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A well-known insect phenomenon is colour polymorphism, from which the
species hopes to gain some ecological advantage. Herbivores adapt to the
colours of their environment to reduce their chances of becoming prey, while
predators use camouflage colours to succeed in hiding from prey. The larvae of
the cosmopolitan, highly invasive cotton bollworm (Helicoverpa armigera Hbn.,
Lep.: Noctuidae) also benefit from this morphological polymorphism. Their fully-
developed larvae can take on various colours when feeding on foliage. Our study
aimed to determine the host plant-related colour adaptation of H. armigera
larvae collected from different plant organs using different spectral analysis
methods. Our studies, based on colour analysis of photographic images,
showed that the colour of fully-developed larvae of the species is highly
correlated with the colour of the damaged nutrient plant. The dominant
colours of the larvae show a high similarity with the colours of the consumed
host plant parts. The RGB-based analysis confirmed that larval colours are
clustered according to the host plant’'s organs and are mainly located in the
yellow and green regions of the visible light spectrum. All these results confirm
the extraordinary adaptive capabilities of this invasive species, which, among
other things, verify its worldwide distribution.

KEYWORDS

colour analysis, crypsis, fully-developed larvae, Helicoverpa armigera, herbivore
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1 Introduction

The cotton bollworm, Helicoverpa armigera Hbn. 1805 (Lepidoptera: Noctuidae) is an
original Mediterranean fauna element (Anderson et al., 2016). It is a typically facultative
migrant species, which wandered every 16-17 years only to northern areas in former years
(Feng et al., 2004). Surprisingly, a significant escalation of its range was observed in the last
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decade of the 20th century. After this outbreak, It established stable
colonies in many countries worldwide (Pedgley, 1985; Keszthelyi
et al,, 2013; Kriticos et al,, 2015). It has appeared in the Australian
(Fitt et al., 1995) and the American (Czepak et al., 2013) continents,
too, where it is gradually gaining ground in many agrohabitats,
displacing the native corn earworm (Helicoverpa zea Boddie,
Lepidoptera: Noctuidae) (Bentivenha et al., 2016).

The species develops in various generations as a function of its
distribution range. Hungary has two to three generations and
overwinters as a pupa (Keszthelyi et al., 2013). The pest is highly
polyphagous. It has more than 300 host plants. It can damage
maize, sunflower, pepper, tomato, bean and many other arable,
horticultural and ornamental crops (Firempong and Zalucki, 1989;
Liu et al, 2004). A common characteristic of damage in different
host crops is that the larvae specifically damage the generative
organs. Thus, first of all, it masticates the ears and tassels of maize;
on sunflowers, it bores into the blooms; on pepper and tomato, it
damages the berries (Viric Gasparic et al., 2022). Due to its damage,
the wounds may be secondarily colonised by various pathogens,
which can further reduce the quantity and quality of the crop
(Darvas et al., 2011; Dimitrov et al., 2013).

Therefore, the insect can be found on a wide range of host
plants with different organic matter compositions and a wide
variety of colours, where it is intensively feeding. As a canopy-
dwelling herbivorous organism, it has a fundamental interest in
matching the colour of its direct environment, its host plant, to
reduce the likelihood of becoming prey. Colour changes often occur
in lepidopterous larvae, which are based on a physiological colour
change due to the migration of pigments (Raabe, 1982). Many
factors can influence the development of these colour variants
(Lehtonen et al., 2009), representing environmental effects
between different populations and various selection forces (Raabe,
1982; Mallet and Joron, 1999). In most cases, environmental factors
such as light, temperature and diet often have a decisive effect on
this manifested colour composition (Raabe, 1982). It is a well-
known biological fact that the larval colour of H. armigera is
polymorphic (Deepa and Srivastava, 2010). Its larvae can be
green, brown, beige, yellow, or any shade. In H. armigera,
different body colours appear during the middle larvae stadiums
(Ls, Ly) and become pronounced until the fully-developed larval
stage. Ramos and Morallo-Rejesus (1976) showed that the source
mainly determines the colour of H. armigera larvae.

The formation of different coloured larvae is explained by the
experimental results of Yamasaki et al. (2009). Their results-based
laboratory experiments pointed out that H. armigera larvae fed on
different plant organs differ in colour. Thus, the larvae feeding on
leaves are green, in contrast to those developing on a diet of flowers
and fruits. Their results suggested that the colouration of the larvae
was mainly determined by the part of the plant on which the larvae
were reared. Chakravarty et al. (2020) analysed the larval colours of
H. armigera populations originating from different locations and
showed that the dominant colours differed significantly in their
place of origin. It is hypothesised that diet-induced body colour
polymorphism in H. armigera may play a role in larvae avoiding
visual predation (Yamasaki et al., 2009).
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Objective informatics values based on colour image analysis
(such as RGB, HUE) have been known since 1989 (Chang and
Reid, 1996). They are becoming increasingly popular as
methodological methods based on colour comparison. RGB is
represented digitally by 256 values each, representing more than 16
million possible colour combinations. Their objective identification
allows for comparing certain physiological phenomena through the
parameterisation of individual colours (McColl and Martin, 1989)).
RGB and HSV models were used in the current study for several
reasons. RGB directly corresponds to modern display hardware, and
it is easily interpretable and implementable in analysis pipelines.
Moreover, it is widely used in colour composition analyses. HSV can
be easily derived from an RGB colour cube by projecting it onto a
plane with R+G+B=L. It can also be statistically advantageous, as the
position of the examined colour on the colour spectrum is expressed
by a single variable (Hue) (Schwarz et al., 1987). Their application in
entomological research has also provided solutions to several
problems that were previously unresolved or difficult to
understand. Colours and colour patterns have been used to study a
wide range of ecological and practical plant conservation topics,
including colour changes caused by pests on food plants (Clement
et al,, 2015), to assess phenotypic peculiarities accompanying insect
development (Lacotte et al., 2023), to provide data for prognostic
tools (Hassan et al., 2014), or to understand different mechanisms of
crypsis (Sherratt et al., 2007).

In light of this scientific background, our studies, based on field
and retrospective image processing, aimed to confirm the colour
difterences in fully-developed larvae feeding on different host plants
and plant organs. Besides, we aimed to elucidate the host-plant-
related colour polymorphism of H. armigera larvae using digital
colour analysis methods. We wanted to determine the dominant
colours in their positions in the visible light range. Finally, we
wanted to see if the colour of the larvae was related to the colour of
the damaged organs of the host plant. The anticipated outcomes
may provide crucial insights into the crypsis of this significant
herbivore. They may also illuminate the physiological processes
underlying the success of a pest with exceptional adaptability, and
contribute to the discovery of the distinctive ecological
characteristics underpinning invasive species” spread.

2 Materials and methods

2.1 Production and classified of
experimental photographic material

Photographs of fully-developed H. armigera larvae from
different plants and plant organs were taken during field visits.
The digital pictures were taken in September 2022 and 2023 at the
end of the vegetation cycle of Central Europe, in arable fields, in the
regions of Kaposvar (46°22°36.90” N 17°47°34.38” E) and
Somogyszil (46°32°40.22” N 17°58'41.40” E) in Hungary. The
photos were taken so that the whole larva and its host plant were
visible. The equipment used for photography includes a Canon EOS
80D SLR camera, Canon EF 100mmf/2.8 Macro USM lens and
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Canon 580EX 1II flash. The photography method was standardised,
and photos were taken from an equal distance (=30 c¢m), standard
flash fire, with an exposure time of 1/250 sec and an aperture of 7.1.
The resolution of the photos was 3888x2592 pixels.

The records were divided into four groups: 1** group the larvae on
the ear of maize (hereinafter: on maize ears),.2"¢ group: on the blooms
of sunflower plants (hereinafter: on sunflower blooms), 3" group on
green leaves (regardless of plant species) (hereinafter: on leaves) as
well as 4™ on the green blooms of wind-pollinated plants (regardless
of plant species) (hereinafter: on green, wind pollinated blooms)
(Figure 1). From these photographs, 10-10 records were classified into
each group for further analysis. The criterion for the selection of the
images was that the plant organ should entirely occupy the larva
analysed and that this plant organ should be visible in the background
The dominant larval colours, the specific colours of larvae from
different host plants and plant organs, and the degree of similarity to
the typical colours of the host plant organ were determined.

2.2 Composition of the larval colours,
clustering according to origin

Ten pictures were analysed for each group (maize ears,
sunflower bloom, leaves, and wind-pollinated blooms). From each
analysed larval and host plant section, an area of 200x200 pixels was

10.3389/fevo.2024.1376435

cut out using GIMP 2.10.32 software so that the selected area was
representative of the colour composition of the analysed section. All
individual colours of larval skins were determined using
IMGONLINE software (https://www.imgonline.com.ua/).
Dominant larval colours from different locations, their dominance
and frequency percentages were identified using the Palette
Generator (https://palettegenerator.com/) and ICS (http://
mkweb.bcgsc.ca/) software, which provide natural image palettes
extracted using the k-means algorithm. The extracted colours were
positioned in the visible light spectrum using RGB (Red, Green,
Blue) and HSV (Hue, Saturation, Value) parameters. The
information originated from RGB analysis and was used to
determine the position of the dominant larval colours in the
visible light range and the clustering of larvae from different host
plants and plant parts in the light spectrum and their possible
overlapping. By analysing the HSV (Hue, Saturation, Value) data
from the same recordings, we determined the Hue values of larvae
from different plant organs, their percentage distribution on the
colour palette, and the average (mean + SE) saturation and value
parameters of these groups Main Hue and RGB values were
assessed on 100 equal-sized subparts of each picture, resulting in
100 mean Hue and mean R, G, and B values for each image.

To better assess the visual distinctness of the grouped larval
colours, 3-D concentration ellipsoidal plots were generated using
RGB data of these colours using Remdr 2.8.0 under R 4.2.2.

FIGURE 1

Records of H armigera larvae from the different host plants and plant parts. (A) on maize ears; (B) on sunflower blooms; (C) on leaves; (D) on green,

wind-pollinated blooms; a: larva skin samples; b: host plant samples.
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Statistically verifiable differences between larval colours from different
plants or plant sites were analysed using one-way multivariate
analysis of variance (one-way MANOVA).In this analysis, there
were three dependent variables (raw R, G, and B values) and a
single independent variable,” host”, with 4 different values (maize,
sunflower, green leaves, and wind-pollinated green flowers). A
Kruskal-Wallis test was conducted to determine if there were
differences in Hue scores of the images depicting larval skin
according to their location on the host plants. Subsequently,
pairwise comparisons were performed using Dunn’s test with
Bonferroni correction for multiple comparisons. The statistical
analysis was conducted by the SPSS 29.0 software package (p < 0.05).

Spearman’s rank-order correlations were carried out to assess
the relationship between raw R, G, and B values of different host and
larval skin pairs (corn ear, green wind pollinated, leaf, sunflower).
Preliminary analyses showed the relationships to be monotonic, as
assessed by visual inspection of scatterplots.

3 Results

3.1 Colour composition of H. armigera
larvae depending on host plant

Figure 2 shows the colour composition and most dominant
colours of H. armigera larvae developing on different plant organs
are shown in Figure 3. Although similar colours in the different
groups overlap (RGB codes: #C9C581, #A3A376, #8C7556,
#1A1209), the separation of the colour composition of these
different groups is visible.

The 43 most predominant colours and their RGB colour codes
and HSV values of all H. armigera larvae analysed are shown in

10.3389/fevo.2024.1376435

Figure 3A. The combined analysis of the larval colours, containing
about 214.620 pixels, comprises 126.027 individual colours. It can
be seen that the larval colours of insects from different parts of the
plant are mainly in the “yellow” range of the visible light spectrum.
Only the colours of the larvae developing on vegetative leaves
cluster in the border areas of the “green” range close to yellow.
The colours of the larvae observed on maize ears, however, are close
to the “red” wavelength range. Without exception, the colour of H.
armigera larvae was in the warm wavelength range of 565-590 nm.

The colours classified by RGB of larvae originating from different
host plants were well separated (Figure 3B). The colour composition
of the larvae feeding on sunflower inflorescences was mainly located
in the centre of the “yellow” colour range between 575-580nm
wavelength. Larvae collected on wind-pollinated green plant
inflorescences had the most diverse colour composition, which
spread from green to red. In terms of colour tone, the larvae of this
group had the darkest colours, with chroma values ranging from 6 to
9, compared to chroma values of 1 to 7 for the other sample groups.

Based on HSV-based colour determination, the larval colours
have HUE values between 31 and 97°, i.e. they lie within a well-
defined narrow spectrum of the whole colour spectrum,
representing about 18.33% of the total 360° spectrum. 27.5% of
the colours are in the 31°-40° range and 27.5% in the 51°-60° range
Figure 3C. 17.5% of colours are found in the 41-50° range, 10-10%
in the 61-70° and 71-80° ranges, and 2.5% each in the 21-30°, 81-90°
and 91-100° ranges. The narrowest colour range of about 30° is
found in the colours of larvae developing on maize (31-46°) and on
the inflorescences of wind-pollinated plants (44-62°). The colour
composition of the larvae developing on sunflower inflorescences is
slightly more diverse, covering a wider spectrum, with Hue values
ranging from 38° to 66°. The broadest spectrum is occupied by the
colours of larvae developing on leaves, with hue values ranging from
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B C D
#5E3F13
#42341D
#6E6954
#946934
#6D5C40

#9B8778

#B28147

#DFB887

#1A1209
#F8E4C3

on leaves

A B C

#86965B

#738346
d

#98AB76

#A4C68F

- #5C6A36

#C9C581

#A3A37C
#DAE6A6

#1A1209

#AE973C

FIGURE 2

on sunflower blooms

B C
#A0905F

#B8B274

#8C7556

#A19720

#8D621C

#c9c581
#A3A37C
#1A1209

#DFD995

- #757F18
on green, wind pollinated blooms
A B C

W #9F9056
’

AR #60581F
#8C7556

#6C663A

#443E1E

#1A1209
#B2A47C
#A3A37C

v - #BFC35F

#EGE4CD

Larval skins of H armigera (A), dominant colours classified by RGB of these larvae from different host plants (B), plant organs, their colour codes (C)

and percentages (D).

Frontiers in Ecology and Evolution

04 frontiersin.org


https://doi.org/10.3389/fevo.2024.1376435
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Keszthelyi et al.

B
>
GREENS ©
8
3
180°—
@
®
Tikizos S
BLUES
Cc
HUE
(% of colors occurrance)
80
% 60
40
20
n n SATURATION
60 (meantSE)
% 40
20 I I 100
| | | | 80
60
% 40 60
20 40
60 20
% 40 0
20 a b
0 [ |

10.3389/fevo.2024.1376435

wavelength (nm)

YELLOWS
Yh

Y3

2, 5

400 -

450~

500~

550~
600-

2

P 650 -

700~

6 2A N >
& €A A D,
VIOLETS
@ on maize ears
@  onsunflower blooms
on green leaves

. on green,

VALUE wind pollinated blooms|

(meant*SE)

100
80

60 I
40

20

b

c d a b c d

4] | : : i o o ;
0 10 20 30 40 50 60 70: 80 90100 110120130140 150160 1ZO 180 190200 210 220 230240250 260 270280 290 300 310 320 330 340 350
i : i 3

> yellow

FIGURE 3

rquoise
:

The RGB parameters of dominant colours (A), their locations in the visible light range (B) and distribution of HSV-based colour determination (C) of
examined H. armigera larvae; (a) on maize ears, (b) on sunflower blooms, (c) on green leaves, (d) on green, wind-pollinated blooms.

48° to 97°. The colours of larvae developing on these vegetative
organs are essentially distinct from those of larvae developing on
other plant organs. The colours of these larvae tend to be in the
border regions of the green-yellow spectrum or the green spectrum.

Figure 4A shows the RGB-based scatterplot with 3D
concentration of larvae from different parts of the host plants.
The colours of the caterpillars developing in other parts of the larvae
are clustered in largely different groups. Naturally, similar to visible
light analysis, there are also colour overlaps.

The assumptions of one-way MANOVA (p <0.05) were
satisfied, as judged by testing for homogeneity of variances,
univariate and multivariate outliers, normality, a linear relation
between dependent variables, homogeneity of variance-covariance
matrices, and multi-collinearity. There was a statistically significant
difference between the caterpillars on different host plants in the
combined dependent variables (R, G, B values), F(9, 108)= 4,825, p
= 0.00002; Pillai’s V = 0.860; partial N2 = 0.287.

Median Hue scores significantly differed between the different
locations, ¥2(3) = 215.866, p < 0.001. Adjusted p-values for all
pairwise comparisons are presented in Figure 4B. It can be seen that
each cluster significantly differed from the others (p < 0.001), except
for one relation (in the case of larvae originating from sunflower
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and wind-pollinated blooms). Blue lines represent statistically
significant pairwise comparisons (the red line is nonsignificant).

3.2 Correlating host plant and larval skin
colour pairs

Paired maize ear host-larval skin R, G, and B values showed
weak and very weak significant correlations r,(998) = 0.386, p <
0.0001; r,(998) = 0.135, p < 0.0001; r4(998) = 0.165, p < 0.0001, for R,
G, and B values respectively. Similarly, paired R, G, and B values
from green wind-pollinated host-larvae images also showed weak
and very weak significant correlations ry(998) = 0.167, p < 0.0001; r,
(998) = 0.153, p < 0.0001; r4(998) = 0.272, p < 0.0001, for R, G, and B
values respectively. Only the R and G values showed moderate
significant correlations on paired green leaf host-larval skin image
pairs r4(998) = 0.432, p < 0.0001; r,(998) = 0.417, p < 0.0001 for R
and G values, respectively. In the case of the paired sunflower host-
larvae images, weak significant correlations were observed between
the paired R, G, and B raw values r,(998) = 0.310, p < 0.0001; r,(998)
= 0.368, p < 0.0001; ry(998) = 0.360, p < 0.0001, for R, G, and B
values respectively.
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4 Discussion

Our study has confirmed that H. armigera can successfully
adapt to the colour of its host plant. The colour polymorphism of
the larvae of this species is a known fact, the triggers and causes of
which are reported in detail in Yamasaki et al. (2009) and
Chakravarty et al. (2020). Based on the results of their laboratory
studies, they point out that the colour of the larvae is related to the
colour composition of the host plant currently consumed, which is
mainly a function of the incorporation of carotenoid content of the
plant (Ramos and Morallo-Rejesus, 1976),

As a diurnal herbivore, its adaptation of H. armigera to its
environment’s colour is crucial for its survival. This phenomenon is
known as crypsis (Endler, 1981) and has been identified as a survival
mechanism in several prey-predator relationships. H. armigera has
successfully used crypsis to ensure successful larval survival. In their
study, Rodriguez-Morales et al. (2021) showed that the visual
perception of a predator depends on the spectral sensitivity of the
prey’s eye, spatial understanding and temporal resolution. In
addition, abiotic factors, such as wind or obstacles, can increase the
sensitivity of visual perception (Thery and Gomez, 2010).

The colour variation of larvae developing on various plants is
different. Development on the maize ear effectively forces the larva
into a narrow spectrum of colours to achieve perfect crypsis. In
contrast, a broader range of colours appears on larvae on leaves with
varying shades of green or wind-pollinated blooms. The significant
difference in colour composition of larvae developing on the
inflorescence of wind pollinated blooms should be noted
compared to larvae developing on other hosts. This segregation
may initially lead to the emergence of new ecotypes as an initial step
of adaptation to ecological segregation (Lowry, 2012). Later, as
certain host plants become dominant, it may lead to genetic fixation
of individuals, i.e. the emergence of new biotypes.

A study by De Moraes and Mescher (2004) showed that the
colour variability in larvae of some butterfly species depends on the
colour of the food plant consumed and the colour of the leaves and
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plant organs consumed by the female laying her eggs. Thus, genetic
and epigenetic origin is also a determining factor. Several genes
responsible for larval colour have been identified in moths. For
example, the juvenile hormone is responsible for the manifest larval
colouration of Bombyx mori L (Futahashi et al., 2008; Zhao et al,,
2012) and some butterflies (Shirataki et al., 2010), as well as for the
abrupt changes in colour patterns of these larvae (Futahashi and
Fujiwara, 2008). In addition, melanin synthesis is under ecdysteroid
regulation in larvae of the butterfly species Papilio xuthus L.
(Futahashi and Fujiwara, 2007) and Manduca sexta L (Hiruma
and Riddiford, 2009). Overall, in these cases, despite hormonal
regulation, larval body colour is genetically determined without
being influenced by environmental factors.

In addition to genetic factors, environmental factors are crucial
in determining larval colouration in some species (Hazel, 2002). In
the case of Battus philenor L., larval body colour is determined by
prevailing temperature, probably as a consequence of adaptation to
high temperature environments (Nice and Fordyce, 2006).

Our studies raise the question of the analysis from the
perspective of different predator species, which has been analysed
in other prey-predator relationships by Bennett and Cuthill (1994)
as well as Rodriguez-Morales et al. (2021) among others. The
question arises whether H. armigera can successfully use crypsis
against predators that sense different light ranges (such as various
spider, bird, and wasp species). The invasive characteristic of this
species follows that when it conquers new areas, it can encounter
not only food plants but also predators that were previously
unknown to it. The successful application of crypsis prior to these
species may even be a critical factor in colonising a new area. The
demonstrated colour polymorphism of H. armigera larvae could be
a key moment in the invasive insect’s conquest of new agricultural
areas. This sophisticated ecological adaptive tool, crypsis, supports
the chances of avoiding becoming a potential prey in new habitats
and thus establishing a stable population as soon as possible. This
phenomenon, in turn, points towards an increase in agricultural
damage through the success of this important herbivore species.
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Colour analysis and image processing may become an essential
tool in future entomological studies, as Byers (2006) has successtully
demonstrated that modern high-resolution cameras can detect a
sufficient number of colours and isolate them with high reliability
even under natural conditions. However, scientific results on the
comparative colour analysis of herbivores and their host plants are
still relatively scarce in the literature. By applying these approaches,
several unresolved insect phenomena could be identified and analysed.
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