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Abstract: Aesculus hippocastanum trees are commonly infested by the leaf miner Cameraria ohridella,
whose larval activity causes the destruction of the leaf parenchyma and induces defoliation. Pest
attacks result in, e.g., production of smaller fruits and tree re-flowering in autumn. Concerning pest
influence on stem structure only scarce information of narrower annual growth rings of wood has
been published. Therefore, we determined the effect of the presence of the leaf miner infestation on
intra-annual cambial activity and on differentiation of conductive tissues. These data were compared
with phenological phases and pest activity. Pest feeding resulted in changes in onset, cessation and
duration of cambial divisions, and differentiation of secondary xylem. The duration of cambial
activity was about a month shorter in heavily infested trees and was connected with premature
tree defoliation. Affected trees were characterised by a reduction in cambial divisions and earlier
cessation of wood differentiation resulting in narrower wood rings. Furthermore, the infested trees
exhibited altered wood structure, with more vessels of smaller diameters, however these changes did
not affect its theoretical hydraulic conductivity. Interestingly, pest attack did not influence secondary
phloem differentiation. The probable influence of long-term infestation on tree growth and condition
was discussed.

Keywords: Gracillariidae; horse chestnut; infestation effects; leaf miner; phenology; secondary
phloem; secondary xylem; vascular cambium

1. Introduction

The European horse chestnut, Aesculus hippocastanum L. (Sapindaceae), is native to
the Balkan peninsula; however, due to its aesthetic properties, especially its large white
inflorescences, it was brought to Europe in the 16th century, where currently it is one of the
most recognisable trees, planted widely in the parks and thoroughfares of cities [1]. One of
the naturally occurring pests of A. hippocastanum is the small leaf miner moth Cameraria
ohridella Deschka and Dimić (Lepidoptyera: Gracillariidae) [2], which was identified for
the first time in Macedonia in 1985 and then spread all over Europe [3]. The larva is the
destructive stage of the pest, feeding on the parenchyma of the leaves and forming mines in
the leaf blades. The infestation is repeated every year. Generally, the first mines are visible
in May during flowering [3,4]. Heavily infested trees, due to the destruction of the leaf
blades, lose their leaves prematurely and may produce new inflorescences in September,
which leads to the inadequate preparation of the buds for winter dormancy and decreases
the tree’s resistance to frost [4–6]. Premature defoliation and a significant reduction in the
area of the leaf blades result in reduced photosynthetic activity [5,7,8]. These changes are
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followed by the formation of lighter seeds and fruits, probably reducing the amount of
nutrients available for the seedling during germination [5,8]. The latter assumption has
been refuted as it has been shown that seed weight does not affect germination or the
further development of horse chestnut trees [9]. Worth mentioning is that the changes in
tree functioning, visible in late summer and autumn, are related to natural leaf senescence,
and thus some authors state that the effects of C. ohridella feeding are not as destructive for
the tree as generally believed [4,7]. Therefore, these results, which mainly concentrate on the
tree functioning and physiology, are contradicting. Additionally, a detailed analysis of the
influence of C. ohridella on the secondary thickening (secondary growth) of A. hippocastanum
trees is lacking.

Secondary growth is a characteristic feature of trees and mainly results from the
activity of cambium, a lateral cylindrical meristem, in which consecutive periclinal divisions
form secondary xylem (wood) and phloem [10,11]. Wood is one of the most important
natural resources, used by humans in everyday life and in many different branches of
industry. Therefore, the activity of the meristem and the process of wood formation in
trees are intensively studied on anatomical, physiological, and genetic levels [12–16]. The
intra-annual changes of cambium activity and wood formation are examined in detail
and also coupled with phenological observations [17–20]. Much less is known about the
differentiation of the second conductive tissue, i.e., secondary phloem, in association with
cambial activity, wood differentiation or tree phenology [20–25]. Moreover, cambial activity
and the differentiation of secondary conductive tissues (especially wood) depend on many
factors, both intrinsic (e.g., hormones and gene expression; [16,26]) and extrinsic (climatic
and non-climatic; [27–31]). One of the non-climatic factors is the attack of defoliating
insects, which can lead to a decrease in the width of growth rings as a consequence of fewer
cambial divisions and fewer elements of secondary xylem thus being formed [32–34]. A
decrease in the width of annual rings of horse chestnut trees as a result of C. ohridella attack
has been shown [35–37]. This feature confirms the loss of fitness and lower growth range
of the trees in growing season(s). However, the developmental mechanisms behind the
formation of narrower annual rings in A. hippocastanum trees are unknown. This is because
the studies of intra-annual changes in cambial activity and the differentiation of secondary
conducting tissues are lacking. As a result, the impact of pests on tree functioning, and
potential adaptation to long-term infestation, are not fully understood.

Therefore, we conducted accurate original analysis in the two-year period 2014–2015,
with the aim of characterising the impact of horse chestnut leaf miner infestation on
intra-annual cambium activity and the consecutive stages of the formation of secondary
conductive tissues, both xylem and phloem, in relation to tree phenology. We hypothesised
that intensive infestation of C. ohridella: (1) decreases the duration of cambium activity and
the frequency of periclinal divisions; (2) affects the differentiation of secondary conductive
tissues, both xylem and phloem; and (3) modifies the structure of secondary conductive
tissues i.e., the size and number of vessels, resulting in changes to hydraulic conductivity.
Developmental analyses of growth processes allowed us to better understand the impact
of C. ohridella on A. hippocastanum and infer the long-term effects of pest infestation on
tree functioning.

2. Materials and Methods
2.1. Study Site

The study was carried out in Wrocław, a city located 118 m a.s.l. in SW Poland.
Wrocław has a temperate, mild climate characterised by a mean annual temperature of
9.7 ◦C with the highest monthly mean (19.7 ◦C) and maximum (25.6 ◦C) temperatures
in July and the lowest monthly mean (0.0 ◦C) and minimum (−3.3 ◦C) in January. The
highest rainfall is in July (92 mm); however, precipitation is significant (about 550 mm)
throughout the year. The mean annual relative humidity is 76.3%, with the highest (85.5%)
in November and the lowest (68.0%) in April [38].
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Fifteen horse chestnut trees, growing in five locations along roads and in parks of
Wrocław, were chosen for analyses conducted in 2014 and 2015 (Figure 1, Table 1). All
trees had been repeatedly attacked by the horse chestnut leaf miner, however with varied
degrees of leaf blade destruction and the time of leaf shedding. Since it is known that leaf
picking in autumn significantly improves the condition of trees and delays attack by the
pest [39–41], two groups of trees differing in the degree of leaf miner infestation, were
chosen for the analyses, on the basis of our preliminary few-year observations. The first
group contained six lightly infested trees (LIT; Nos 1–6), whose fallen leaves were removed
regularly every autumn. The second group constituted nine heavily infested trees (HIT;
Nos 7–15) whose leaves had been falling precociously and were not removed. In both
years, the LIT and HIT were sampled (Table 1; Table S1).
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Figure 1. Map showing the location of the study area; (a) the city of Wrocław in a map of Europe; (b) magnification of 
Wrocław with the location of the study sites; sampling locations are marked by filled dots and analysed trees are 
numbered. Prepared using Google maps.  

Figure 1. Map showing the location of the study area; (a) the city of Wrocław in a map of Europe; (b) magnification of
Wrocław with the location of the study sites; sampling locations are marked by filled dots and analysed trees are numbered.
Prepared using Google maps.

Table 1. Location of the analysed trees of A. hippocastanum sampled in 2014 and 2015.

Year of Sampling Lightly Infested Trees (LIT) Heavily Infested Trees (HIT)

2014 trees 1–3
51◦07′28.1′′ N 16◦59′44.8′′ E

trees 7–9
51◦08′53.4′′ N 16◦52′12.7′′ E

trees 10–12
51◦06′35.7′′ N 17◦04′46.8′′ E

2015 trees 4–6
51◦07′28.1′′ N 16◦59′44.8′′ E

trees 13–15
51◦08′01.4′′ N 16◦50′50.6′′ E

In consideration of the high similarity of the results obtained in 2014 and 2015, these
data were treated collectively for the two-year period, both for the lightly and for the
heavily infested trees.
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2.2. Phenological Observation

The phenological phases considered were the following: dormant; bud swelling; leaf
emerging; full leaf unfolding; flowering; chestnut appearing; mature fruit; and leaf fall [42]
and they were observed concomitantly with micro-core sampling. The phenology of the
trees was documented photographically and the degree of infestation as a result of larval
activity of C. ohridella was monitored in two different groups of trees, LIT and HIT. Three
different stages of infestation were recognised: (1) the first small mines appear; (2) the
majority of leaf blades are green, but with long mines; (3) numerous mines, majority of leaf
blades are brown; dry leaflets are falling.

2.3. Sampling Methods, Preparation of Slides and Microscopy

Nine trees in 2014 and six trees in 2015 (Figure 1, Table 1) were sampled using the
Trephor tool [43] weekly from the beginning of April to the middle of May and then in
two-week intervals to the middle of October. In total, each tree was sampled 17 times
per year and at every time point, two micro-cores were taken from each tree. Finally,
510 micro-cores were collected, 204 from LIT and 306 from HIT. The successive samples
were taken along a helix winding around the tree stem, at a distance of 1.20 to 1.60 m
above the ground. To facilitate micro-core sampling, the rhytidome was removed; the
micro-cores sampled contained cambium, and secondary xylem and phloem differentiated
in recent years [13,44]. The samples were immediately fixed in FAA (formalin-acetic acid-
alcohol) for a week, moved to 50% ethanol and then dehydrated in a tertiary butyl alcohol
series (50%, 70%, 90%, 95%, three times 100%; 1.5 h per solution), infiltrated in the butyl
alcohol—paraffin solution (20%, 40%, 60%, 80% and 100%; 1.5 h per solution) and then
embedded in paraffin [45]. From each micro-core, a series of transverse sections, 8–10 µm
thick, were prepared using a rotary microtome (Leica RM 2135, Leica Instruments GmbH,
Wetzlar, Germany). Sections were kept in xylene (three times per 10 min.) to dissolve
paraffin, double stained with a Alcian Blue-safranin O mixture, dehydrated in ethanol
(50%, 70%, 90% and 100%; 2 min. per solution), kept in isopropanol (three times 10 min)
and embedded in Euparal [45].

Microscopic sections were observed in bright field under an Olympus BX50 micro-
scope equipped with an Olympus DP71 camera and Cell B software (Olympus Optical Co.,
Warsaw, Poland). A polarising adapter was used to detect the formation of secondary cell
walls in differentiating cells. CorelDraw 2017 (Corel Co., Ottawa, Canada) was used to
prepare the figures.

2.4. Cambium Activity and Formation of Secondary Conductive Tissues

Intra-annual analyses were made on the basis of the transverse sections cut from each
micro-core sampled during the growing seasons from the trees under study. For each tree
and for each micro-core, the number of cambial cells in a radial row was counted in at least
three randomly selected radial files according to the procedure in Oladi et al. [46]. The
cells characterised by a rectangular shape, small radial dimension and thin cell walls were
identified as cells of the cambial zone. In dormant cambium, the border between xylem and
cambium was easily distinguished by the difference in thickness of the cell walls of xylem
cells (thick cell walls) and cambial cells (thin cell walls). The border between cambium
and phloem was established based on the presence of undifferentiated overwintering
derivatives on the phloem side, which were characterised by oblique cell walls of just-
formed companion cells [47]. As the companion cells were visible during the entire year,
the border between cambial and phloem cells was easily distinguishable. The beginning of
cambial activity was determined by the periclinal divisions visible due to thin divisional
walls in cambial cells resulting in an increased number of cambial cells in the radial files.
The lack of periclinal divisions, and a decrease in the number of cells in a radial row,
indicated the cessation of cambial activity.

Concomitantly, the number of wood cells formed in each year was counted. This
was calculated as the number of fibres in a radial file, except the file where the vessel
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interrupted the fibre arrangement. In such a case, the fibres in an adjacent radial file were
numbered. The cells in three randomly selected radial files were counted [46]. Successive
steps of xylem cell differentiation were distinguished: (1) postcambial growth zone was
indicated by a two-fold increase in the radial dimension of the wood cells; (2) the beginning
of secondary cell wall deposition was designated by the birefringence of the cell wall under
polarised light; (3) lignification of the cell walls was detected by red staining by safranin,
which was followed by the further maturation of the cells. Stages of wood formation were
designated and analysed according to Oladi et al. [46], Marion et al. [13], Giagli et al. [44]
and Gričar et al. [42].

Concomitantly with the analyses of wood differentiation, the formation of secondary
phloem was analysed. The number of cells in radial rows, as well as their identity (sieve
elements, parenchyma or fibres) were determined and counted during the year.

2.5. Measurements and Statistical Analyses

For each tree, additional measurements were made on transverse sections from the
micro-cores sampled at the end of the growing season. Thus, the wood from the most
recent annual growth ring was analysed. The width of the last annual growth ring was
measured; five measurements were made for each annual ring. Additionally, the number of
vessels per mm2 and the mean vessel lumen area were calculated. A minimum of 1.5 mm2

of secondary xylem surface and at least 300 vessels were analysed per tree. In all cases, the
surface was chosen to contain both early and latewood from the cambium to the border
of the annual ring of wood. AxioVision software (Carl Zeiss Vision GmBH, Göttingen,
Germany) was used for all of the measurements.

To check whether changes in the wood structure result in the modification of water
transport efficiency, we measured the theoretical hydraulic conductance (THC, µm2). A
minimum area of 0.6 mm2 was analysed, and the minimum and maximum diameters
of lumens of all vessels (at least 80 for each tree) were measured [48]; and the radius of
each vessel was calculated. According to the Hagen–Poiseuille equation [49], THC is a
sum of the fourth power of the vessel radius divided by the area [50]. The values were
calculated for each tree and the average value was calculated for both groups of trees, i.e.,
LIT and HIT.

All the measurements were tested for normality and the homogeneity of variances by
means of the Shapiro–Wilk W-test and Leven’s test, respectively. Welch’s t test was used to
correct any unequal variances between groups. The differences between the groups of trees
were compared using a t-test. The widths of annual growth rings did not have a normal
distribution in Shapiro–Wilk test (α < 0.05), thus the significance of the differences was
checked using the U Mann–Whitney test [51]. Data analyses were conducted in Statistica
13 software (StatSoft, Inc., Tulsa, OK, USA, 2014).

3. Results
3.1. Phenological Changes and Horse Chestnut Miner Infestation

In both groups of trees studied, phenological changes proceeded similarly during
the year (Figure 2a–g). Until the end of March, the buds were dormant (Figure 2a). They
swelled in the first third of April (Figure 2b), only one location (Nos 1–3) swelled one week
earlier in 2014; and after one week the first pair of leaves appeared (Figure 2c). At the
end of April, the first flowers opened, although, as previously in the same group of trees
(Nos 1–3) one week earlier; full flowering occurred at the beginning of May in all trees
(Figure 2d). Blooming lasted 2–3 weeks, till the end of the second third of May. The fruits
started to appear in the second half of May (Figure 2e); in one group of trees (Nos 13–15) in
2015, this stage was observed one week later. The fruits matured until autumn (Figure 2f).
During September, mature fruits fell, both in lightly infested (LIT) and heavily infested
(HIT) trees. The process of leaf senescence was significantly different in the LIT and HIT.
In the LIT, the leaves turned yellow and brown (Figure 2g) and fell from the beginning of
September to the middle of November in both years under study. In contrast, in the HIT,
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the process of leaf senescence and drying started at the beginning of August and leaves fell
until the middle of October.
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Figure 2. Annual changes in phenology and horse chestnut miner infestation on Aesculus hip-
pocastanum during the year. (a) dormant bud; (b) bud swelling; (c) the emergence of the first
leaves; (d) flowering; (e) formation of the first fruits, the remnants of pistils are still visible (arrows);
(f) the mature fruits; (g) brownish and yellowish leaves in autumn; (h) stage 1; the first mines
formed in the leaf as a result of the larvae feeding (arrow); (i) stage 2; more destroyed leaf with more
mines (arrows).

The first mines associated with larvae feeding in the leaf parenchyma were observed
in LIT in the middle of June (Figure 2h; Stage 1 in Table S1), while in HIT this was seen
about three weeks or a month earlier (in the second third of May). During the growing
season, the process of leaf destruction continued (Figure 2i; Stages 2 and 3 in Table S1) and
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was more intense in the HIT, leading to precocious defoliation. The leaf miner attacks have
been observed every year.

3.2. Activity of Cambium

The duration of the cambial activity was estimated on the basis of the occurrence of
cambial cell divisions and of the changes in the number of cambial cells in radial rows.

In both analysed groups of trees, cambium was dormant with 5–8 (average 6.5) cells
in a radial row till the first third of April, (till the 95 day of the year (DOY); Figure 3a,e).
The cambium became active on 12th April (102 DOY), which was marked by the first
divisions in cambial cells (Figures 3b and 4). At the same time, the first leaves appeared.
As a result, the number of the cells in radial rows started to increase (Figure 3e). In the
LIT, the tendency of increasing cell numbers was maintained during the growing season,
reaching about 11–12 cells in a radial row from the end of May to the beginning of August
(144–214 DOY; Figure 3c,e). In this group of trees, the cambium remained active until
the second half of August (228 DOY), then divisional activity ceased and the number of
cambial cells in radial rows decreased to nine (Figure 3d,e and Figure 4a). In contrast,
in the HIT, after the onset of cambium activity at the beginning of April, the number of
cambial cells in radial rows increased slowly, reaching a maximum (about 10–11 cells) on
5th July (158 DOY; Figures 3e and 4b). Then, the number of cells decreased concomitantly
with the progressive destruction of leaf blades due to leaf miner feeding. The last periclinal
divisions, indicating the cessation of cambium activity, were observed in the middle of July
(200 DOY; Figure 4b), which was followed by precocious leaf senescence. During the entire
growing season, the average number of cambial cells in radial rows was lower in HIT than
in LIT (Figure 3e).

3.3. Formation and Structure of Secondary Xylem

During our studies, successive stages of wood cell differentiation produced during
the growing season were analysed in A. hippocastanum trees (Figure 5).

In both groups of trees examined, after the beginning of cambium activity (102 DOY)
almost to the end of April (116 DOY), new secondary xylem cells were not established
(Figures 4 and 5a). From this time, and throughout the growing season, new wood cells
were constantly formed as a result of divisional activity in the cambium and the continuing
process of differentiation (Figure 5b,c). The first evidence of wood cell differentiation was
visible as an increase in the length and width of cells, termed the postcambial phase, that
occurred in the LIT about two weeks after the first divisions in the cambium, i.e., in the last
third of April (116 DOY; Figures 4a and 5b). In HIT, the process of wood differentiation
started one week later, at the beginning of May (123 DOY; Figure 4b). The number of wood
cells formed in the current year increased significantly coinciding with the end of flowering,
from the middle of May (137 DOY); however, this increase was more pronounced in the
LIT than in HIT (Figure 5c). Approximately four weeks after the appearance of the first
wood cells, the deposition of the secondary cell wall and the processes of lignification and
cell maturation were observed simultaneously in both groups of trees (Figures 4 and 5d–g).

At the end of the growing season, concomitantly with the decrease in cambium
activity, the previously formed xylem cells continued the process of differentiation, and
the immature cells were still visible after two weeks, i.e., at the end of August in the
LIT (242 DOY; Figure 4a). In HIT, the last periclinal divisions and differentiated xylem
cells were observed in the middle of July (200 DOY), but two weeks later (first days
of August) all cells were mature. It should be added that these stages were observed
concomitantly because of the two-week intervals between taking the micro-core samples.
Therefore, in August LIT still showed cambial activity and the continuing processes of
xylem differentiation (Figure 5h), whereas at the same time the process of differentiation
was almost entirely finished in HIT (Figure 5i).
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Figure 3. Intra-annual changes in cambium activity of Aesculus hippocastanum trees under the impact
of horse chestnut leaf miner. (a–d) transverse sections; (a) dormant cambium (denoted by bracket)
with 5-8 cells located in radial files at the beginning of April; (b) the onset of cambium activity in the
middle of April, periclinal divisions in cambial cells are visible (arrowheads); (c) the peak of cambium
activity with 11–12 cells in radial rows in July; (d) cessation of cambium activity characterised by a
lack of periclinal divisions and a decrease in the number of cells in radial rows; shown in September;
(e) changes in the mean number of cambial cells during the growing season (DOY —day of the year)
showing the difference between lightly (LIT) and heavily infested (HIT) tress; the mean number
of cambial cells increased in both groups of trees in April, which coincides with the beginning of
divisional activity of the meristem; the decrease in cell number was determined in the middle of July
in HIT, whereas in LIT it was in August. The microphotographs are taken from one LIT to show the
changes observed during the season. c cambium, sph—secondary phloem; sx—secondary xylem.
Scale bars 50 µm.

Eventually, trees, from both analysed groups—LIT and HIT—significantly differed
in the number of wood cells formed during the year (Figure 5c). In the LIT, during the
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growing season 110–120 cells (counted in a radial row) were formed, in striking contrast
to the 20–25 cells counted in the HIT trees (Figure 5c). This unevenness in the number
of wood cells formed during the year caused significant differences in the widths of the
annual wood rings between the LIT and HIT; the average width in the LIT was 2107.5 µm
(with a range of 1211–2725 µm; Figure 5j,l), whereas in the HIT the width reached only
417.9 µm (with a range of 121–924 µm; Figure 5k,l). The U Mann–Whitney test proved the
significant statistical difference (Z = −7.26, p < 0.05; Figure 5l) of this parameter between
both groups of trees.

To better understand differences in the impact of the pest on the formation of secondary
xylem elements, we compared the wood structure of the two studied groups of trees. The
analysis of the number of vessels per mm2 showed (Figure 5m) that, in the LIT, there were
on average 161.4 vessels per mm2 (min.-max. amount to 112.9–215.2), whose vessel area
was 1377.8 µm2 (with a range of 173–2848). In comparison with the LIT, the HIT showed an
increased average number of vessels that reached 219.8 per mm2 (with a range of 146–330.5)
but the mean vessel area was smaller, i.e., 1270.8 µm2 (with a range of 127.1–3260.3). The
differences between the analysed groups of trees were found to be statistically significant
using the t-test (Figure 5m), both in the number of vessels (F = 118.77, p < 0.05) and in the
vessel area (F = 8.69, p < 0.05). Next, to examine the possible changes in water transport
efficiency, the theoretical hydraulic conductance (THC) was calculated from the vessel
lumen diameter. Surprisingly, the two groups of trees showed similar mean values of
THC—i.e., 30.49 µm2 (with a range of 14.88–44.56) in LIT and 30.66 µm2 (with a range of
17.39–51.64) in HIT.
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Figure 4. The duration of cambium activity and of successive stages of differentiation of secondary xylem cells in lightly (a)
and heavily infested (b) trees of Aesculus hippocastanum. The length of the rectangles indicates the mean onset and cessation
of the analysed stages during the year. The vertical lines indicate the dates when the successive phenological stages and
symptoms of horse chestnut infestation was observed. In HIT, the duration of cambium activity was shortened by about one
month, which resulted in the shortening of the successive stages of wood differentiation. This shortening can be attributable
to the difference in the level of infestation of the previous years; DOY—day of the year.
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activity in HIT; only the entirely differentiated secondary xylem (sx) cells formed in previous year are visible; new cells
from current year are absent; (b) LIT, new secondary xylem cells (nsx) formed in current year are clearly visible in June;
(c) changes in the mean number of secondary xylem cells produced during the growing season in the LIT and HIT; DOY—
day of the year; (d–g) successive stages of wood differentiation shown on cross-sections under bright-field illumination
(d,f) and polarised light (e,g) in LIT (d,e) and HIT (f,g), cells located close to the cambium in postcambial stage (pcs) and
secondary cell wall (scw) are visible in polarised light (e,g); lignification of cell walls indicated by the red colour; mature
cells denoted by arrows; (h) LIT, immature secondary xylem (imx) cells are still visible in August indicating that the process
of differentiation is in progress; (i) HIT in August; the process of differentiation of secondary xylem is almost finished, only
one layer of cells is not mature (mx); (j,k) a general view of the last formed annual rings of wood in LIT (j) and HIT (k);
the significantly narrower rings occurred in HIT; in both pictures last formed annual ring corresponds to 2015; (l,m) the
difference in the structure of wood in the width of annual rings (AR) of wood (l) and the vessel number and vessel area
(m);the significant differences in values between LIT and HIT are denoted by lower case letters; standard errors are indicated
by whisker plots. Each photo is taken from the most explanatory sample of the LIT and HIT; Bars: (a,b, h,i) 100 µm; (d–g)
200 µm; (j,k) 500 µm.

3.4. Formation and Structure of Secondary Phloem

The process of secondary phloem differentiation was similar in LIT and HIT. The
subsequent stages occurring during the process of phloem differentiation could be followed
due to the presence of characteristic flattened cells formed during the second half of the
growing season. These flattened cells formed a layer which was either regular or continu-
ous, in both cases sufficiently visible to trace the changes that had occurred (Figure 6a). In
both groups, the first modifications related to the differentiation of secondary phloem were
first observed at the beginning of April (95 DOY), before the first divisions in the cambium
(Figure 6a). At this stage, 2–3 sieve tubes with adjacent companion cells, which had been
produced in the previous year, were visible in the neighbourhood of the cambium. In
both groups of trees, in the second third of April (109 DOY), as the divisions appeared in
the cambium (Figure 4), the newly produced cells were first added on the phloem side,
although no derivatives were formed on the wood side of cambium (Figure 6b). At the
beginning of April, flattened cells were located at a distance of 3–4 cells from the cambium
(Figure 6a), and, two weeks later, after the formation of new phloem cells, they were pushed
away from the cambial zone to a distance of 5–7 cells (Figure 6b). In the following months,
several secondary phloem cells originated, so that, finally, 11–13 phloem cells were visible
in both groups of trees (Figure 6c). In mid-July (200 DOY), 2–3 new layers of flattened
cells, produced in the current season, were recognised, as well as new sieve tubes with
companion cells which would overwinter in an undifferentiated form (Figure 6d).

As the phloem cells moved away from cambium, sieve tube elements (two years old)
that were located more distant, lost their conducting function and were modified into fibres
(Figure 6e). Concomitantly, some parenchyma cells enlarged significantly (Figure 6e,f). In
older layers of phloem, formed in the previous consecutive years, more and more cells
transformed into fibres (Figure 6e,f).
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Figure 6. Intra-annual changes in secondary phloem differentiation presented on transverse sections of Aesculus hippocas-
tanum. (a–d) successive stages of secondary phloem development (left panels) and interpretation of the stages (right panels);
(a) 5 April (95 DOY; day of the year); HIT, in the neighbourhood of dormant cambium (c, filled with green); sieve tubes (st,
filled with red) with characteristic companion cells (arrows), which were formed in the previous year, are clearly visible; the
flattened cells (fc, filled with blue) are located 3–4 cells from the cambium; (b) 19 April (109 DOY); LIT, as the result of the
onset of cambium activity (c, filled with green) new sieve tubes (st) are formed (the region of conductive cells filled with red)
thus the flattened cells (fc, filled with blue) are moved away from the cambium; at this time, no secondary xylem cells have
been formed; (c) 21 June (172 DOY); LIT, further formation of secondary phloem cells (the region of conductive cells filled
with red) resulted in flattened cells (fc, filled with blue) moving away; (d) 19 July (200 DOY); LIT, formation of new flattened
cells (nfc, filled with light blue) in current year; flattened cells (fc) originated in previous year are filled with blue; near the
cambium (c, filled with green) new sieve tubes (nst, filled with light red) originated; (e–f) mature secondary phloem; in
non-conducting secondary phloem sieve tubes are modified into fibres (arrows), whereas some parenchyma cells have
enlarged significantly (asterix). Each photo is taken from the most explanatory sample of LIT or HIT. Bars: (a–d) 100 µm;
(e) 200 µm; (f) 500 µm.
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4. Discussion

The negative impact of leaf miner infestation on the condition of A. hippocastanum
trees have been observed for many years, undoubtedly, also due to the aesthetic value of
the trees of this species [5,8,39]. Nevertheless, developmental, and anatomical studies of
secondary conductive tissues coupled with tree phenology are lacking. We present here a
new approach to analyse and relate the influence of C. ohridella on the functioning of the
tree and to broaden our knowledge in the subject and deduce possible mechanisms of tree
response and adaptation to pest attack.

The developmental processes, i.e., cambium activity and the further formation of
secondary conductive tissues, are closely integrated and correlated with phenological
changes. These processes, together, are deeply embedded in the tree’s annual growth cycle.
As we have shown, in A. hippocastanum the onset of cambium activity was correlated with
bud swelling similarly to other diffuse porous trees [52]. In trees, the leaves are the site
of photosynthesis, and the source of photoasymilates and auxin necessary to maintain
meristem activity during the entire growing season [53]. These factors have a crucial
influence on the process of differentiation of conductive tissues [15,54,55]. At the end of the
growing season, concomitantly with leaf senescence and decreasing rates of photosynthesis
and auxin transport capacity [56], the cambial initials decrease and ultimately stop dividing.
During this time, cells formed earlier finish the process of differentiation [53,55]. Since the
processes related to conductive tissue formation are energy-consuming, we showed that
they differed significantly in trees growing under prolonged and repeated pest infestation.
In heavily infested horse chestnut trees (HIT), the period of cambial activity was about a
month shorter than in lightly infested trees (LIT) and was probably related to the every
year repeat of the significant infestation of trees by C. ohridella, leading to the reduction
or absence of leaves already in September. The significant shortening of cambial activity
resulted in the formation of narrower annual rings of wood. This has been also previously
shown for infested chestnut trees [35–37], in which the narrower wood rings were formed
during consecutive years. These results are in contradiction to the data presented so far that
were related to seasonal events, after which the trees returned to their previous condition
or could even increase their growth rate [33,34,57]. The phenomenon of reduced cambium
activity is generally considered to be a tree’s response to extreme environmental factors such
as drought, fire, frost, flooding, environmental pollution, or urban habitat [13,29,31,58,59].
Eventually, the cessation of cambium was observed as a result of significant stress, e.g.,
stem girdling [60]. Additionally, it seems that the shortening of cambium activity, and
thus the formation of narrower rings of wood, is one of the first responses of the tree to
extremely negative environmental factors, especially if it is associated with significant or
complete defoliation [13,44]. However, trees can react differently to a leaf miner outbreak.
Interestingly, in Italy [61], Aesculus trees formed wider annual growth rings, which was
related to the formation of false rings, i.e., the re-formation of early wood. Additionally,
this wood was characterised by a larger number of vessels with a larger diameter. The
authors pointed out that trees increased the production of wood and hydraulic efficiency to
improve the transport of water to the leaves and increase the rate of photosynthesis, thus
compensating for the earlier defoliation [61]. In contrast, in our studies performed on trees
at more northerly latitudes than Italy, different modifications in the structure of secondary
xylem were observed in chestnuts. We showed that HIT formed more vessels with smaller
mean diameters than LIT. Surprisingly, similar mean values of THC calculated for both
groups of trees, indicated a lack of change in hydraulic efficiency. This suggests that a
shorter period of cambium activity and the formation of thinner annual wood increments
can probably be compensated by adjusting the structure of the wood in order to maintain
transport at a similar level. On the other hand, this may be the result of prolonged leaf miner
presence and tree adaptation to the stressing factor. Thus, our results are contradictory to
the earlier data presented by Salleo et al. [61]. Additionally, it is known that modifications
in wood structure, similar to observed in Aesculus trees, are common for gymnosperms and
other angiosperms and can alter the mechanical properties of wood [33,62,63]. It seems
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possible that prolonged and repeated infestation may weaken trees in long-term projection,
resulting in an increase in their frangibility, loss of vitality and ultimately the decrease in
the aesthetic values of these ornamental species.

In diffuse-porous trees, the first single cells of wood are formed when the leaves
developed on the branches [10,52]. This was also observed in both groups of analysed
chestnut trees. However, a significant increase in wood formation was noted almost
one month after the onset of cambial activity, similarly to what was previously found
in A. hippocastanum and Fagus sylvatica [17,47]. It seems to be worth stressing, since the
time of the pest attack during the season is of importance for the tree’s condition, if the
outbreak occurs later in the summer, the changes are visible only in latewood and are
supposedly not so harmful [54,57]. Therefore, it was suggested that defoliation in summer
is not a reason for chestnut dieback [4,5,40] and does not affect the radial tree growth
which takes place mainly in the first part of the growing season [36]. It seems probable
that repeated outbreaks of the leaf miner result in a decrease in the accumulation of non-
structural carbohydrates (NSC) and an overall slowdown in the radial growth due to
decreased formation of narrower rings and, therefore, the general fitness and vitality of the
entire tree [14,32,37,64–67]. Moreover, it is known that long-term stress, especially when
connected to partial or complete defoliation, influences the entire tree physiology and
functioning, as well as reducing its resistance to other stresses (e.g., drought or pathogens
as Guignardia aesculi) and hindering recovery [36,58,68,69]. Therefore, it is worth stressing,
that probably the adjustments observed in HIT, such as, e.g., shortening of the duration
of cambial activity and formation of narrower rings of wood, do not result directly from
the precocious defoliation in the current growing season, since, e.g., the reduction in the
number of xylem cells was observed already from the beginning of the growing season.

Interestingly, the feeding of the leaf miner did not affect the formation and differen-
tiation of secondary phloem, although we expected such changes as a result of reduced
production of assimilates due to earlier defoliation. As we showed, the differentiation of the
first phloem elements began before the first divisions in cambium and successive steps of
phloem formation were in accordance with observations by Barnett [47] of Aesculus hippocas-
tanum, as well as with other species [17,24,70]. The lack of visible changes in secondary
phloem differentiation between the LIT and HIT is in accordance with earlier studies,
in which trees growing under stress conditions formed narrower annual increments of
wood, while the formation of phloem was not changed [21,66], thereby indicating that the
regulation of phloem differentiation depends more on internal than external factors [24].

To conclude, we revealed that prolonged and repeated attacks of the horse chestnut
leaf miner may be followed by precocious cambium cessation and, thus, the formation of
narrower and structurally modified annual wood increments. It is worth stressing that
these modifications observed in HIT probably do not directly arise from the precocious
defoliation in current growing season, but are the effect of prolonged and repeated every
year defoliation. Oppositely, it seems that, leaf miner outbreak does not affect secondary
phloem differentiation. We suspect that observed modifications of wood structure may
cause the decrease in the mechanical properties of wood, contributing to a greater fragility.
Moreover, partial, or complete leaf blade destruction by the pest during the growing season
can induce NSC pool decline, which could additionally cause the tree to be more susceptible
to other biotic and abiotic factors. Altogether, in long-term projections, affected trees not
only significantly lose their aesthetic values, but infestation may negatively impact their
fitness and increase their liability to breaking and mortality.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12111537/s1, Table S1: The degree of infestation of Aesculus hippocastanum trees as a result of
Camararia ohridella larval activity.
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