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Abstract: The study of the leafmining moth of the chestnut miner (Cameraria ohridella Deschka
& Dymi¢, 1986) was carried out through the planting of the common horse chestnut (Aesculus
hippocastanum L.) in the Main Botanical Garden of the Russian Academy of Sciences. The effect of
various degrees of insolation of horse chestnut plants on leaf morphology and the composition of
secondary metabolites, as well as the relationship of these parameters with the number and density
of C. ohridella populations during the growing season, was studied. The solar influence, it was noted,
had a significant impact. Thus, the largest number of the pests was recorded on the leaves of the
sunlit side of the tree crown, and the smallest on the leaves of the shady part of the crown. The low
content of polyphenols in the pool of secondary metabolites in the tissues of the A. hippocastanum
leaves did not deter C. ohridella and poorly protected the plants from this miner, while the significant
content of carbohydrates in the leaves reduced the resistance of chestnut plants to damage by the
Ohrid leaf miner.

Keywords: Ohrid leafminer; horse chestnut; tree crown; sunlit side; leaf extract; organic compounds

1. Introduction

Horse chestnut Aesculus hippocastanum L. is one of the woody species that retains its
decorative appearance throughout the growing season. Beautiful foliage, the spectacular
shape of inflorescences, their abundance, long flowering period, and dense spherical crown
shape create a unique aesthetic appearance in this plant. In addition, horse chestnut is well
adapted to the anthropogenic conditions of the urban environment, which is an important
component in the selection of woody plants for landscaping [1].

The application of chemical protection agents in the form of spraying is limited in
cities, and stem injections do not lead to significant stable results and injure the trunks,
causing the likelihood of stem rot infection with regular use. Therefore, the efforts of
researchers are aimed at studying the features of the pathogenesis and development of the
pest, at searching for the possibility of regulating its abundance with the use of natural
enemies, and at finding ways to influence the physiology of the plant, leading to a decrease
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in the abundance of the pest. The information received is still insufficient to identify an
acceptable solution. Lighting, both natural and artificial, is an important physiological
factor that makes it possible to regulate both the metabolism of the affected plant and
the attractiveness of this plant for parasitic insects and birds, which are natural enemies
of phytophages.

However, this species is resistant to such pests as the chestnut leafmining moth or
the Ohrid miner Cameraria ohridella Deschka et Dimic (Lepidoptera, Gracillariidae, Lithocol
letinae) [2]. Cameraria ohridella Deschka et Dimic was first discovered and described in
Macedonia [3,4], and eventually spread almost everywhere in Europe [5-7]. On the territory
of Russia, this phytophage was first officially registered in 2003 in the Kaliningrad region [8],
and in 2005 phytophage mines were found on A. hippocastanum trees in the arboretum
of the Main Botanical Garden in Moscow, where, most likely, the phytophage came with
planting material imported from Europe [9].

A feature of C. ohridella’s bioecology is the development of larvae in extensive yellow-
brown mines on leaf blades, clearly visible against the background of intact foliage [10].
As a result, the trees quickly lose their decorative appearance, shed their leaves ahead
of schedule, reduce growth, and switch to wintering in a weakened state [11]. The high
harmfulness of the chestnut leafminer calls into question the feasibility of not only laying
new, but also the existence of earlier plantings of horse chestnut in urban green spaces. So
far, it has not been fully clarified whether the environmental conditions of growth affect the
developmental biology of the orchid miner [12]. One of the factors affecting the number
of caterpillars and pupae of C. ohridella is the insolation of the crowns of adult chestnut
trees. Thus, in a study performed by Tarwacki et al. (2012), it was demonstrated that leaves
located on the sunny side of the chestnut crown are more susceptible to orchid leafminer
damage [13], which may have been due to morphological and biochemical differences
in the leaves of different parts of the tree crown. With a high degree of insolation and,
consequently, high daily sunny radiation per unit area, leaves are formed with a larger
mass and with an increased content of secondary metabolites, which play a significant
role in the formation of plant protection against biotic stress [14,15]. Multifunctional
phenolic compounds are known to be one of the main factors of plant protection against
pathogens and pests [16]. In phenolic compounds, hydrolysable tannins are believed to act
as inhibitors and thus reduce the digestion of plant tissues, especially hardwoods [17,18].

In addition, the anatomical features of the A. hippocastanum leaf, such as the thickness
of the outer wall and the presence of a cuticle and hairs, play an important role [19]. Due to
the location of stomata in the abaxial epidermis, a single layer of palisade parenchyma, the
larger cell size of the adaxial epidermis compared to the abaxial one may be a physiological
and mechanical barrier to feeding C. ohridella larvae [20]. The fight against the orchid
miner in chestnut plantings is based on mechanical, chemical, and biological methods.
The most frequently recommended type of phytosanitary control against orchid miners
is the collection and disposal of fallen leaves—their burning in autumn [21,22]. Various
adhesive tapes, liquid adhesives, and chemical treatments are also often used to control
C. ohridella [22,23]. However, the most promising, highly effective, selective, and easy-to-
apply biological control method is the use of pheromone traps [23].

The development of a monitoring system for the spread of the orchid miner and the
protection of horse chestnut trees from this pest should be based on the results of studying
the biological characteristics and development of these insects in specific environmental
conditions, in particular under insolation of trees, which was the goal of our research.
The main objectives of this study were to determine the morphological and biochemical
characteristics of chestnut leaves under different levels of daily sunny radiation per unit
area of the leaf and to account for the abundance of C. ohridella on the sunny and shady
sides of the tree crown during the growing season.
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2. Materials and Methods
2.1. Place of Research and Plant Material

The study was conducted on the territory of the Main Botanical Garden of the Russian
Academy of Sciences (GBS RAS), Moscow (55.838° N, 37.588° E). Adult trees of horse
chestnut Aesculus hippocastanum L. grew in a forest belt oriented from southeast to northwest.
These trees, up to 30 m high, vegetate from the third 10 days of April to the second 10 days
of October in 2022. Their flowering occurs from the age of 9 and is carried out from the
third 10 days of May to the second 10 days of June; fruits ripen in the second half of
September [24]. Trees infected with the Ohrid miner were selected for the study.

2.2. Estimation of Orchid Miner Abundance Using Pheromone Traps

Delta sticky pheromone traps with dispensers impregnated with the synthesized sex
pheromone of female moths (Pheromon, Russia) were hung on horse chestnut trees in parts
of the crown differing in solar illumination after the end of flowering (in mid-June) and
used during the entire growing season. Traps in triple biological replication on 5 trees were
attached to horizontal branches of the outer part of the tree crown at a height of 1.5-2 m
from the ground. The first count was carried out three weeks after hanging—in mid-July
(after the emergence of the first adults in mid-June). Then, the sticky insert with pheromone
was replaced, and the next count was carried out at the end of August after the flights of
the second generation.

2.3. Sampling of Chestnut Leaves Damaged by C. ohridella

Ten leaves of A. hippocastanum (10 pcs.) were selected in triplicate from each of the
twelve trees, and a total of thirty leaves from the shaded and illuminated sides of the crown
of each tree were collected at the end of the growing season in August 2022. All examined
trees were approximately the same age and were located within the same production area
of the MBG RAS and were not subjected to any insecticide treatment. Plant material was
randomly selected from the lower tier from the illuminated and shaded sides of the crown.
The leaves were collected on the same day in the morning hours (9-11 am), under the
same dry weather conditions. The stages of phytophages were identified according to the
descriptions of C. ohridella’s life cycle [25-27].

2.4. Scanning Electron Microscopy

Fragments of the leaf middle part with a size of 2-3 mm were fixed during the day ata
+4 °C in a 2.5% solution of glutaraldehyde (Merck, Germany) prepared in 0.1 M phosphate
buffer (pH is 7.2) with the addition of 1.5% sucrose. Then, the samples were dehydrated
at +4 °C for 30 min in each alcohol solution with successively increasing concentration:
30%, 50%, 70%, 96%, and in three changes of absolute ethanol. After that, the samples were
transferred to liquid CO, under pressure in the device for drying at the “critical point” and
slowly heated under pressure. When the pressure and temperature together passed the so-
called “critical point” (31 °C and 74 bar), the pressure was reduced, thus drying the samples
without any damage, bypassing the liquid—gas phase transition. Next, a thin (from 1 nm
and more) metal layer was deposited onto the samples to enhance conductivity and add
mechanical strength to the sample, as well as to localize the signal on the sample surface
(sputtering unit SPI supplies, SPI, Santa-Clara, CA, USA). Samples were stored in closed
Petri dishes with granulated silica gel. The photographs were obtained using a JSM-6380LA
scanning electron microscope (JEOL Ltd., Tokyo, Japan) at various magnifications. The
thickness of the leaf blade was calculated using the Image ] program with an accuracy of
0.1 um. At least 300 cells of the above tissues from three independent leaves were analyzed
for each experimental treatment.

2.5. Determination of the Composition of Phenolic Compounds in Chestnut Leaves

From the chestnut leaves selected at contrasting levels of daily solar radiation (from
the sunny and shady sides of the tree crown), on which damage from C. ohridella was
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recorded, averaged samples were formed. Leaf powder samples (1 g) were extracted with
methanol (20 mL). Extraction was carried out for 20 min with sonication and occasional
shaking. Then, the suspension was centrifuged at 15,000x ¢ for 15 min, and the super-
natant was filtered through a 0.25 uym membrane and evaporated to dryness in a helium
stream. The identification and content of secondary metabolites in individual extracts
were determined by chromato-mass spectrometry (GC-MS) on a JMS-Q1050GC GC-MS
chromatograph (JEOL Ltd., Tokyo, Japan). Capillary column DB-5HT (Agilent, Santa-Clara,
CA, USA) (length 30 m, inner diameter—0.25 mm, the film thickness—0.52 pm, and gas
carrier—helium) was used. The temperature gradients during the analysis were within
the range of 40 °C to 280 °C, the injector and interface temperature was 250 °C, while the
ionic source was 200 °C. Gas flow in the column was equal to 2.0 mL min™!, split-flow
injection mode, with the sample injected into a volume of 1-2 uL of the evaporated ex-
tract. The analysis was held for 45 min. The derivation was held using silylation reagent
N,O—Bis-trimethylsilyl) trifluoracetamide—BSTFA following the method described in
past studies [28-30]. Identification of the substances was carried out according to NIST-5:
National Institute of Standards and Technology (USA) retention behavior and mass spectra.
The scanning range was 33-900 m Z~!, while the identification of substances’ credibility
was within 75%-98%. All determinations were carried out in triplicate.

2.6. Statistical Analysis

To test for the normality of the distribution, the Kolmogorov-Smirnov test was per-
formed. Further, to compare the arithmetic means, ANOVA was used, with the Bonferroni
correction. Pairwise differences between individual extracts of secondary metabolites were
assessed using Tukey’s test. The measurements were performed in the Statistica v. 12.0 PL
(StatSoft, Tulsa, OK, USA) program.

3. Results

The first imagoes appeared in mid-June, the number of individuals of the first gen-
eration recorded in traps during a three-week collection period (from mid-June to early
July) averaged 150 moths, both on the sunny and shady sides of the crown (Figure 1).
However, already by the second generation, noted in the period from the last ten days
of July to the end of August, the number of individuals in traps in the same period of
fishing exceeded the number of imagoes of the first generation by 2.1 and 1.6 times on
the sunny and shady sides of the crown, respectively. At the same time, the number of
second-generation individuals caught on the sunny part of the crown was statistically
significantly higher (1.25 times) than the number of individuals on the shady side.

No significant differences were found between the variants within each month; how-
ever, the indicators in July and August differ significantly from each other.

After taking into account the flight activity of the number of second-generation indi-
viduals on the leaves of horse chestnut, the number of caterpillars of two age groups (L1—-Ly;
Ls and Lg), as well as the number of diapausing/non-diapausing pupae of the orchid miner
(Figures 2 and 3) were counted.

Significant differences were found between the variants within each month (except for
non diapaused pupae); indicators in July and August are significantly different from each
other (Figure 2).
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Figure 1. The total number of moths of C. ohridella during the growing season of the year 2022.
Standard deviations are given as the margin of error. Mean comparisons were performed with
ANOVA using the Bonferroni correction. Means followed by the same letter are not significantly
different at « = 0.05. The experiment was performed in triplicate.
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Figure 2. The average number of caterpillars of early (L;—L4) and late instars (L5 and Lg) (A), as well
as pupae that do not fall and fall into diapause under different conditions of crown illumination (B).
Standard deviations are given as the margin of error. Mean comparisons were performed by ANOVA
using the Bonferroni correction. Means followed by the same letter are not significantly different at
o = 0.05. The experiment was performed in triplicate.
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Figure 3. Horse chestnut leaves infested by Ohrid leafminer from the sun (A) and shadow (B) sides
of the tree crown.

Early age caterpillars (L;—L4) had a flattened body, while late-age caterpillars (Ls
and Lg) were typical caterpillars with an almost cylindrical body. The structure of the
mouthparts was the same for all feeding larval stages (L1—-L4). Late-instar larvae (Ls and
L) did not feed and morphologically differed significantly from younger larval stages.
The average number of miner caterpillars feeding per one leaf of common horse chestnut
was 1.7 times more on the sunny side of the crown than on the shady side. The number of
caterpillars of late ages on both parts of the crown did not statistically significantly differ
from each other and amounted to 1.3 and 1.5 individuals per leaf on average. At the same
time, the number of caterpillars of late instars was significantly less (by four times in the
sunny and two times in the shady side of the crown) than the larvae of L1-L4 stages.

Larvae of the fifth stage are known to braid the lower part of the cocoon in the form
of a lenticular convexity of the abaxial part of the leaf and behave in one of two ways:
they form a shallow deformation of the leaf, and in this case, L larvae weave a very loose
cocoon and turn into a pupa that does not enter into diapause; or Ls larvae produce a
much deeper deformation of the lower surface of the leaf, and the sixth instar larvae that
arise from them weave a very dense cocoon (and then the pupae enter diapause) [25]. An
analysis of pupae, both falling into diapause and not going into it, showed that the average
number of pupae per leaf that did not go into diapause was almost the same, both on the
sunlit (16.5 individuals) and on the shady (17.5 individuals) sides of the tree crown. The
number of such pupae was 2.2 and 4.4 times greater than the number of pupae falling
into diapause on the sunny and shady sides of the crown, respectively. At the same time,
the number of pupae falling into diapause on the sunlit side of the chestnut crown was
1.9 times more than on the shady side of the tree crown.

A micromorphological assessment of horse chestnut leaves damaged by larvae
(Figure 3) allowed us to describe the characteristic features of the leaf transverse sec-
tion on the sunny and shady sides of the horse chestnut crown (Figure 4). The leaf blades
had a structure typical of mesomorphic leaves with relatively thin outer cell walls of the
adaxial and abaxial epidermis, a thin cuticle layer, and a single layer of palisade and spongy
parenchyma. Small cuticular grooves are visible on the leaf surface of A. hippocastanum,
and a few trichomes are also found. A dense mass of organic matter from the remains
of damaged cells and excrement of larvae was found in the mine cavity. In some cells
of the palisade and spongy parenchyma, as well as in cells located near the phloem of
large vascular bundles, calcium oxalate crystals (Supplementary Materials Figure S2) were
formed (Figure 3B).
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Figure 4. Cross sections of C. ohridella-infested Aesculus hippocastanum leaves under different illumi-
nation conditions (sunny side of the crown—(A,B); shady side of the crown—(C,D)) obtained using
scanning electron microscopy (x400). Abbreviations: ue—upper epidermis, le—lower epidermis,
pp—palisade parenchyma, sp—spongy parenchyma.

The area of the palisade parenchyma cells was significantly larger in leaf tissue from
the sunny side of the crown than in leaves from the shady side of the crown (Figure 5).
This trend was also characteristic of the cells of the lower epidermis, while the area of
the cells of the upper epidermis was larger in the sunny part of the crown. Only spongy
parenchyma cells did not differ in this parameter (to be added to the text) (Figure 6A).
When studying the palisade parenchyma, differences were found in the length of the cells
of horse chestnut leaves (Figure 5B). A significant increase in the length of the cells of
the palisade parenchyma of the leaves of the shady part of the crown was found to cause
a greater thickness of their leaf blade compared to the leaves of the sunny side of the
crown—3068.78 um and 2026.63 um, respectively.

Figure 5. Fragments of a transverse cross sections of Cameraria ohridella-infested Aesculus hippocas-
tanum leaves under different illumination conditions (sunny—(A), shaded—(B)), obtained using
scanning electron microscopy (magnification x400). Abbreviations (like Figure 4): ue—upper epider-
mis, le—lower epidermis, pp—palisade parenchyma, sp—spongy parenchyma.
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Figure 6. Morphometric characteristics of anatomical differences in leaf blade mesophyll specimens
of horse chestnut leaf. Cross sections of Cameraria ohridella-infested Aesculus hippocastanum leaves
under different illumination conditions (sunny and shaded), obtained using scanning electron mi-
croscopy (magnification x400). (A)—The area of the cells of the upper and lower epidermis, as
well as the palisade and spongy parenchyma of the leaf blade under different illumination condi-
tions. Abbreviations: Sue—upper epidermis, Sle—lower epidermis, Spp—palisade parenchyma,
Ssp—spongy parenchyma. (B)—Length of the cells of the palisade parenchyma of the leaf blade of
horse chestnut under various illumination conditions (Lpp). Standard deviations are given as the
margin of error. Means were compared in ANOVA using the Bonferroni test (histogram A) and the
t-test mean comparison method. Means followed by the same letter are not significantly different
at o« = 0.05.

In addition, a fungal infection was revealed on the surface of the leaf, both on the
sunny and shady sides of the crown (Supplementary Materials Figure S3).

Metabolic Analysis

The composition of the main substances contained in the methanol extract prepared
from the leaves of A. hippocastanum was determined by GC-MS. A total of 100 metabolites
were identified (Supplementary Materials, Table S1). The height of their peaks was at
least 0.1% of the instrument scale. Since the content of most compounds did not exceed
0.1 mass. % of the extract, the results consider data only for 45 compounds, the contents of
which are above 0.1 mass. % of the extract (Table 1).
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Table 1. Organic compounds detected in the leaf extracts of A. hippocastanum. % mass. Of the extract.

Peak Height, % of Scale

Metabolite Sunny Side Shady Side
Polyphenols

2-butene-1,4-diol 0.212 0.05 be
L-(-)-arabitol 1.702 0.29 ¢
D-fucitol 0.952 0.44°
1,5-anhydroglucitol 1.342 0.06 €
D-mannitol 0.01 b 0.552
1,5-angidroglucitol 8.71P 10.33 2
scillo-inositol 1.802 1262
galactinol 10.59 be 15.12
D-glucitol 0.942 0.60°
maltitol 0.01°¢ 3.96°

Carboxylic esters

D-(+)- ribono-1.4-lactone 0.232b 0312
gluconolactone 1.25% 0.01°¢
Organic acid
glucopyranuronic acid 0.14° 0497
ribonic acid 0972 0.36b¢
quininic acid 7.50 be 11.752
gluonic acid 7.39 ab 8.292
gallic acid 0422 0.12°
palmitic acid 0.272 0.01P
D-(+)-galacturonic acid 0492 0.03 be
4-aminosalicylic acid 0.01°¢ 2.032
5-aminosalicylic acid 0.01° 0312
sinapinic acid 0.36 2 0.272
betulinic acid 0444 0412
Sugar derivatives
D-erythro-2-pentulose 0.602 0.41°
methyl-a-D-glucofuranoside 0.552b 070
D-psicofuranose 9.152 9452
D-(-)-tagatofuranose 0.01° 04842
DL- arabinofuranoside 2.66 2P 3.042
methyl galactoside 6.122 5.252b
b-D-(+)-talophyranose 1.872b 2402
talofuranose 1.632 1.30 20
deoxyglucose 0.122b 0.192
a-D-ribofuranose 0.12° 0.282
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Table 1. Cont.

Peak Height, % of Scale

Metabolite Sunny Side Shady Side
Polyphenols
L-sorbopyranose 0.09 2b 0152
glucosylspingosine 6.67 2 2.31 be
D-turanose 0.01°¢ 3282
methyl—a-N—a.cetyl—D- 5004 0.014
galactoside

D-(-)-sorbofuranose 1552 1.854
D-trehalose 2,522 150°
D-(-)-xylophyranose 5632 0.014
1-c-octylhexopyranose 1952 2132
DL-arabinopyranose 2542 2,622
b-lyxopyranose 0.01° 0.442
a-D-lactose 0.01° 0312
D-ribofuranose 0.38 2b 0.722

Values followed by the same letter within a row are not significantly different (p > 0.05, Tukey’s test).

The metabolites were divided into the following groups: polyphenolic compounds
(10 compounds); cyclic esters (2 compounds); organic acids (11 compounds); and sugars
and their derivatives (22 compounds). The share of carbohydrates in the composition in
the tissue of leaves collected from the sunny and shady sides of the chestnut trees crown
was 49.39% and 38.83%, respectively. Among carbohydrates, D-psicofuranose and methyl
galactoside accounted for the largest share. The content of these compounds in the tissue
of leaves collected from the sunny and shady sides of the crown was 30.9 and 38.2% of
the total amount of carbohydrates, respectively. In the leaves collected from the sunny
side of the crown, six types of carbohydrates dominated, and two compounds (methyl-
a-N-acetyl-D-galactoside and D-(-)-xylophyranose) accumulated only in this part of the
crown. Although 16 compounds dominated in the leaves of the shady side of the crown, the
excess of their number was not significant—1.3 times compared with the content of these
compounds in the leaves of the sunny side of the crown. Among the 11 organic acids, two
compounds dominated—quininic acid and gluonic acid, and both acids accumulated to a
greater extent in the leaves of the shady side of the crown (by 1.6 and 1.2 times, respectively).
The proportion of polyphenolic compounds was 26.26 and 32.73% of the total composition
of metabolites in the leaves of the sunny and shady sides of the horse chestnut crown,
respectively. Among the polyphenolic compounds, two sugar alcohols dominated—1,5-
angidroglucitol and galactinol—and their content in the leaves of the shady side of the
crown was 1.3 times higher than in the leaves of the sunny side of the crown. It should be
noted that an ester, gluconolactone, which has strong antioxidant and chelating properties,
accumulated in the leaves of the sunny side of the crown.

4. Discussion

Significant damage to plantations of A. hippocastanum trees by the horse chestnut
moth (C. ohridella) has been recorded in Moscow since 2006 [9], wherein the density of the
phytophage and the dynamics of its abundance during the season change depending on the
economic maintenance of plantations and the climatic conditions of the growing season [31].
In the absence of anthropogenic interference in the annual cycle of development of the
pest, which is typical for areas with a special conservation status in particular, such as
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the arboretum of the GBS RAS, a high density of miners was recorded in plantations of
horse chestnut [32].

One of the characteristics of the mass distribution of the horse chestnut leafminer is
the determination of the abundance and density of populations of C. ohridella during the
growing season. In recent years, Delta sticky traps with sex pheromones from C. ohridella
females have been used for monitoring purposes [33,34]. During the capture of horse
chestnut leafminer imagoes with pheromone traps, two generations of moths on horse
chestnut trees were recorded, while up to three generations of C. ohridella were recorded
in more southern European cities [35]. Often, in the conditions of a wet growing season,
the development of the first generation of the miner is more extended and less productive,
and the mass appearance of the second generation is timed to mid-August, i.e., to the
period of the beginning of leaf aging. Thus, the number of Ohrid leafminers in the first
generation averaged 170 individuals per sticky trap. Additionally, in the second generation
it was more numerous—the maximum number of moths reached 350 individuals per trap,
which is significantly lower than the number (up to 600-700 moths) recorded in European
cities [36]. The trend of a smaller number of imagoes in the first generation recorded in our
studies, not reaching the level of the second generation, was also observed in European
populations of C. ohridella [36].

It is known that C. ohridella females of the first generation show very low selectivity
when choosing A. hippocastanum leaves [37,38], therefore fluctuations in the number of
miners on the sunny and shady sides of the crown did not exceed 10% and were statistically
insignificant (p < 0.05). However, already in the second generation, the choice of leaves
by C. ohridella females could be influenced by intraspecific competition. The leaves of the
sunny side of the horse chestnut crown were more affected by the orchid leafminer—the
increase in the number in the second generation was 92.5%, while in the shady side of
the crown, the growth did not exceed 47.2%. With a high daily solar radiation per unit
area of leaf, leaves with a greater mass are formed on the sunny side of the horse chestnut
crown. It is the availability of feeding that may be one of the factors that determine the high
abundance of lifeminers on the leaves of the sunny side of the tree crown [39]. Additionally,
as a result, a greater number of caterpillars of age L1-L4 (up to five individuals per leaf on
the sunny side of the crown) develop on this part of the crown.

With a high abundance of the second generation, a significant food shortage begins
to be felt during the development of the miner, especially on the shady part of the crown,
which led to the formation of more mines, an increase in the mortality of feeding caterpillars,
a higher percentage of pupae that do not fall into the diapause, and a lower percentage of
pupae entering diapause. Similar data on the formation of a greater number of mines on
the leaves of horse chestnut in the shady part of the crown were also recorded by Polish
and Czech researches. They revealed that a longer period of time was required for the
development of mines on leaves from the sunny part of the crown [40—42].

The cuticular layer of plants is an important barrier against pathogens and pests [43].
Small cuticular grooves have been found on the cell walls of the adaxial epidermis of horse
chestnut, but it has not been proven that they can be an obstacle to the penetration of
C. ohridella larvae, which can gnaw through the epidermal layer and reach the palisade
parenchyma. Thus, in our studies of the anatomical structure of chestnut leaves, it was
found that the area of cells of the palisade parenchyma was significantly larger in the
cells of the leaves of the crown’s sunny side than in the leaves of the crown’s shady side.
There were no differences in the areas of cell sections of the upper epidermis and spongy
parenchyma between the leaves of the sunny and shadow sides of the crown. In addition,
a significant increase in the length (by 21%) of the cells of the palisade parenchyma in
the leaves of the crown shadow side was established, which was also previously noted
by a number of researchers [44,45]. The palisade parenchyma cells in the leaves on the
shady side of the crown had different lengths, while the cells of the palisade parenchyma
in the leaves on the sunny side of the crown were uniform [41]. The combination of these
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indicators led to differences in the thickness of the leaf blade, which turned out to be greater
in low light conditions, which was also noted in previous studies [41,46,47].

During the study, in some cells of the palisade and spongy parenchyma, as well
as in many cells located near the phloem of large vascular bundles, single crystals of
calcium oxalate were found (Supplementary Materials Figure S2). It is known that calcium
oxalate crystals in plant cells can perform various functions, one of which is protection
from pests [47-49].

Secondary plant metabolites are considered to be another important source of natural
plant resistance to pests [50]. They affect the olfactory, tactile, and taste receptors of
herbivores, and their effects on herbivores are often toxic [51]. Changes in the qualitative
and quantitative composition of secondary metabolites in horse chestnut leaves that have
been infested with a leafminer provide plant resistance to the pest. Thus, a change in
the activity of individual benzidine-peroxidase isomers contributes to maintaining the
functional integrity of the photosynthetic system in chestnut leaves [52]. It is the inhibition
of photosynthetic activity (decrease in the quantum efficiency of photosystem II) that
provides violations of the coherence of the reactions of the Calvin cycle, which were
recorded in infected leaves both on the illuminated and shaded sides of the crown of horse
chestnut trees [53].

One of the most active groups of plant secondary metabolites that exhibit protective
activity against insect feeding are phenolic compounds [54-56], which are present in
epicuticular waxes on the leaf surface, in peripheral tissues (epidermis, mesophyll), vascular
bundles, and perivascular membranes [57,58]. The accumulation of phenolic compounds
was recorded in the cells of the epidermis and parenchyma of infected leaves located along
the border of tissues damaged by leafmining moth larvae [25,59].

However, the low content of polyphenols (~30%) in the pool of secondary metabolites
in the leaves of A. hippocastanum recorded in our studies did not deter lepidoptera, and the
significant content of carbohydrates in the leaves reduced the resistance of horse chestnut
plants to biotic stress.

An assessment of the effect of tree crown insolation showed that a very small difference
in the level of phenolic compounds in chestnut leaves grown under different lighting
conditions (26.27% and 32.73% in the leaves of the sunny and shady parts of the crown,
respectively) suggests that phenolic compounds in the leaves of horse chestnut do not
perform a repellant function, regardless of differing light conditions. This is consistent with
the results of Polish researchers [41]. At the same time, carbohydrates (up to 50% of the
total content of secondary metabolites) accumulate in the leaves from the sunny side of the
horse chestnut crown at a high intensity of visible light and UV radiation, which increases
the availability of food and causes a high abundance of leafminers on the leaves of this part
of the tree crown. It is possible that the presence of a strong antioxidant (Gluconolactone)
in these leaves, albeit in small amounts, causes an increase in the mortality of feeding
caterpillars: the number of late instar caterpillars decreased by four times compared with
L,-L, stage larvae.

5. Conclusions

Crown insolation of A. hippocastanum affected the abundance and density of C. ohridella
populations during the growing season. The largest number of pests was noted on the
sunlit side of the tree crown, and the smallest on the shady side of the crown. With
high daily solar radiation, leaves were developed on the sunlit part of the horse chestnut
crown, containing high levels of carbohydrates and having a large area of both palisade
parenchyma cells and cells of the lower epidermis. This contributed to an increase in the
availability of food and led to a high abundance of leafminers and the development of
a large number of caterpillars of age L;—L4. At the same time, the presence of a strong
antioxidant (gluconolactone) in the leaves of the sunny side of the tree crown caused an
increase in the mortality of feeding caterpillars.
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With a high abundance of the second-generation miner on leaves on the shady side
of the chestnut crown, a significant food deficit was felt during its development, which
led to the formation of more mines, an increase in the mortality of feeding caterpillars, a
higher percentage of pupae that do not fall into diapause, and a lower percentage of pupae
entering diapause.

Low levels of phenolic compounds in horse chestnut leaves did not increase the
resistance of trees to biotic stress. A statistically insignificant difference in the level of
phenolic compounds in the leaves of the sunny and shady sides of the horse chestnut
crown indicates that phenolic compounds in the leaves of A. hippocastanum do not perform
a repellent function, regardless of different light conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/f14061079/s1, Figure S1: Pheromone traps; Figure 52: Calcium
oxalate crystals in palisade parenchyma cells; Figure S3: Fungal infection on the surface of leaves.
Table S1: Organic compounds detected in the leaf extracts of A. hippocastanum. % mass. of the extract.
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