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Abstract

Ecology and life characteristics of overwintering larvae of the European corn borer (Os-
trinia nubilalis Hbn.) (Lep.: Crambidea) are partly unexplored due to their hidden lifestyle.
In plant protection research the best way to study these phenomena is to apply less used,
non-destructive, in vivo methods. The objective of our CT survey was to examine the fac-
tors influencing the location of the overwintering O. nubilalis larvae in maize stalks. The
findings obtained by CT-analysis can be used for monitoring the presence and location
of O. nubilalis larvae in the stalk, as well as both their displacement and movement. Our
results showed that both the location and the distance from the brace root of O. nubilalis
larvae were significantly influenced by the sampling time, the number of larvae per plant,
the stalk diameter and finally the prevailing temperature. The location of the larvae situated
nearest to the brace roots (first larvae) was significantly lower in stalks containing several
larvae, than those where only a single larva was found in the stalk. The thickness of stalks
was related to the simultaneous presence of more larvae, and to the ground level position of
the first larvae. These overwintering larvae were located closer to the brace root (and to the
soil), possibly because of having moved downwards inside the stalk, where the temperature
is slightly milder than in the upper part of the stalk.
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Introduction

The European corn borer (Ostrinia nubilalis Hbn.)
(Lepidoptera: Crambidae) is one of the most important
pests of corn both in American and European corn cul-
tivations. Its economic importance has increased with
the spread of monocultures and the expansion of the
sowing area and large agricultural concerns (Keszthe-
lyi 2010a). In the infested areas, O. nubilalis occurs in
a large per cent of fields, ranging from 20% in Hungary
to 60% in Spain and estimated yield losses between 5%
and 30% are typical without control measures (Meissle
et al. 2009).

This pest overwinters as fully developed larva in-
side the plant. Its diapause is controlled by photoperiod

(day length), temperature, and the genetic makeup of
the population (Saringer 1976). Diapause ensures sur-
vival through the fall and winter; the diapaused fifth
instars remain in suspended development throughout
winter until spring when diapause ends and the lar-
vae resume development and pupate. Larvae spend the
winter in maize stalks, cobs, or weed stems. Specimens
that survive the winter in the climate of central Europe
terminate diapause around May and then continue
their development to the adult stage (Svobodova et al.
1998). Ostrinia nubilalis develops in different genera-
tion numbers depending on its distribution territory.
According to the annual number of generations, uni-,
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bi- and multivoltine ecotypes have been defined (Kes-
zthelyi 2010b).

Agrotechnical practices are the most important fac-
tors in the destruction of larvae developing diapauses
(Keszthelyi 2010a). The most determining factor of
this protection method is crop rotation where this pest
cannot accumulate. The entire destruction of stubble
and stem remains should be achieved by ploughing
before stalk crushing at the end of autumn (Roger-Es-
trade et al. 2010). Therefore, the distance of the place of
overwintering from the soil surface is a very important
factor in the case of the survival of diapausing larvae
(Hsu et al. 2009).

In plant science, studies making use of computed
tomography have remained comparatively scarce. Its
first use can be linked to forestry testing (Wei et al.
2011). The number of studies in the domain of “plant
sciences which comprises the topic “computed tomog-
raphy” is approximately 6x less than in “zoology” and
27x less than in an average ISI-referenced publication
(Stadler et al. 2013). Thus, computed tomography is
comparatively underused in plant sciences, and there
is no clear sign towards change. The goal of the present
investigation was the assessment of the potential us-
ability of CT imaging for the study of overwintering
O. nubilalis larvae. We were particularly interested in
the influencing effects (seasonal pattern, temperature,
larvae number) of larvae location and displacement,
which could be observed by this non-destructive
method. Therefore, our results may give impetus to
efforts aimed at implementing in vivo observations in
order to better understand the hidden lifestyle of ar-
thropod pests.

Materials and Methods

Sampling and experimental setting

Entire maize plants (with roots) damaged by O. nubila-
lis were collected at two different times at the end of the
vegetation cycle. The sample collecting times were
as follows: T1 (before maize harvesting) — Septem-
ber 5, 2017; T2 (after maize harvesting, on the stubble)
— November 8, 2017. These samples were derived from
first year maize acreage in the periphery of Kaposvar
(Somogy county, Hungary; geographical coordinates:
46°22°58.96”N, 17°44’50.43”E). In the field the seeds
of the SY Photon hybrid (FAO 350) were sown on
May 3, 2017. Chemical fertilizers were spread on the
basis of soil analysis following adequate ground-clear-
ance. Spraying of stands with insecticide did not take
place in 2017.

Two subgroups were formed after the first sampling
(T1). The subgroups were composed of 25 maize plants,
which were placed under controlled abiotic conditions
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(relative humidity: 65%). The first subgroup (T1a) was
kept at a continuous temperature (10°C) in a climate
chamber, in which the relationship between the larvae
numbers and their locations was analysed by means
of computer tomography (CT). The plants of another
subgroup (n = 5) (T1b) were stepwise cooled in five
48-hour sections (+25, +15, +5, —5, —15 and —5°C).
Samples kept at every temperature range were analysed
by CT, to ascertain whether the displacement tenden-
cies of larvae depended on temperature change.

CT imaging and processing

The CT measurements were performed covering whole
maize stalks using a Siemens Somatom Definition
Flash CT scanner (Siemens Ltd., Erlangen, Germany)
at the Institute of Diagnostic Imaging and Radiation
Oncology of Kaposvar University (Hungary). The fol-
lowing scanning parameters were used for data collec-
tion purposes: 100 kV, 300 mAs and spiral data col-
lection with pitch 0.6. Axial scans were reconstructed
every 0.1 mm with 0.6 mm slice thickness and 55 mm
field of view using medium soft convolution kernel:
B30s and abdomen window.

The imaging numbers of one maize stalk were
931-2614 depending on the length of stalk, on average:
2,100. The images were archived in Dicomworks 1.3.5
software. At first, those stalks which contained larvae
were used. The stalk of the collected maize plants was
arbitrarily divided into different sections for the exact
determination of O. nubilalis larvae location (Fig. 1).
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Fig. 1. Theoretical subdivision of the examined maize stalks
(I —internode)
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Subsequently, the locations of the larvae were record-
ed based on these displayed codes. The numbering of
larvae was begun from the brace root, and the first
larva residing nearest to the brace roots (at the same
time the lowest level of larvae). The distance measured
between the larvae and the brace root was expressed
in mm. The diameters (mm) of the internodes of
brace roots of damaged stalks were measured, and
were automatically calculated by Mipav 8.0.2 software
upon delineating the area concerned (Fig. 2). Three-
dimensional recordings were done by means of Mango
4.0.1 software.

Statistical analysis

The examined variables (larvae position, data of stalk
size) were arranged by Microsoft Excel 2013 software
and statistical analysis was done by the IBM SPSS 20.0
software package. The effects of temperature change,
stalk diameter and larvae numbers (in the case of more

larvae per plant) on larvae positions were examined by
(one-way ANOVA) variance-analysis. Post-hoc tests
were performed using the Tukey (HSD) test, with the
significance level set to p < 0.05. The means, standard
deviations, standard errors and maximum and mini-
mum values of confidence intervals were displayed.
The relationships of examined variables (between lar-
vae number per plant and the place; between stalk di-
ameter as well as the larvae number and location) were
examined by the Pearson correlation.

Results

Seasonal patterns of the vertical distribution
of larvae inside the stalks

Larvae positions and their distances from brace roots
of samples collected at two different times are shown in
Table 1. The average numbers of larvae were 2.75 in the

1 - node

2 - internode

3 - brace roots

4 - primary roots
5 — crown roots

6 - seminal roots

| - transversal section 1
|| - transversal section 2

I = ground level

Fig. 2. Transversal computer tomography (CT) recordings of examined maize stalk containing Ostrinia nubilalis larvae. A - main
parts of examined maize stalk; B - transversal section 1 of the first node, which represented by directly consecutive four recordings
(reconstructed by Siemens Syngo fastView); C - transversal section 2 of the node situated under the brace root, which represented by
directly consecutive four recordings (reconstructed by Siemens Syngo fastView); a - larva, b - cavity
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Table 1. Larvae positions measured from the brace root
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Distance from the brace root of maize

Sampl§ . N [mm]
collecting times
mean SD SE min. max.
1stlarva 24 22413 a 108.31 22.11 53.40 361.20
2nd larva 24 593.50 b 194.05 39.61 336.00 854.40
Tla 3rd larva 6 465.40 a 44.53 18.18 406.08 496.20
4th larva 2 495.60 a 4.24 3.00 492.60 498.60
5thlarva 1 925.00 - - -
T 1st larva 17 13991 a 21.80 89.86 30.60 378.60
2nd larva 4 22596 b 69.50 155.41 102.00 457.20

T1a - first sample collecting time (September 5, 2017), was kept at a continuous temperature (10°C); T2 - second sample collecting time (November 8,

2017); N = number of units; a, b, cat p < 0.01

samples taken in September (T1a). The proportions of
the position of the larva located nearest to the ground
(in the following: first larva) were similar in some parts
of ground level internodes (I,-4 and I,-1) (33.3%). The
second larvae, counted from the ground (in follow-
ing: second larva, and so on), were most often found
(37.5%) in internode part I -1. In the presence of three
larvae per plant, the third larva could be mostly ob-
served (50.0%) in I-3. Rarely occurring fourth and
fifth larvae were usually found in higher internode
parts (I.-1-4) of the examined stalks. Significant dif-
ferences were shown in the case of the position of the
first, third and fourth larvae.

In samples collected in November (T2), the average
number of larvae per plant was 1.29. This value is ap-
proximately half of those registered in September. The
majority of larvae (82%) in these samples occurred in
the third internode (I,-1-4) as opposed to samples col-
lected in September for which we did not find larvae up
to the third internode (I,-4). The largest number of the
first larvae was detected in I,-1 and 3. Both second and
third larvae counted from the brace root were mostly
in the third internode (1,). The average distance of the
first larvae from the brace root was 14 cm, while the
location of second larvae was 23 cm. Larvae collected
in November were located statistically significantly
closer to the soil than larvae in the samples gathered in
September. The average distance from the brace root
was 33 cm less in the case of the first larvae, while the
location of the second larvae was 39 cm closer to the
brace root. Interestingly, these late autumn overwinter-
ing caterpillars were observed to be spherical in shape,
which can be seen well in the 3D reconstruction.

Relationships of larvae location
between larvae number and stalk thickness

To determine if the location of the larvae depends on
the number of larvae per plant was investigated in the

samples taken in September (Fig. 3). The location of
the first larvae was placed significantly lower in stalks
containing more larvae, especially if there were three
larvae in the same plant. In parallel, single larva could
be observed in higher stalk portions (Fig. 4). The same
tendency was also evinced in the case of second larvae,
i.e. the second larva was located on average 67 cm from
the brace root in the presence of two larvae, while this
value was only 42 cm in the case of the simultaneous
presence of three larvae.

The correlation coeflicient was negative between
larvae numbers per plant and the place of the 1st larva
(r=-0.685). A somewhat weaker, but similar direction
and a significant relationship were detected when the
2nd larvae were examined (r = —0.562). We registered
very close, positive correlations in the examination of
larvae location (p < 0.001) (place of the 1st larva—place
of the: 2nd larva: r = 0.711; 3rd larva: r = 0.953; 4th
larva: r = 0.999; place of 2nd larva-place of 3rd larva:
r=0.918; 4th larva: r = 0.970; place of the 3rd larva and
place of the 4th larva: » = 0.999).

Significant correlations between stalk diameter size
as well as the larvae number and location were evinced
by the results of larvae number influenced by maize
stalk thickness (p < 0.001). The thicker stalks had more
larvae (r = 0.390), which was coupled with the first
larvae being closer to the soil. The 3rd and 4th larval
places were found to be higher than the location of the
Ist larvae in thicker maize stalks.

Effects of temperature on larvae location
and its displacement

The effect of temperature on the movement of larvae
in the stalk was surveyed with CT imaging. The results
showed the distribution of groups without tracking the
movement of individual larvae (Fig. 5). Twenty-seven
per cent of the larvae remained in the internode part,
where we our observations were first recorded. Most
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Fig. 3. Larva distance from the brace root (mean + SE) as a function of Ostrinia nubilalis larvae number per maize stalk.a, b, cat p < 0.01

Fig. 4. Computer-based three-dimensional reconstructions of
damaged maize stalk and Ostrinia nubilalis larva. L — left; R — right;
| — interior; S — superior

larvae (45.45%) changed internodes, and a smaller
group of larvae (27.27%) moved to another internode
quarter. The highest rate of larvae changing internodes
was registered upon cooling from +15°C to +5°C, fol-
lowed by cooling periods from +25°C to +15°C and
from —5°C to —15°C (uniformly 18.18%). The larvae
moved upward in positive temperature ranges, which
can be seen well by the distance of their location from
the brace root (Table 2). By contrast, the distance of
larvae from the brace root decreased in negative tem-
perature ranges (—5°C, —15°C, —=5°C). The same ten-
dency was observed in the case of the second larva
position.

Table 2. Larvae positions measured from the brace root as
a function of different temperature

Larvae positions [mm]

Tem[po(e:;ature N 1st larva 2nd larva
mean SD mean SD
+25 221.55a 12321 100275 347.47
+15 22755b 125.74 960.50 396.88
+5 23790a 121.56 989.75 377.46
-25 ° 22470a 126.00 994.75  358.36
-15 217.80a 11846 992,50  353.39
-5 21525b 117.48 994.75  355.58

N - number of units; a, bat p < 0.01

Discussion

The presented findings acquired by CT can be used
for detecting the presence and location of O. nubilalis
larvae in the stalk. Furthermore, both their displace-
ment and movement can be displayed. This method
provides additional data for biological and ecological
studies aimed at disentangling the hidden lifestyles
of covertly developing insects (Keszthelyi et al. 2016;
2018). Therefore, it can greatly contribute to the reali-
sation of Integrated Pest Management (IPM) criteria
in stored product protection.
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Fig. 5. Percentage of internodes changing of Ostrinia nubilalis larvae as function of different temperature ranges

Significant differences could be found pertaining to
the location of larvae from the brace root. According
to earlier studies (Bohnenblust et al. 2014; Oyediran
et al. 2016), more larvae can develop in a given stalk.
Camerini et al. (2016) focused on the influence of ECB
larval density on the position in maize plant organs.
According to their results O. nubilalis density ranged
from 0.2 to 3.2 larvae/plant, and disparities of larvae
per plant cannot be evinced in samples originating
from the edge and centre of the acreage. Georgescu
et al. (2015) pointed out that yearly climate has a sig-
nificant impact on the number of O. nubilalis larvae
per plant. The distribution and number of larvae were
significantly affected by the weight of maize ears and
the quantity of the basic nutrient components (raw
protein, fat and starch) incorporated in the kernel.
The plants appeared to be more vulnerable to damage
caused by larvae situated above the cob (Pal-Fam et al.
2010).

Our results indicate that the location and the dis-
tance from the brace root of O. nubilalis larvae were
significantly influenced by the sampling time, the
larvae number per plant, the stalk diameter and the
prevailing temperature. Furthermore, it has been veri-
fied that the ground level position of the larvae at the
same sampling time and temperature was triggered by
higher larvae number per plant. Thicker stalks corre-
sponded to the simultaneous presence of more larvae,
and the ground level position of the first larvae. We ob-
served the displacing of larvae caused by temperature

decrease, but the proportion of non-switched stage
was significantly increased at colder temperatures. In
total, these overwintering developing stages were lo-
cated closer to the brace root (and the soil) due to the
effect of the temperature decrease. This phenomenon
was confirmed by the lower location in the late autumn
samples.

Cold-hardy winter larvae survived up to 3 months
at —20°C in the absence of contact moisture (Andreadis
et al. 2008). Besides, several studies (Kojic¢ et al. 2010;
Bohnenblust et al. 2014) dealt with the effects of tem-
perate alteration on the physiological features of Os-
trinia larvae, but its consequences on the location and
displacement are largely unknown.

Ostrinia nubilalis overwinters in the full-developed
larval stage, which is triggered by the decrease in day-
time length (Saringer 1976) and temperature drop (An-
dreadis et al. 2008). Diapause apparently is induced by
the exposure of last instar larvae to long days, but there
is also a genetic component. So, the most critical point
of the larval stage is the overwintering (Kutinkova et al.
2008). Survival conditions can be further deteriorated
by the autumn cultivation (Roger-Estrade et al. 2010).
According to Calcagno et al. (2010), O. nubilalis larvae
exhibit positive geotaxis when they are about to enter
diapause, whereas O. scapulalis larvae do not. This re-
search has shown that this genetically determined be-
haviour is strongly adaptive on maize: by increasing
the chance of being below the harvest cut-off line, it
confers on O. nubilalis a survival advantage of about
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50% over O. scapulalis in harvested fields. Therefore,
low-cut maize stubble is recommended in the case of
fast autumn cooling or colder than an average autumn
based on our results, because most larvae preparing
for overwintering can be destroyed by this cheap ag-
ronomic mode.
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