather. Each examined leaf was marked separately.
The study was conducted from 17.05.2019 to 13.06.2019, which corres-
ponded to the full development cycle (5-age caterpillars) of the second-
generation C. ohridella. Thus, the study elucidated the influence of each
age of the second-generation caterpillar. The age of the caterpillar was
determined by the visual parameters of the mine. The damage degree to
the leaf blades of the horse chestnut by C. ofridella was evaluated visually
with a scale previously developed by us (Shupranova et al., 2019).

Light intensity measurements were made with RCE-174 luxmeter
(PCE Instruments, Germany, 2018). Temperature and relative humidity
measurements were made with HE-173 thermohygrometer (Huato Elec-
tronic Co. LTD, China, 2018). A portable fluorometer “Floratest” was
used for the diagnosis of photosynthetic disorders of native chlorophyll in
living Ae. hippocastanum leaves. The portable fluorometer ‘Floratest”
comprises a base unit with a graphic liquid crystal display, control buttons,
a remote optoelectronic sensor, connecting cable to the USB port of a
personal computer, and a network adapter (Fig. 1). The remote optoelec-
tronic sensor includes an LED that has a maximum radiation intensity of
A= 470 £ 20 nm. Irradiation indicators in the sensor were the following:
irradiation wavelength 470 + 15 nm; irradiated spot area not less than
15 mm?; illumination within the spot at least 2.4 W/m”. Signal reception
indicators in an optoelectronic sensor: the spectral range of fluorescence
intensity measurement was 670-800 nm; receiving window area 9 mm?
photodetector sensitivity at A =650 Nm was 0.45 A/W.

maximum energy of excited electrons goes to the photosynthetic process.
During this period, chlorophyll fluorescence is minimal and its intensity
on the Kautsky curve is denoted by F,. The transition from F, to F, is
caused by the transfer of electrons from the reaction centers of FS 1I via
pheophytin to the primary acceptors (chions). The transition from F, to F,,
is observed, for example, with a short period of dark adaptation. The entire
segment from Fj to Fy, is called the fast fluorescence phase or variable
fluorescence. The slow phase of chlorophyll fluorescence induction
represents all induction transitions after reaching the peak value by F,,
(Gorbunov & Falkowski, 2021). It is known that certain segments of the
chlorophyll fluorescence induction curve are indicators of the correspond-
ing physiological processes in the photosynthetic chain (Table 1). There-
fore, violations of individual links of photosynthesis caused by exo- and
endogenous factors are manifested in characteristic changes in the corres-
ponding segments of the chlorophyll fluorescence induction curve.
Features of chlorophyll fluorescence induction depend on the state of
the entire photosynthetic system and reflect the kinetics of the flow of all
links in the biochemical chain of photosynthesis (Govindjee, 2004).
Changes in any part of photosynthesis cause a change in the appearance of
the chlorophyll fluorescence induction curve. Therefore, based on the
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appearance of this curve, it is possible to diagnose the current state of the
photosynthetic apparatus in the plant, evaluate changes in the photosyn-
thesis efficiency with changes in the light regime, temperature, humidity,
and other factors.
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Fig. 2. Typical chlorophyll fluorescence induction curve
(Kautsky & Hirsch, 1931): F, is the initial value of fluorescence
induction after irradiation is tumed on; F,, is the “plateau” fluorescence
induction value; F,, is the maximum value of fluorescence induction;
Fg is the stationary value of fluorescence induction after
light adaptation of a plant leaf

Table 1
Characteristic segments of the chlorophyll fluorescence
induction curve and their diagnostic significance

The CFI Type P(;;i:le Stages of the photosynthetic process that
segment  of the segment interval, s this segment provides information about
PointO  initial scgment 05 efficiency of chlorophyll II light

collection and reaction centers

the electron transport link (from H,O to

o e"‘éfa‘;ti‘;ﬁu‘gf‘“ 2)1:10(?) PD (forrodoxin) and NADP) s the so-
T called “Light Stage” of photosynthesis
descending and activation (viq PD) of rh; Calvin cycle
P-S-M movingto the 30500 enzyme proteins, establishment of ﬂle
second masimum (05-10.0) pH gradient in membranes, reduction
of competing acceptors (O, NO,, efc.)
descending and 10-2000 adjustment of reactions in the Calvin
M-T entering stationary (10-300) cycle and flows of substances through
mode membranes and through leaf vessels.

Results

The microclimatic parameters in which the experimental tree is lo-
cated affect the vital activity of all ages of C. ohridella caterpillars (Fig. 3).
The temperature regime and humidity regime significantly affect the
features of induction changes in chlorophyll fluorescence that occur under
the influence of C. ohridella caterpillar feeding. The difference in such
impact is significant both for different generations of C. ohridella and for
different positions of experimental leaves in the crown (shaded-illumina-
ted parts). There was no significant effect of leaf lighting conditions on
caterpillar feeding (Fig. 3b).

During the caterpillar development (5 stages), there is a gradual de-
crease in the values of all the main indicators (F,, Fy, F,, and Fy) of the
chlorophyll fluorescence induction curve (Kautsky curve, Fig. 4) of dama-
ged Ae. hippocastanum leaves. A significant difference in the influence of
different caterpillar ages and leaf crown position was established for all the
main indicators of the chlorophyll fluorescence induction curve. The only
exception is the initial value of fluorescence induction (F,), for which no
such dependence has been established (Fig. 4a).

The calculated parameters as variable chlorophyll fluorescence (F, =
F.i—Fo) and the maximum efficiency of primary photosynthesis processes
(E¢ =F /F,;) reliably depend on the leaf position on which the mine is
located (Fig. 5). We can see a significant difference between the shadow
part and the illuminated part (Fig. 5b, c). The effect of different caterpillar
generations on the efficiency of photochemical energy conversion in FS I
(Fii—Fs)/Fg has not been established (Fig. 5d). We see only the difference
for the I and V generations in the position of the leaf in the crown.
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Discussion

Under the conditions of caterpillar feeding, the time dependence of
the chlorophyll fluorescence intensity had the characteristic form of a
curve with one maximum, graphically reflecting the Kautsky effect.
The shape of the Kautsky curves shows that background fluorescence
under the influence of caterpillar feeding increased in the leaves of the
shaded part of the crown compared to the illuminated part. This indicates
an increase in the amount of chlorophyll not involved in photosynthetic
energy transfer to reaction centers in damaged leaves.

Changes in the fluorescence intensity of chlorophyll FSI reflect oxida-
tive processes in the reaction center of this photosystem. The absorbed
energy of light quanta can be transferred in three ways: photochemical
reactions, heat dissipation, and light emission as chlorophyll fluorescence.
These processes compete with each other in such a way that the efficiency
increasing of one results in the suppression of the other two. Therefore, the
fluorescence intensity is sensitive to changes in the intensity of photo-
chemical processes and thermal dissipation (Essemine et al., 2012; Riihle
et al., 2018). An increase in temperature leads to the appearance of ther-
moinduction of chlorophyll at certain temperature values. The method for
determining the parameters of the chlorophyll photosynthesis phenome-
non in plant leaves (Kautsky curve) ensures the independence of mea-
surement results from the temperature of the plant leaf, which leads to the
appearance of thermoinduction of chlorophyll at certain temperature valu-
es and to an increase in accuracy (Starodub et al., 2015; Kalaji et al., 2016;
Chen et al., 2018). Under normal conditions, the level of fluorescence is
insignificant (1-2% of the total absorbed light), which indicates the active
use of absorbed light energy by cells. After lightening the leaves of plants
adapted to the dark. First for a few seconds, there is a sharp increase in the
intensity of chlorophyll fluorescence as a fast phase. Then within a few
minutes, there is a gradual decrease through certain stages from the slow
phase to the stationary level of Fg, (Martinazzo et al., 2012; Ruban, 2016).

The chart of changes in fluorescence from the beginning of illumina-
tion to reaching a stationary level consists of information about the state of
the photosynthetic apparatus of the plant leaf. Changes O —1— D — P are
called the first wave or rapid induction of fluorescence. It occurs in 1—
3 seconds, depending on the illumination intensity and other factors, and is
observed both in living objects and isolated chloroplasts. Slower changes in
P—S—M-T are known as second-wave or slow induction of fluorescence.
These changes occur over a period of several tens of seconds to several
minutes, depending on the object and conditions of the experiment.

At the initial point in time, all channels of photosynthetic electron
transfer are open, and the maximum energy of electron excitation goes to
the photosynthetic process. During this period, chlorophyll fluorescence is
minimal, and its intensity on the Kautsky curve is indicated by the letter F
with the “0” index, i.e. Fy. Background fluorescence index (Fp) characte-
rizes the inactive chlorophyll amount that does not have a functional con-
nection with the reaction centers; that is, it acts as the initial level of induc-
tion of chlorophyll fluorescence. It depends on the loss of excitation
energy during migration along with the pigment matrix. Thus, during
active photosynthesis, when all the reaction centers are in an open working
process, almost all the absorbed sunlight energy is used, and only a small
amount of it (about 3%) is converted into light energy in the form of back-
ground fluorescence (Fy). As a rule, the F, index under normal conditions
is low due to the active use of absorbed light energy by cells. The influ-
ence of C. ohridella feeding or other unfavourable conditions disrupts the
state of photosynthetic membranes, and the reaction centers become inac-
tive, stopping the flow of electrons. At the same time, the absorbed light
energy can no longer be used in photosynthesis, and therefore chlorophyll
fluorescence increases (Fig. 4).

F—F, transition is associated with a decrease in electron transport.
It characterizes the thermal adaptation period of the leaf. If the adaptation
period is short, the transition is steeper, but it is slower if the adaptation
period is large. The F,, parameter indicates the highest level of fluores-
cence, which is recorded on the induction curve as the maximum.
The entire F,—F,, area is called the fast fluorescence phase. The slow phase
of chlorophyll fluorescence induction represents all induction transitions
after reaching the maximum value (peak) of P. The steady-state level of
fluorescence (Fy) is characterized by a dynamic equilibrium between the
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processes that cause an increase in fluorescence and the processes that lead
to its decrease. As shown in Figure 4, there is a significant difference in the
value of all key parameters of chlorophyll fluorescence induction.
We have shown that with the caterpillar development (during all 5 of its
generations), a gradual decrease in the values of all the main indicators (F,,
F, F,, and Fy) is observed, which affects the general physiological state of

the leaf on which the C. ohridella mine is located. To characterize the
photosynthetic apparatus under stress at the leaf level during the quick
stage, the ratio of variable fluorescence F, to the maximum F,, level is
often used, which is considered an indicator of potential photosynthetic
activity in the leaf (Starychenko et al., 2016; Tseng & Chu, 2017; Scog-
namiglio et al., 2019).
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Fig. 3. Influence of Cameraria ohridella caterpillars on the process of Aesculus hippocastanum photosynthesis depending on microclimatic factors:
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Fluorescence variability (F,) is calculated as the difference between F,
and F,, values and it is a physiological indicator that reflects the influence of
environmental and experimental factors on the plant (Alonso et al., 2017;
Chitband et al., 2017; Huliaieva et al., 2018). However, this parameter has
some limitations since it applies exclusively to primary photochemical
processes in PS 1T and only during the first 100-500 ms. The effect of any
adverse factor (in our case, this is possible damage caused by C. ohridella)
reduces the attractive ability of the Calvin cycle, which stops the flow of
electrons, and the reaction centers go into an inactive (closed) state. At the
same time, photosynthesis can no longer use the absorbed light energy, and
therefore chlorophyll fluorescence increases over the entire time range of
recording its induction changes (Duarte et al., 2017; Riihle et al., 2018). The
F/F,, index depends on the efficiency of photochemical reactions of FS IL.
In dark-adapted plants, it reflects the potential quantum efficiency of FS 1L
This indicator is used as an indicator of photosynthetic productivity. Its op-
timal value for most plant species under conditions of saturating intensity of
exciting light does not exceed 0.83 (Martinazzo et al., 2012).

It was found that an increase in the ambient temperature relative to the
optimal one for this plant species leads to a decrease in the difference F, =
(Fu— Fo). The reason is a decrease in the electron transport chain activity
or the light stage of photosynthesis. When the temperature rises to the level
of destruction (45...50 °C), the level of ) intensity increases markedly. In the
breeding process, plant varieties resistant to high temperatures were quickly
selected based on these indicators (Essemine et al., 2012; Martinazzo
etal,, 2012). Reducing the ambient temperature to the optimal level for
this plant species also leads to a decrease in the value of F, = F,, — F,,
which is caused by inhibition of the photochemical activity of FS II.
The ratio (F,, — Fy) / F, increases. Based on these characteristics, cold-
resistant plants can be selected. Water deficiency leads to a decrease in the
F,, — F, difference proportionally to the decrease in the water potential of
the leaf. This indicator can be used to select drought-tolerant plant speci-
mens (Chen et al., 2019). To estimate the fluorescence induction of chlo-
rophyll-bearing tissues, the calculated parameter is used as the chlorophyll
fluorescence variable (F,), which is expressed as the difference between
the highest level of fluorescence and background fluorescence F, = F;, —
F, giving information about the amplitude of changes in the Kautsky
curve. In Figure 5b, we see a significant difference in the influence of the
leaf position in the crown. The maximum efficiency of primary photosyn-
thesis processes resulting from the physiological state of the plant is cha-

racterized by the parameter E;= F/F,. The efficiency of photosynthesis,
as well as the mentioned parameter, depends on the intensity of exposure
to abiotic factors. The highest integrated indicator that characterizes the
effective structure of the organization of the FS II pigment system is the
F/F,, coefficient. The F,, parameter characterizes the highest level of
chlorophyll fluorescence, which is recorded as the maximum on the in-
duction curve. At this point, photosynthesis corresponds to the minimum
level, and its value depends on the dynamic balance between the processes
of fluorescence, photochemistry, and thermal dissipation. The obtained
data demonstrate a decrease in the quantum efficiency of F'S II (photosyn-
thetic activity inhibition) in the leaves of the illuminated part of the crown,
which indicates a destructive effect of C. ohridella caterpillar feeding on
the photosynthetic apparatus of Ae. hippocastanum (Fig. 5c).

The efficiency of photochemical energy conversion in FS I is calcu-
lated by the formula E = (F,, — Fg)/Fg, which characterizes the rate of
linear electron transport and is an integrated indicator of the photosynthetic
process. The ratio (F,,, — F)/Fg is called the plant viability index, where
F., is the maximum fluorescence level, and Fg is the steady level. Study of
the feeding effect of C. ohridella caterpillars on the efficiency of the main
enzyme of the Calvin cycle, which closely correlates with the fluorescence
induction coefficient, which characterizes the efficiency of dark photosyn-
thetic processes, demonstrated a significant decrease in its activity in the
leaves of both the illuminated and shaded parts of the crown (Fig. 5d) for I
and V generations.

One of the problems of comparing the parameters of the Kautsky curve
for plants of both the same and different species is that the above time inter-
vals can differ significantly for different plant species and also for different
leaves of the same plant that have different ages or are adapted to different
lighting conditions (for example, grow at the roots or on the crown, on old
branches or on young shoots, well-illuminated or always darkened). As the
stress factor increases, indicators of the fluorescence phenomenon, such as
the “viability index”, as well as the intensity of photosynthesis, usually de-
crease. The possibility of estimating the state of plants by changing the shape
of the Kautsky curve has been confirmed experimentally (Elahifard et al.,
2013; Duarte et al., 2017; Kyrychenko et al., 2019). The reason for the cur-
rent limitations is because today there are no samples of the Kautsky curve
for different plant species under normal conditions of their existence and for
different ages. This means no “measure” by which it is possible to compare
Kautsky curves under other conditions of plant existence.

Regul. Mech. Biosyst., 2021, 12(2)

349



1000 2800
F i 2700 | F
950 e 2600f ° @
900 & a 2500
850 a 4 a 2400
2300
800 2200
750 ab a 2100
700 ab 2000 o .
1900 b ab
650 1800 ab ab
600 1700
1600
S 1500
500 1400 b be
1300
<l 1200 °
400 1100 c
350 1000
900
300 . 800
250 700
600
2
0o 500
150 ? 400
100 300 +
° 200
o0 100 .
0 0
Shadow 1 Shadow 2-3 Shadow 4 Shadow 5 Shadow 1 Shadow 2-3 Shadow 4 Shadow 5
a Sun 1 Sun 2-3 Sun 4 Sun 5 b Sun 1 Sun 2-3 Sun4 Sun 5
3200 3000
F F ab
3000 ™ ab 2800
a
2800 a a a 2600 a &
2600 2400 g a
2400 2200
2200 N bo 2000
2000 b bc
& 1800
1800
1600
1600 & +
1400
1400
1200
1200
1000 ¢ Leco ¢ °
800 800
600 600 *
400 400
200 200
0 0
Shadow 1 Shadow 2-3 Shadow 4 Shadow 5 Shadow 1 Shadow 2-3 Shadow 4 Shadow 5
c Sun 1 Sun 2-3 Sun 4 Sun 5 d un 1 Sun 2-3 Sun 4 Sun 5

Fig. 4. Variability of indicators of the chlorophyll fluorescence induction curve (Kautsky curve) in Aesculus hippocastanum leaves damaged
by Cameraria ohridella: a—F,— the initial value of fluorescence induction after switching on irradiation; 5 — F,— the value of fluorescence induction
“plateau”; ¢ — F;, — the maximum value of fluorescence induction; d — Fs; — the steady value of fluorescence induction after light adaptation of the leaf
of the plant; on abscissa axis — measurement units of indicator, on ordinate axis — experimental variant; small square — median, upper and lower edges

of rectangular square — 75% and 25% of quartile, vertical line — minimum and maximum values; n=>5

2200 =5 0.80 . 075
2100 Fy a B 4 . 2 !
5000 . 075 0.70
a ab a b i
1900 1 070 2P %] b %] 0.65
1383 0.65 be I 0.60 . 5 b
1600 0.60 055 b
1500 . be 0.55 0.50
1400 b
1300 0.50 i ; 0.45 b
1200 B 0.45 0.40 b
1100 an
1000 0.40 . - 0.35 - ;
900 § ¢ 0.35 0.30
800
700 0.30 0.25
600 0.25 0.20
500 ° a
400 0.20 o 0.15
300 i 0.15 0.10 ‘I
200
100 0.10 0.05
0 ; 0.05 0.00
z c o~ ~ 2 c B3 c E3 c ~ ~ E3 c 2 c 2 c ~ ~ 2 c B3 c
2 4 (¥ S 2 & 3 & 2 4 3 S 2 & 2 & 2 5 3 5 ° & 3 &
2 $ 8 F B - § 3 B 2 2 $ 3 B B
7] g » ) » IS ) %) ) 2 %) »
a %) b » C, 7]
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Conclusion

Feeding of C. ohridella caterpillars causes a decrease in the photosyn-
thetic apparatus activity of Ae. hippocastanum regardless of the spatial
arrangement of leaves in the tree’s crown. In Ae. hippocastanum leaves
under the influence of C. ohridella feeding, the amount of chlorophyll not
involved in photosynthetic energy transfer to reaction centers increases.
Conversely, during the development of only one generation of C. ohridel-
la a constant decrease in the quantum efficiency of FS II (inhibition of
photosynthetic activity) was observed. Already at the beginning of the
development of the mine (the first-age C. ohridella caterpillars) on the
leaves in the illuminated and shaded part of the crown, a significant de-
crease in activity and an increase in the plateau coefficient were observed,
which in tum indicates inhibition of photophysical and photochemical
processes of photosynthesis and a reduction in the pool of electron accep-
tors in the electron transport chain. Such pathological changes were
caused by a decrease in the content of active chlorophyll (a component of
pigment-protein complexes FS II) and its destruction. The values of the
key parameters of chlorophyll fluorescence induction indicate a significant
inhibition of photosynthesis processes and a violation of the coherence of
Calvin cycle reactions. The consequence of the photosynthetic apparatus
damage in plants is a decrease in the content of photosynthetic pigments
since these metabolic transformations are determined by local changes in
the structure and functions of chloroplasts.
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