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Abstract: Popular in the urban environment is the horse chestnut, Aesculus hippocastanum which is suffering
mainly due to the feeding of the horse chestnut leaf miner (Cameraria ohridella). The harmfulness of this
pest is well recognized. Not much attention was put in discovering the interaction of this insect with the
fungal pathogen Guignardia aesuli, the agent of leaf blotch. Host plant mediation in this particular insect-plant
pathogen interaction is crucial for understanding the complexity of the horse chestnut’s current and future
situation. Recognising the response of the host plant for separated and simultaneous colonisation by insect
and fungus was the aim of this study. Leaf damage dynamics and phenolic compounds content (total soluble
phenolic compounds — TPh, and condensed tannins — CT), and stem volume increment (SVI) of the horse
chestnut saplings was considered and their relationship identified. The main hypothesis was that insect
feeding and fungal infection when separated elicit a similar pattern in defence response of the host but this
defence response is different when they both coexist on the same plant. Basing on crown projection area
photographs sequence, foliage damage dynamics was assessed (Richard’s growth model) and protocol de-
veloped. Measurements of stem volume were performed sequentially to indicate potential growth response.
Through this study, it was identified that the content of phenolic compounds in leaves was higher when both
pests colonized saplings in comparison with those where saplings were infested by one biotic factor. It is also
documented that foliage damage dynamics was higher when only the fungal pathogen attacked plants than
when it was infected by both pests. A trade-off was identified between growth and secondary metabolism.
Leaf damage affected stem volume increment only in the late summer, when a high level of defoliation was
observed. Simultaneous infestation by fungal and insect agents made unfavourable conditions rather for the
former. How this interaction affects the latter is not covered by our results and still remains undiscovered.
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Introduction

The host plant can serve as an essential source for
survival simultaneously of more than one consumer.
This phenomenon is known as tripartite plant-me-
diated interaction between plant pathogens and ar-
thropods (Stout et al., 2006). The way plants recog-
nise and respond depends on the type of consumer
and their strategy for accessing their food (Kessler
& Baldwin, 2002). Interaction between both the in-
sect feeding mode (chewing/phloem feeding) and
pathogen trophic strategy (bio-, necro- and hemibi-
otrophic) results in different mechanisms of plant
defence (Lazebnik et al., 2014). Chemical defence in
plants, constitutive as well as induced, can influence
intruders directly (by lowering quality of sustenance)
or indirectly (by attraction of other organisms that
could protect the plant) and plenty of biochemical
compounds were found to play this role (Mithofer
& Boland, 2012). Two pathways, involving jasmonic
acid and salicylic acid have been established as pri-
mary in defence induction (Thomma et al., 2001).
However, interactions between defence and growth
signalling also alters plant growth (Huot et al.,
2014). Plant investment in defence is carbon-cost-
ly (Karolewski & Jagodzinski, 2013) and as a con-
sequence, the potentially obtained resistance could
decrease plant fitness (Strauss et al., 2002). Never-
theless, secondary metabolites serve auxiliary roles
and also support the primary metabolism of plants
(Neilson et al., 2013).

The sequence of colonisation and spatial and tem-
poral diversity by different attackers play important
roles in differentiating the food quality for a particu-
lar consumer (Stout et al., 2006). The horse chestnut
leaf miner (HCLM, Cameraria ohridella Deschka and
Dimi¢; Lepidoptera: Gracillariidae) and the fungal
pathogen Guignardia aesculi (Peck) V.B. Stewart (syn-
onym name: Phyllosticta paviae Desm., Ascomycota:
Phyllostictaceae; Index Fungorum database), the
agent of leaf blotch disease, are different in spatial
and temporal distribution on their host, Aesculus hip-
pocastanum L. The former occupies the palisade mes-
ophyll while the latter the whole blade. Hence, fungi
may also colonise tissue which was previously occu-
pied by insects. Temporally, HCLM occurs earlier on
leaves (Tomiczek & Krehan, 1998) than G. aesculi,
because the former finds the host actively while the
latter passively by anemochory and needs more time
to settle in the leaves (Hudson, 1987).

Horse chestnut (A. hippocastanum) is a very popular
tree species in the urban environment. Hence, with-
out doubt, rapid invasion of the HCLM in the Euro-
pean species (Augustin et al., 2009), as described by
Deschka & Dimi¢ (1986), is the phenomenon being
investigated for over 30 years. The previously men-
tioned insect achieved spectacular ecological success

and there is still a lack of versatile biological methods
to deal with the problem of year on year premature
defoliation of the horse chestnut trees. To date, plen-
ty of studies aimed to recognise the clear interaction
between the insect and host tree, including growth
and flowering disruption (Franiel et al., 2014), seed
quality reduction (Thalmann et al., 2003), limitation
in photosynthesis (Percival et al., 2011), and chang-
es in radial increment (Bednarz & Scheffler, 2008).
To date the fungus, G. aesculi was treated very nar-
rowly (Pastir¢akovd et al., 2009), probably because it
has less of an influence on general appearance of the
horse chestnut trees. The interaction between insect
and fungus in this particular case is treated marginal-
ly in the literature (Gilbert et al., 2003; Bhatti et al.,
2013) and this gap should be addressed, as it could
complete the knowledge about the pest’s population
dynamics and the ecophysiological aspects of the
host plant. In this study, infestation of the insect and
infection of fungal pathogen was employed to recog-
nise the response of A. hippocastanum saplings to pest
colonisation. The study aimed to account for how
occupation by organisms with different manners of
food acquisition singly and by interaction influenced
the defence metabolism expressed in the content of
secondary metabolites in leaves of A. hippocastanum.
Through this study, an attempt to answer the ques-
tion of to what extent the costs of secondary metabo-
lisms or/and carbon source limitations by leave dam-
age can influence plant increment. A novel method
for assessing the amount of foliage damage is intro-
duced allowing for accurate quantification dynamics
of this process on the crown projection. In this study,
the three following hypotheses were tested: (i) insect
feeding and fungal infection when separated have
similar patterns in defence response of the host but
different when coexisting on the same plant, hence
(ii) foliage damage dynamics are different in these
arrangements and (iii) aboveground plant woody tis-
sue increment is decreased when foliage damage and
content of defence metabolites is on a higher level.

Materials and methods

Experimental design

The experimental plot was established in spring
of 2014 in an experimental field of the Institute of
Dendrology, Poland (52°14’40.29”N 17°6’10.92”E),
where 120 three-year-old horse chestnut saplings
were planted and left for acclimatisation for one
season without any treatment. Plants were exposed
to full sun. The same year, the leaves from neigh-
bouring avenues of horse chestnut (collected after
leaf fall from leaf litter and stored outdoor in rasp
bags during the winter) were put in an experimental
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field in early spring. A satisfying amount of coloni-
sation of saplings by C. ohridella and G. aesculi was
observed during the 2014 vegetative season. Then,
in the spring of 2015, leaves from the leaf litter were
collected from this same avenue again and put in an
experimental plot in spring of 2015.

The impact of four different management treat-
ments was assessed: the application of insecticide
(D), fungicide (F), a combination of both (F&I) and
a control (C) which received no treatment. Solutions
of two fungicides — Gwarant 500SC (chlorothalonil)
at a concentration of 0.8 mg-mL"! and Penncozeb
80WP (mancozeb, combination of two other dithio-
carbamates: maneb and zineb) at a concentration of
3 mg':mL-! were used in turn, and against the insect
Dimilin 480SC (diflubenzuron) at a concentration of
0.5 mg-mL. The leaves of all plants from established
experimental variants were sprayed in two week in-
tervals (first on the 18" May, last on the 16 July
2015). Special curtains were installed on experimen-
tal plots and unfolded during pesticide treatment be-
tween all subplots to prevent spraying plants from
the neighbour - a different variant.

Foliage damage assessment

The dynamics of foliage damage on 36 saplings (9
from each treatment) was measured from the 3 of
June to the 24t of September. For this purpose, pho-
tographs from above the plants were taken to provide
an image of the crown projection area (CPA). Over-
head photographs of saplings were taken with a dig-
ital camera equipped with a wide-angle lens (Nikon
1 V2, 1 Nikkor VR 10-30mm F3.5-5.6) in two week
intervals. The camera was installed on a tripod stand
(Fotomate VT-680-222R EX) with an additional,
smaller stand (Noga CineArm DG) with ball heads
and an extension tube. This allowed the camera to be
set up directly above the centre of the photographed
plant at the appropriate height. Wooden slats with
marked lengths were laid on the ground to obtain
the correct proportions for the images. The wooden
slats and the camera were levelled with the aid of
a round spirit level and stabilised before the images
were taken. The white, cotton material was used as
a background to help distinguish between the crown
area and ground level plants. A detailed procedure is
provided in supplementary material.

Identifying the extent of foliage damage was de-
pendent on the ability to distinguish the healthy and
damaged areas from the background of the image.
The pixel classification method based on colour in
WinFolia Pro 2013 (Regent Instruments Inc.) soft-
ware was used, because it was found to be the most
suited for the study. From the first image, sum of
the healthy and damaged (if occurred) areas were
used as estimates of initial CPA (iCPA) of sapling.

Following this, healthy areas from subsequent imag-
es were used for calculation of the damaged crown
projection area (dCPA) as the difference between the
initial CPA and area of healthy tissue visible on CPA
(hCPA) at a particular date.

Foliage damage dynamics

Data obtained from image analyses were used for
assessing the dynamics of foliage damage during the
aboveground vegetative season. The beginning of the
vegetative season was established as a date of full leaf
development (FLD) and the end of the season was
established as the date of full defoliation or natural
leaf fall (leaf abscission, LA). These dates were as-
sessed for each sapling separately. For this purpose,
observations from day to day were carried out during
leaf development and time of leaf fall. Having healthy
areas of CPA on particular dates meant that a growth
function could be used for approximation of damaged
crown projection area (dCPA). We employed a sig-
moidal growth model proposed by Richards (1959):

dCPA = iCPA(1+be*)V0-m: m>1, b>1, k>0

where m, b, and k are constant parameters, t is
time (days from FLD) and e is Euler’s number. We
applied Newton’s iterative method for estimating the
parameters. Goodness of fit evaluation was made and
root mean square error was used for this purpose.
Then first (ACPA’) and the second (dCPA”) derivative
of Richards function was calculated as follows (Gre-
gorczyk, 1998):

JCPA' — iCPAbk
" (m—1)e X (1 + bekt)m/(1-m)
dCPA — iCPAbkZe ey /1 -m)

-T2 1ok (L +be
[b+ (1 —m)ek]

From the first derivative values of relative damage
rate (RDR), the day when this value was achieved
(RDRday) could be obtain by finding the point of
horizontal asymptote. In a similar manner, the maxi-
mum damage acceleration (maxDAcc) may be calcu-
lated from second derivative. Detailed description of
the Richards growth function interpretation is con-
tained in Gregorczyk (1998).

Stem volume increment

The stem volume of 60 saplings was measured (15
from each treatment), including assessment of all
trees with leaf damage dynamics. For this purpose,
every stem was divided to four sections, with borders
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on visible annual height increments and lengths of
sections measured (*x1cm). Then, in the middle of
each section, a diameter was measured in two per-
pendicular directions (*+0.1mm) with calliper and
mean diameter calculated. The volume of each sec-
tion was calculated:

where V, is volume of section i, L is length of sec-
tion and D is mean diameter on %2 of L. From the sum
of sections volume, stem volume (V) was calculated:

n
i

where n is number of sections. Three measure-
ments were made during the investigation: in ear-
ly spring (iSV), at the end of July and in October,
after leaf fall. For the last two measurements, one
additional section was added, as saplings grown for
height. Based on this data, three values of increment
were calculated: two periodical stem volume incre-
ments (pSVI,_,, and pSVI , for first and second
period respectively) and an annual stem volume in-
crement (aSVI).

Molecular analyses

The pieces of leaves with disease symptoms was col-
lected and transferred to laboratory. Each sample was
surface sterilized in sodium hypochlorite (2% active
chlorine) for 15-30 s and rinsed three times in sterile,
demineralized water for >10 s. The pieces were dried
between paper towels and frozen. Next frozen piec-
es of leaves were pounded in mortar. Total genomic
DNA was extracted from pounded tissue using the
Bead-Beat Micro Gravity kit (A&A BIOTECHNOLO-
GY, Gdynia). PCR amplification of the ITS 1/2 rDNA
was done with DNA diluted (10—2) in deionized wa-
ter. Primers used were ITS1-F (5’CTT GGT CAT TTA
GAG GAA GTA A) (Gardes & Bruns, 1993) as well
as ITS4 (5 TCCTCCGCTTATTGATATGC 3’) (White
et al., 1990). Each 25 ul PCR mixture consisted of
0.2 umol L-1 of each primer, 0.25 U of Taq polymer-
ase (MBI Fermentas, St. Leon-Rot, Germany), buffer
(10 mmol L-1 Tris-HCI pH 8.8, 50 mmol L-1 KCl,
0.08% Nonidet P-40, 0.1 mg ml-1 BSA, 1.5 mmol L-1
MgClI2), 0.2 mmol L-1 deoxyribonucleoside triphos-
phates (dNTPs) and 2 ul of DNA. PCR conditions
included an initial denaturation step at 94°C for 10
min, followed by 30 cycles of 94°C for 30 s, 42°C for 1
min and 72°C for 2 min. This was followed by a final
extension of 72°C for 10 min. The PCR products were
checked by electrophoresis of 5 ml of the product in a

1% agarose gel containing ethidium bromide (0.5 mg
ml_1). PCR products were purified using the MinE-
lute PCR purification kit (Qiagen, Crawley, UK). The
amplified fragments were sequenced at the Centre
of DNA Studies in Poznan, Poland. Sequences were
identified by comparison with reference sequences in
the NCBI GenBank.

Chemical analyses

Sun exposed leaves were collected for chemical
analyses at the turn of June and July from 36 saplings
(nine for each experimental variant), excluding sap-
lings destined for leaf damage and stem volume in-
crement measurements. Tissue with necrosis caused
by pests was dissected and the healthy part taken for
analysis. Defence compounds, i.e. condensed tannins
(CT) and total soluble phenolic (TPh) were measured
in dried (40 °C for CT, and 65 °C for TPh, respective-
ly) leaf tissue powdered in a Mikro-Feinmiihle-Cu-
latti mill (IKA Labortechnik Staufen, Germany).
After extraction with absolute methanol, CT was de-
termined by a colorimetric method, using a colour
reaction with vanillin in an acid medium (Price et al.,
1978). Readings of absorption were taken at A = 500
nm, while results were expressed as mM catechin g™!
dry matter (d.m.). Content of TPh was measured ac-
cording to Johnson and Schaal (1957), as modified by
Singleton & Rossi (1965). Thus, it was determined
using Folin Ciocalteu’s Phenol Reagent (Sigma F —
9252) at L = 660 nm, and results were expressed as
mM chlorogenic acid g~ d.m.

Statistical analyses

A two-way mixed ANOVA model (PROC MIXED)
was used to compare pSVI from different sapling
treatments in different increment periods. Experi-
mental treatment, increment period and interaction
of these effects were considered as fixed factors and
the sapling as a random factor nested within the ex-
perimental treatment. The one-way ANOVA model
(PROC MIXED) was used to compare data (aSVI,
RDRday, TPh and CT) and one-way ANCOVA model
(PROC MIXED, RDR and maxDAcc) from different
sapling treatments and initial CPA were considered
as covariate. Forward stepwise analysis was employed
to find variables explaining aSVI and pSVI. Variables
obtained during investigation were put into a mod-
el, i.e. FLD, CPA, RDR, RDRday, maxDAcc, iSV and
the p value of independent variable significance in the
model was used as a stopping rule (p=0.25). Fitness
of obtained models was expressed with the coefficient
of determination (R?) and Akaike information criteri-
on (AIC). All calculations and statistical analyses were
conducted using JMP Pro 13 software (SAS Institute
Inc.).
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Results
Field observations

Full leaf development (FLD) varied between the
5% and 18" May. Fungicides restrained pathogen
development, but did not preserve the leaves total-
ly against it and symptoms of fungal infection were
observed also on trees treated with fungicide. On the
other hand, no mine of HCLM was indicated on sap-
lings treated with insecticide. Leaf abscission (LA)
occurred naturally or because of full defoliation by
biotic agents and it was observed between 14% Sep-
tember and 1%t October. Finally, the difference be-
tween time of LA and FLD was from 125 to 149 days
and was longest for saplings from the F&I variant

(Fig. 1).

F(3.30)= 4-89 p=0.0065
- a
150 ab b b
ot
>
3 100
(@]
-
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<
-1 B0}
0
F ! F&l C

Experimental treatment

Fig 1. Mean, standard error and ANOVA results for du-
ration of leaves (expressed as difference between day
of leaf abscission and full leaf development) of saplings
from experimental treatments (F - fungicide, I — insec-
ticide, F&I - fungicide and insecticide, C — left without
treatment). Means not connected by the same letter are
significantly different (Tukey HSD)

Volume increment

Annual stem volume increment (aSVI) revealed
slight differences between treatments applied in the
study. Only the control variant, where both biotic
factors were not restricted, indicated statistical-
ly lower aSVI compared with the saplings treated
with fungicide (Fig. 2). It was observed that a great
part of SVI took place in the first period (Fig. 3),
i.e. from May to the end of July and that the growth
trend from the first period was similar to the annual
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F I F&l C

Experimental treatment

Fig 2. Mean, standard error and ANOVA results for annual
stem volume increment (aSVI) of saplings from experi-
mental treatments (description like in previous Figure).
Means not connected by the same letter are significantly
different (Tukey HSD)
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a a
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Experimental treatment
Treatment (T) F(3’56)=5.00 p =0.0038

Period (P)
TxP

F1.65=481.43 p <0.0001

Fig 3. Mean and standard error of periodic stem volume
increment (pSVI) of saplings from experimental treat-
ments (description like in Figure 1). Means not con-
nected by the same letter are significantly different
(Tukey HSD)
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increment. A relatively small amount of woody tis-
sue was built into stems during the second period,
from the beginning of August to the LA. Only the
second period increment showed statistically sig-
nificant differences between different treatment
regimes.

Foliage damage dynamics

Initial CPA was similar between saplings from
experimental variants (F,,, =1.07, p=0.3745),
and variability of this feature was equal to 0.055 m?
(standard deviation) and 22.6% (coefficient of vari-
ation). Root mean square error of Richards growth
model was significantly higher for F and F&I variants
(0.0231 and 0.0224 respectively) than Cand I (0.0104
and 0.0093 respectively) (F, ,,=7.54, p=0.0006, Tuk-
ey HSD). That was probably because the last point
for the former two variants, indicating day of full de-
foliation occurred suddenly due to a slight frost. The
value of RDR was delayed in vegetative season in var-
iants F and F&I in comparison with C and I (Fig. 4).
Simultaneously, RDR achieved higher value for these
variants, (Fig. 5a) as well as maximal damage accel-
eration (maxDAcc, Fig. 5b), but was slightly lower
for C. In effect, leaf damage dynamic was more than
two times higher on saplings from C and I variants
in comparison with the other two variants. Richards
growth model indicators was affected by natural de-
foliation phenomenon, especially when we take into
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o
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Experimental treatment

Fig 4. Mean, standard error and ANOVA results for veg-
etation day, when relative damage rate (RDR) was
achieved in growth model on saplings from experimen-
tal treatments (description like in Figure 1). Means not
connected by the same letter are significantly different
(Tukey HSD)

consideration, that day when RDR of saplings from
variant F and F&I was achieved after 120 days. Leaf
damage dynamic observed on saplings from the con-
trol variant, where both biotic factors coexisted, was

(b)
& 20
>
@ R
o a
To)
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E J_ ab
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<DE bc 1
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€ 5l == €
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Experimental treatment (T)

CPA  Fi3a1)= 1021 p=0.0032

Fig 5. Mean, standard error and ANCOVA (covariate: CPA) results for relative damage rate (RDR, CPA area per day) and
maximum damage acceleration (maxDAcc, CPA area per day2) values on saplings from experimental treatments (de-
scription like in Figure 1). Means not connected by the same letter are significantly different (Tukey HSD)
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Fig 6. Mean, standard errors and ANOVA results for content of total soluble phenolic (TPh, in millimoles of chlorogenic
acid per gram of dry matter) and condensed tannins (CT, in millimoles of catechin per gram of dry matter) in leaves
of saplings from experimental treatments (description like in Figure 1). Means not connected by the same letter are

significantly different (Tukey HSD)

stronger than that observed in saplings from the F
variant and weaker, to some extent, from the I vari-
ant. Simultaneously, leaf damage dynamic on F and
F&I variants was weaker from that observed on the I
variant. HCLM have three generations in the year and
the intervals between those generations are slowing
down the overall dynamic.

Plant secondary metabolites

Chemical analyses revealed the highest content
of defence compounds in leaves of saplings from the
C variant and lowest in F (Fig. 6). When the above
mentioned diversity in leaf damage dynamics was
taken into consideration, it is very likely that the
plants investment to secondary metabolism in this
particular case succeeded and resulted in lower leaf
damage dynamic in saplings from the C variant in
comparison with I treatment. Results indicate, that
coexistence of both insect and fungi triggered higher
CT levels in leaves (induced defence) in comparison
with leaves of saplings where this biotic factor col-
onised plants separately (F and I treatments). The
same was observed for the TPh content, but the dif-
ferences are less distinct. Simultaneously, high levels
of TPh and CT were also observed in saplings pro-
tected against pests. When comparing Figures 2 and
6, the inverse proportion between TPh or CT and
aSVI is very interesting. It is likely that investment
in secondary compounds could be the reason for the
lower increment.

Stem volume increment modelling

An attempt was made to explain how the features
measured during the investigation (i.e. FLD, CPA,
RDR, RDRday, maxDAcc, iSV) accounted for peri-
odical and annual stem volume increment values. In
the results of the stepwise analysis, three regression
models were obtained — two of them with more than
one predictor (Table 1). The volume increment of the
first increment period (May to July) could be well
explained (R?=0.429, AIC=250.97) by CPA and day
when leaves achieved full development (FLD):

pSVI = 170.71-1.206FLD+66.01CPA

V-VII

The volume increment of the second growth
period, from August to the leaf abscission (LA)
was explained only by the RDRday (R?=0.284,
AIC=164.16):

pSVL,, ,, = -1.26+0.0588RDRday

The aSVI, sum of increments from two periods,
was well explained by three variables (R?=0.462,
AIC=258.92):

aSVI = 161.97-1.20FLD+73.86CPA+0.103RDRday

The equations obtained revealed that the first incre-
ment period was not influenced by leaf damage but as-
similative organs quantity expressed by CPA and time,
when leaves achieved final size (FLD). The poorest
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Table 1. ANOVA results for periodical (pSVI,,,, - from May
to July, pSVI,,, — from August to leaf abscission) and
annual (aSVI) stem volume increment explained by var-
iables chosen after forward stepwise analysis. FLD — day
of year when plant leaves were fully developed; CPA -
crown projection area; RDRday — the day when RDR
value of Richards model was achieved

Feature Variable DF Error DF F p
pSVL,,,  FLD 1 33 11.67  0.0017
CPA 1 33 8.41 0.0066
pSVL, ., RDRday 1 34 13.51  0.0008
aSVI FLD 1 32 9.67 0.0039
CPA 1 32 8.79 0.0057
RDRday 1 32 323 0.0818

explained increment period, laid in late summer was
affected by delay of achieved RDR. Hence, observed
differences between experimental treatments (Fig. 2)
in aSVI were probably affected by estimated foliage
area (initial CPA), time when FLD occurred and by
low damage in the first increment period when a great-
er part of the stem volume increment was indicated.

Molecular analyses

Identification of G. aesuli based on comparison
of sequences with a reference sequence from the
NCBI GenBank confirmed the identification of the
pathogen.

Discussion

Differences were found in the content of defence
compounds in leaves from saplings in applied ex-
perimental variants. The lowest content of TPh and
CT was found when only horse chestnut leaf miner
(HCLM) was feeding in leaves in keeping with the
results of Oszmianski et al. (2014) where after col-
onisation by this insect, decreased content of some
groups of phenolic compounds was observed. The
plants responded similarly, in a variant with insec-
ticide treatment, when only fungal infection was
observed on leaves. In turn, in control plants where
both insect and leaf blotch disease were co-existing
induced synthesis of secondary metabolites was ob-
served. In concordance with the phytohormonal the-
ory (Lazebnik et al., 2014) it may be the effect of
different pathways of phytohormones, i.e. jasmonic
acid and salicylic acid that are involved when both
insect and pathogen are colonising the leaf tissue
separately or simultaneously (Thaler et al., 2002).

Tannins, including condensed, could play antibi-
otic roles and were found to have antifungal activity
(Scalbert, 1991). It is likely that they are not playing
an important role in insect-plant interaction in com-
parison with other secondary metabolites (Ayres et

al., 1997). When considering the biochemical aspects
of lepidopterans midgut it is worth emphasising that
CT protein precipitation capacity reaction requires
an acidic or neutral environment (Salminen & Kar-
onen, 2011) while in lepidopterans larva’s it is alka-
line (Terra et al., 1996). Taking into account Stygar et
al. (2010) results about C. ohridella digestive enzymes
activity it is very likely that the investigated insect is
not affected by CT. Hence, the observed higher con-
tent of CT when C. ohridella and G. aesculi co-occur
probably creates unfavourable conditions for devel-
opment only for the latter. In turn, higher content
of phenolic compounds from the procyanidins group
in leaves of the red horse chestnut (A. x carnea) in
comparison to A. hippocastanum (Oszmianski et al.,
2014) is not coinciding with less susceptibility of the
former for leaf blotch disease (Pastir¢dkova et al.,
2009). It should also be emphasised that biosynthe-
sis of secondary metabolites could be restricted to
particular tissue (Pichersky & Gang, 2000) and in-
vestigated leaf mining insect feeds only in palisade
mesophyll omitting the part of the leaf blade which is
rich in tannins (Weryszko-Chmielewska & Haratym,
2011). Leaf damage dynamics of saplings with both
pests (control) in comparison with saplings where
the plant was protected against the insect was slight-
ly lower in the latter saplings (RDR, maxDAcc, Fig.
5). It is likely our results are opposite to that report-
ed in Mouttet et al. (2013) where leaf mining insect
feeding had a positive effect on leaf colonisation by
fungal pathogen. Earlier infestation by aphids ena-
bled fungal pathogens to spread more rapidly in De
Zutter et al. (2017) study. The two studies previously
mentioned gave results that were incompatible with
the results of this study. This emphasises the variety
of plant responses, especially when leaf miners are
taken into account (Inbar et al., 1999; Kawazu et al.,
2012).

The results of this study showed reduction in an-
nul aboveground increment may be explained both
by foliage loss dynamic and effect of synthesised de-
fence metabolites. When growth was separated for
two periods (Fig. 3), the increment from the first pe-
riod was determined by amount of synthesised sec-
ondary metabolites rather than leaf damage, which
was low at the time. It is likely that amount of as-
similative organs loss affects growth of saplings like
in Wiley et al. (2013). Furthermore, the leaf damage
caused a slight decrease in stem volume increment
when its dynamics took place later. It would be in
consistence with Ericsson et al. (1980) where the
degree of defoliation affected the ring width incre-
ment on the stem cross section. Salemaa and Juko-
la-Sulonen (1990) also found a relationship between
defoliation and ring with increment as well as vol-
ume growth of the trunk. Artificial defoliated angi-
osperm Populus reacted similarly (Reichenbacker et
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al., 1996). In concordance with our results, time of
defoliation event both with degree of defoliation is
the reason of increment loss (Nykidnen & Koricheva,
2004). The crown projection area (Cole & Lorim-
er, 1994) or exposed crown area (Wyckoff & Clark,
2005) were employed to equations predicting tree
growth along with other biometrical features. In this
study defoliation affected stem volume increment
and was explained by the time when the value of rel-
ative leaf damage rate (RDR) was achieved, CPA and
time from full leaf development (FLD). Hence, CPA
with quantified damage dynamics constitutes a good
predictor when influence of defoliation on growth
is under investigation. Johnson et al. (2015) found
visual assessment of herbivory is faster and can be
accurate and precise. Plant foliage quantity estima-
tion expressed by CPA has one great advantage in
comparison with the visual one — obtained data is in
a continuous scale which allows for more powerful,
statistical parametric tests. It also provides with cer-
tainty results that are not biased.

According to the hypotheses put forward in our
study, A. hippocastanum response is different when
insect feeding and colonisation by fungus is separat-
ed in comparison with coexistence of both pests (i).
This plant response, expressed by content of phe-
nolic compounds affected fungus, rather than insect
and foliage damage dynamics was higher when the
fungus colonised leaves and the plant was protected
against the insect (ii). Finally, both factors: limitation
in carbon source and investment to secondary metab-
olisms, affected plant aboveground woody tissue in-
crement (iii). The observed differences between car-
bon allocation to secondary metabolism and growth
is in concordance with the growth-defence trade-off
theory (Huot et al., 2014). However, carbon “expen-
sive” metabolites reduced fungal pathogen dynamics
only slightly. From an ecological point of view, such
investment may not be necessarily to provide better
fitness of plants in their environment. Still, there is
a lack of study dealing with more extensive direct
plant-pathogenic fungus-insect interaction and in-
fluence of G. aesculi on ontogenesis of C. ohridella. It
would be crucial for recognising this phenomenon,
as overwintering, the last generation of insect, which
colonised A. hippocastanum in spring could be affect-
ed by this interaction. Another question is about the
influence of sun exposure which probably affected
plants, as solar UV-B radiation is highly involved in
the elicitation of phenolic compounds due to use of
jasmonate-dependent and -independent pathways
(Demkura et al.,, 2010). Hence, light conditions
should be considered as factors coinciding in inter-
action of insect-pathogen-plant interactions, as the
response could be not specific only to pests in future
investigations.
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