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Studies on ecological immunology are crucial in determining how the immune responses of insects
against both abiotic and biotic factors are affected. In this study, the effects of phenolic compounds in
plants on the immune responses and antioxidant enzyme activities of Hyphantria cunea larvae infected
by Bacillus thuringiensis subsp. kurstaki were investigated. For this purpose, phenolic compounds pres-
ent in mulberry, apple, walnut and plum plants (preferred by H. cunea and having economic importance)
were determined. H. cunea culture was obtained from larvae collected in Bafra, Samsun in 2019. It was
found that the haemocyte counts of both control and infected larvae fed in the walnut plant containing
the highest gallotannin amount were the highest. It was found that catechin and rutin flavonoids caused
minimum phenoloxidase activity. It was determined that the highest superoxide dismutase activities were
in the plum-fed groups and the lowest catalase activities were in the larvae fed in the walnut groups both
in the control and infected groups. As a result, it was determined that immune responses and antioxidant
enzyme activities can be changed due to both phenolic compounds present in plants and infection.

Phenolic compound, haemocyte, Hyphantria cunea, antioxidant activity, Bacillus thuringiensis, insect
immunity

Introduction

Plants are constantly faced with attacks by insect
pests from a wide variety of taxonomic groups. To
overcome these attacks, they defend themselves
with both mechanical and chemical properties.
They achieve this by producing chemical com-
pounds called plant secondary metabolites (PSM)
that deter or kill insects, along with mechanical
properties such as trichomes, spines or waxy leaf
coatings. PSMs act as both constituents and induc-
ible substances. They can also act as antioxidants
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or volatile attractants to predators (CARTEA et al.
2010, WaAR et al. 2012). Phenolic compounds, a
kind of PSM, play a crucial role in plant-herbivore
interactions (HARBORNE & GRAYER 2017). Phenolic
compounds have many biological activities. One of
them is that these compounds serve as antioxidants
(ScaLBerrT et al. 2005), which generally prevent the
formation of free radicals (SHAHIDI & AMAROWICZ
1994). In studies, chlorogenic acid (OzBILGIN et
al. 2015), rosmarinic acid (PETERSEN & SIMMONDS
2003), rutin (IBTISSEM et al. 2012), protocatechuic
acid (SyarNI et al. 2012) and tannic acid (ANDRADE
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et al. 2005) have been shown to exhibit antioxidant
activities.

Previous studies on insect feeding generally
evaluate insect performance in terms of develop-
ment and survival (Rosa et al. 2018). However, the
immune response of insects is equally important in
shaping their performance when faced with patho-
gens and parasites. Insect immunity may vary in
terms of both nutrient content (LEE et al. 2006) and
concentration of PSMs (MARTEMYANOV et al. 2012,
Tao et al. 2016), depending on the amount (S1va-
JoTHY & THOMPSON 2002) and quality of the diet
(LampERT 2012). While reactive oxygen species
(ROS), which have effects on immune function,
show beneficial effects with low or medium con-
centrations (FINKEL & HOLBROOK 2000), they dam-
age cell structures such as lipids, proteins and DNA
by causing oxidative stress with high concentration
(SHARIFI-RAD et al. 2020). All aerobic organisms
have antioxidant defence systems to balance these
harmful effects caused by free radicals. Three anti-
oxidant enzymes involved in antioxidant protection
are superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx). While SOD re-
duces the superoxide radical (O,’) to hydrogen per-
oxide (H,0,), the H,O, formed by SOD is reduced to
water with CAT or GPx (SHARIFI-RAD et al. 2020).
In addition, changes in haemocyte counts in insects
can be used to measure the immuno-suppressive or
immuno-stimulatory effects of various compounds,
including toxins (MowLDs et al. 2010, CHAMPION
et al. 2016). On the other hand, the melanization of
insect haemolymph is a crucial response to the pres-
ence of infectious agents (microbes, viruses, or par-
asites), toxins, or abiotic stress factors (WHITTEN &
Coatgs 2017). Early enzymatic steps that contribute
to melanin formation are coordinated by phenoloxi-
dases (POs), which are stored in certain haemocytes
as inactive precursors.

The fall webworm Hyphantria cunea (Drury)
(Lepidoptera: Arctiidae) is a polyphagous herbivore
that feeds on a large number of host plants, from
a wide variety of forest and fruit trees to a variety
of agricultural products. This insect, which is native
to North America, has spread in Europe and Asia
(ALBAYRAK-ISKENDER et al. 2017). However, H. cu-
nea is a very harmful pest species around the world.
As in many countries, it also causes critical damage
to the crop in Turkey. There is still no sustainable
method to control this pest (ALBAYRAK-ISKENDER
et al. 2017). In our study, one of the most widely
used species in biological control (RaymMOND et al.
2010), Bacillus thuringiensis subsp. kurstaki (Btk),
was tested.

536

Plants produce a complex mixture of PSMs
from different structural classes for defence rather
than a single compound (MasoN & SINGER 2015,
WinK 2015). The composition of these mixtures is
not fixed and varies in both concentration and com-
position. Our aim in this study was to determine
how the phenolic compounds present in the mul-
berry, apple, walnut and plum plants, which are the
most preferred by H. cunea and economically im-
portant, affect the haemocyte counts, malondialde-
hyde (MDA) amounts, phenoloxidase (PO) and an-
tioxidant activities (SOD, CAT and GPx) of larvae.
Besides, we aimed to determine how B. thuringien-
sis subsp. kurstaki affects these parameters.

Materials and Methods

Hyphantria cunea larvae were collected in field sur-
veys in the borders of Bafra District of Samsun, Tur-
key, in June 2019 (N41°30°-E36°05°). The larvae
brought to the laboratory were kept at 25+£2°C, 16
hours light / 8 hours dark and 70% humidity. They
were divided into four different groups until they
reached the pupal stage and fed on Morus alba (mul-
berry), Malus pumila (apple), Juglans regia (wal-
nut), and Prunus dometica (plum). The adults that
emerged from the pupae mated and laid eggs. The
hatched larvae were again divided into four groups
and fed on the relevant plants. Plants used in the
study were collected daily and each plant leaf was
sterilized with 50% ethyl alcohol and then given to
the larvae.

Bacteria and culture conditions and infection of
larvae with bacteria

The bacteria were grown overnight at 30°C in nutri-
ent broth. The optical density of the growing culture
was measured at 600 nm wavelength and setto OD,
= 1.89 (DaNIsSMAZOGLU et al. 2012). 1 ml of suspen-
sion was infected with each plant used for feeding the
larvae. These plants were placed in plastic containers
and larvae were placed in the specified amounts in
accordance with the purpose of the study.

Feeding experiments

Feeding experiments were carried out in two stages.
In the first stage, larvae were not infected (controls).
They were divided into four groups according to the
diet. Each group contained 100 larvae to determine the
enzyme activity and 50 larvae for haemocyte count. In
the second stage, larvae were in the same number and
division as in the first stage. Each group was infected
with 1 ml of Btk and the larvae were allowed to con-
sume the given plants for three more days.
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spread on the lama were dried, the staining steps
were started with Giemsa. After staining, fully pre-
served preparations were obtained and haemocytes
were counted with a microscope.

Enzyme analysis

In the study, protein concentration was determined ac-
cording to the method of Lowry et al. (1951), while
superoxide dismutase activity was determined by the
spectrophotometric method of McCORD & FRIDOVICH
(1969) and the method of FLoHE & OTTING (1984).
Catalase activity was determined by the method of
Luck (1963) and glutathione peroxidase was deter-
mined by the method of LAWRANCE & BURrk (1976).
For phenoloxidase activity determination, the method
of AsHIDA & SODERHALL (1984) was used and the
amount of malondialdehyde was determined by the
method of DRAPER & HADLEY (1990).

Phenolic and gallotannin analysis

The phenolic compound determination was made
with HPLC brand Thermo-Finnigan Surveyor. The
method used to determine gallotannin contents
of the leaf samples was described by BATE-SmiTH
(1977).

Statistical analysis

In this study, SPSS 21.0 software was used for sta-
tistical analysis. The effects of phenolic compounds

Fig. 2. The gallotannin amounts in plants.

in plants on immune responses and antioxidant en-
zyme activities of H. cunea larvae were determined
using the ANOVA Duncan Test. Two independent
samples t-test was used to determine the relation-
ship between these parameters according to PSM.
Analyses of both haemocytes counts and all enzyme
activities were performed in three replicates.

Results

The amounts of phenolic compounds in plants

Among all plants, the highest chlorogenic acid
amount was in plum and the lowest one was in the
mulberry plant. Benzoic acid was detected only in
the walnut plant, while catechin and rutin were de-
tected only in the mulberry plant. Rosmarinic acid
and protocatechuic acid were present only in apple
and plum, with the highest amount in apple and the
lowest one in plum (Fig. 1). Among all plants, the
highest amount of gallotannin was in walnut and the
lowest one was in the mulberry plant (Fig. 2).

Haemocyte counts

Among the control groups, while the lowest mean
haemocyte count was found in larvae fed on apple
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Table 1. Mean haemocyte counts of Hyphantria cunea
larvae.

Mean =+ standard
Plants Groups error t P
(n/10ul)

Control 3151+3.8

Mulberry 28 | <0.001
Infected 3757+4.1
Control 2923+2.7

Apple 46 | <0.001
Infected 3733+5.3
Control 3639+6.1

Walnut 28 | <0.001
Infected 4212+1.9
Control 3340+3.5 29

Plum <0.001
Infected 4008+3.0

Table 2. Phenoloxidase activities of Hyphantria cunea
larvae.

Mean =+ standard
Plants Groups error t P
(IU/ml)

Control 10+£0.2

Mulberry -4.6 | <0.001
Infected 8+0.2
Control 30+0.6

Apple 18 | <0.001
Infected 46+0.5
Control 44+£1.0

Walnut -3.3 | <0.001
Infected 40+1.0
Control 39+0.9

Plum -3.7 | <0.001
Infected 35+0.6

(2923+2.7, t=46, P<0.001), the highest one was in
larvae fed on walnut (3639+6.1, t=28, P<0.001). The
mean haemocyte counts of all groups infected with
bacteria increased compared to the control groups.
Among the infected groups, the lowest haemocyte
count was in the apple-fed group (3733+5.3, t=46,
P<0.001) and the highest one was in the walnut-fed
group (4212+1.9, t=28, P<0.001) (Table 1).

Phenoloxidase activities

Among all control groups, the lowest phenoloxi-
dase activity was found in the mulberry-fed group
(10+0.2 1U, t =-4.6, P<0.001) and the highest activ-
ity was in the walnut-fed group (44+1.0 1U, t=-3.3,
P<0.001). In the infected groups, while the lowest
PO activity was in the mulberry-fed group (8+0.2
IU, t =-4.6, P<0.001), the highest one was in the
apple-fed group (46+0.5 1U, t=18, P<0.001). A de-
crease in PO activities of all groups (except apple)
with bacterial infection was observed compared to
the control ones (Table 2).
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Malondialdehyde (MDA) amounts

MDA amounts in control groups were 235+1.8 IU,
t=17, P<0.001 in mulberry, 296+1.5 IU, t=197,
P<0.001 in apple, 344+2.3 IU, t=44, P<0.001 in wal-
nut and 374+4.0 IU, t=-51, P<0.001 in plum. Among
the infected groups, while the lowest amount of
MDA was found in the plum-fed group (144+1.9 IU,
t=-51, P<0.001), the highest one was in the apple-
fed group (934+2.7 1U, t=197, P<0.001). Also, an
increase in the amounts of all groups (except plum)
with bacterial infection was noted compared to the
control groups (Fig. 3).

Superoxide dismutase (SOD) activities

SOD activities in control groups were plum (80245.9
IU, t=15, P<0.001)> apple (230+2.7 IU, t=-38,
P<0.001)> mulberry (189+2.7 1U, t=145, P<0.001)
> walnut (152+2.4 1U, t=68, P<0.001), respectively.
In the infected groups, SOD activities were 8§92+4.1
IU, t=145, P<0.001 in mulberry, 113+1.9 1U, t=-38,
P<0.001 in apple, 407+2.8 U, t=68, P<0.001 in wal-
nut and 917+£3.9 1U, t=15, P<0.001 in plum (Fig. 4).
Catalase (CAT) activities

Among the control groups, the lowest CAT activ-
ity was found in the walnut-fed group (121£1.8 IU,
t=9, P<0.001) and the highest one was in the apple-
fed group (1866+2.7 IU, t=-18, P<0.001). While
there was an increase in the enzyme activities of the
mulberry-fed and walnut-fed groups with the bacte-
rial infection compared to the control groups, it was
found that the activities of the larvae fed on apple
and plum decreased (Fig. 5).

Glutathione peroxidase (GPx) activities

In control groups, GPx activities were 277+4.6
IU, t=-47, P<0.001 in mulberry, 124£2.7 1U, t=18,
P<0.001 in apple, 106+1.0 1U, t=-62, P<0.001 in
walnut and 59+0.8 IU, t=35, P<0.001 in plum. In
infected groups, these activities were 55+0.7 IU, t=-
47,P<0.001 in mulberry, 189+2.4 TU, t=18, P<0.001
in apple, 38+0.4 1U, t=-62, P<0.001 in walnut and
17043.1 TU, t=35, P<0.001 in plum (Fig. 6).

Discussion

The activity of the immune system in insects is relat-
ed to the haemocyte count (BERGER & SLAVICKOVA
2008). Among both the control and infected groups,
the lowest haemocyte counts of H. cunea larvae
were found to be in individuals fed on apple groups
and the highest ones were in walnut-fed groups.
Compared to the control groups, it may be thought
that the rich content of rosmarinic acid in apple plant
may be responsible for the minimum haemocyte
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Fig. 3. Average malondialdehyde amounts of Hyphantria
cunea larvae (£S.E.) in the infected and control groups.
Two independent samples t-test, P<0.001.

Fig. 4. Average superoxide dismutase activities of Hy-
phantria cunea larvae (£S.E.) in the infected and control
groups. Two independent samples t-test, P<0.001.

2500

u Infected
% Control

Catalase activities

(IU/mgprotein/milx 10%)

Walnut

300

250

u Infected

200 # Control

150

100

Glutathione peroxidase activities
(U/mgprotein/mix 10%)

50

Walmut

Fig. 5. Average catalase activities of Hyphantria cunea
larvae (+S.E.) in the infected and control groups. Two
independent samples t-test, P<0.001.

count. In a study conducted with Vanessa atalanta
larvae (YANAR et al. 2018), it was found that as the
amount of tannic acid in the diet content increased,
the haemocyte count of the larvae decreased. In
contrast, in the current study, we determined that
the larvae fed on walnut with the most gallotannin
amount had the highest haemocyte count. In studies
on Lobesia botrana, it was found that feeding on the
alternative host plant caused an increase in haemo-
cyte count (MULLER et al. 2014). The results of both
that study and the current study show that feeding
on different plants can affect the haemocyte count of
insects due to diverse plant ingredients. Haemocytes
play a central role in the cellular immune responses
of insects against foreign invaders, including patho-
gens and parasitoids (STOEPLER et al. 2013). Insec-
ticides are another factor affecting the haemocyte
count. In studies (SHARMA et al. 2003, KURT & KAyis
2015), it was determined that the haemocyte counts
decreased with an insecticide application. On the
contrary, we found that the mean haemocyte counts
of all groups increased with the B. thuringiensis ap-
plication, which we used as a bioinsecticide. This
result proves that different insecticides show differ-
ent effects on the cellular immunity of insects.

Fig. 6. Average glutathione peroxidase activities of Hy-
phantria cunea larvae (£S.E.) in the infected and control
groups. Two independent samples t-test, P<0.001.

Phenoloxidase is an enzyme that plays a critical
role in immunity (GORMAN et al. 2007) and is an es-
sential factor of insect immunity with its crucial roles
in coagulation, melanization and wound healing pro-
cesses (AJAMHASSANI et al. 2012). In this study, we
determined that the lowest PO activities among both
the control and infected groups were in individuals
fed on mulberry. It can be assumed that catechin and
rutin flavonoids present only in the mulberry plant
may be essential factors in the low PO activity of the
larvae. Also, in a study (SLINN et al. 2018), it was
hypothesized that caterpillars grown in plants with
high phytochemical diversity had lower PO activity,
which might be a general consequence of feeding
on various plants phytochemically. Since the PO is
an enzyme involved in cellular defence (Gaswmi et al.
2019), haemocyte count and PO activity are related.
The phytochemical content of the walnuts, which
has the highest amount of gallotannin and benzoic
acid not present in other plants, may have caused
the haemocyte count to be high in the control group,
resulting in maximum PO activity. The fact that
PSMs consumed by caterpillars induce changes in
immune responses (SMILANICH et al. 2009) and the
larvae feeding on different plants have different PO
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activities (MULLER et al. 2014) supports the results
of our study. One of the first responses of the insect
immune system to infection is the activation of the
PO system in the haemolymph. PO activity leads to
the production of melanin, which contributes to the
elimination of pathogens (Staczex et al. 2020) and
melanin formation is initiated by the conversion of
inactive prophenoloxidase (PPO) into active PO in
the presence of serine proteinases (STACZEK et al.
2017). Insecticides can interfere with the melaniza-
tion process by interfering with the PO cascade or
by disrupting serine protease activity (JAMES & XU
2012). In our study, it was found that Btk caused a
decrease in PO activities (except apple) compared to
the control groups.

Malondialdehyde is one of the main products
of lipid peroxidation and an indicator of the level
of lipid peroxides (ZHANG et al. 2011). According
to our results, the lowest amount of MDA among
the control groups was in the mulberry-fed group.
Flavonoids prevent the production of free radicals,
which are increased by the oxidation of saturated
lipids (KHAN et al. 2020). In this case, catechin and
rutin have a positive effect on larvae against lipid
peroxidation. Among the infected groups, the high-
est amount of MDA was in individuals fed on apple.
The phytochemical content of apple (rich in ros-
marinic acid and protocatechuic acid) was thought
to cause high lipid peroxidation. MDA amounts
increased with Btk application (except plum). It
is evidence that Brk increases lipid peroxidation.
The increase in lipid peroxidation is an indicator of
ROS production. Oxidative stress caused by ROS
damages lipids (SHARIFI-RAD et al. 2020) and this
causes the structural and functional integrity of the
cells to deteriorate. In polyphagous insects, lipid
peroxidation is particularly detrimental because li-
pids are not only components of the cell membrane,
but also play an important role in the development
and reproductive physiology of insects (SUGANYA
et al. 2016).

Plant phenolic compounds serve as antioxi-
dants due to the hydrogen donor properties of the
phenolic hydroxyl groups (LINDSAY & ASTLEY 2002)
and thus protect cells against the harmful effects of
ROS. It was found that the highest SOD activities
in both control and infected groups were in larvae
fed on plum containing the highest chlorogenic
acid amount. Since chlorogenic acid has a strong
antioxidant and free radical scavenging activities
(OzBILGIN et al. 2015), it is not surprising that this
phenolic compound causes SOD activity to be up-
regulated to eliminate ROS. An increase in SOD
activities of all groups (except apple) with Btk in-
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fection was observed. It indicates that the bacterial
infection increases the formation of free radicals and
the larvae increase their SOD activities in response
to this. The increase observed as a result of the bac-
terial infection was mostly in the larvae fed on mul-
berry plants. Flavonoids can scavenge ROS (KHAN
et al. 2020). It can be said that flavonoids present in
mulberry cause a high SOD increase to overcome
oxidative stress caused by Btk.

In the study, among the control groups, the
CAT activity was the highest in the larvae fed
on apple with the maximal rosmarinic acid. It is
known that apples contain high amounts of ros-
marinic acid (AMzAD HossaIN et al. 2009) and
that rosmarinic acid also has antioxidant prop-
erties (Vukovic et al. 2013). As a result of our
study, the fact that the maximum CAT activity
was in larvae on the apple-fed group suggests that
the content of apple may be crucial for the lar-
vae. In a study (GurLciN et al. 2010), it was shown
that tannic acid has the free radical scavenging
effect and increases antioxidant levels. In the cur-
rent study, we found that the larvae fed on walnuts
containing the highest gallotannin amount had
minimal CAT activity. There was an increase in
CAT activities of individuals on mulberry-fed and
walnut-fed groups with bacterial infection com-
pared to the control group. Since H,O, formed as
a result of SOD activity will be reduced by CAT
(SHARIFI-RAD et al. 2020), there must be a sig-
nificant relationship between SOD and CAT. It
explains that the increase in SOD activities with
infection in these groups causes an increase in
CAT activity. In a study where WANG et al. (2020)
applied rutin to Calliptamus abbreviatus grass-
hoppers, they found that SOD and CAT activities
were increased, which is consistent with our cur-
rent result that individuals fed on mulberry had
increased SOD activity as a result of infection and
therefore had maximum CAT activity.

Flavonoids can reduce the production of ROS
and increase the production of antioxidant enzymes,
which leads to a decrease in oxidative stress (KHAN
et al. 2020). The rich content of mulberries in flavo-
noids may suggest that they caused the highest GPx
activity among the control groups. Hydrogen per-
oxide is detoxified by conversion to water by either
CAT or GPx enzymes. In cases where H,O, forma-
tion increases, CAT has a significant effect (Koc &
Ustun 2008) and GPx acts in lower H,O, concen-
trations. In this study, an increase in CAT activi-
ties and a decrease in GPx activities of larvae fed
on mulberry and walnut with Btk application were
observed.
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Conclusion

The main purpose of ecological immunology stud-
ies is to understand the ecological and evolution-
ary sources of variation underlying the immune
response (SCHULENBURG et al. 2009). In our study,
the effects of both phenolic compounds present in
various plants and bacterial infection on the im-
mune responses and antioxidant enzyme systems of
H. cunea larvae were observed. The utility of both
host plants whose phytochemical content was deter-
mined and bacterial infection in biological control
with this species was shown. Understanding what
factors the insect immune system is affected by will
play a principal role in pest control (particularly mi-
crobial control).
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ported by the Ondokuz Mayis University Research Foundation
(PYO.FEN.1904.18.001).
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