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Abstract

Several studies demonstrated that in insects cuticle melanism is interrelated with
pathogen resistance, as melanin-based coloration and innate immunity possess
similar physiological pathways. For some insects, higher pathogen resistance was
observed in darker individuals than in individuals with lighter cuticular coloration.
Here, we investigated the difference in immune response between two color morphs
(black and red) and between the life stages (pupa and adult) of the red palm wee-
vil Rhynchophorus ferrugineus (Coleoptera: Curculionidae). Here in this study, cuticle
thickness, microbial test (antimicrobial activity, phenoloxidase activity, and hemocyte
density), and immune-related gene expression were evaluated at different stages of
RPW. Study results revealed that cuticle thickness of black phenotype was thicker
than red phenotype at old-pupa stage, while no significant difference found at adult
stage. These results may relate to the development processes of epidermis in differ-
ent stages of RPW. The results of antimicrobial activity, phenoloxidase (PO) activ-
ity, and hemocyte density analyses showed that adults with a red phenotype had
stronger pathogen resistance than those with a black phenotype. In addition to anti-
microbial activity and PO activity, we tested relative gene expression in the fat body
of old pupae. The results of hemolymph antimicrobial analysis showed that old pupae
with a red phenotype were significantly different from those with a black phenotype
at 12 hr after Staphylococcus aureus injection, suggesting that red phenotype pupae
were more sensitive to S. aureus. Examination of gene expression in the fat body also
revealed that the red phenotype had a higher immune response than the black phe-
notype. Our results were inconsistent with the previous conclusion that dark insects
had increased immune function, suggesting that the relationship between cuticle pig-
mentation and immune function in insects was not a direct link. Additional possible
factors that are associated with the immune response, such as life-history, develop-

mental, physiological factors also need to be considered.
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1 | INTRODUCTION

Cuticle pigmentation is widespread in the animal kingdom, including
invertebrates and vertebrates, and different species have specific
pigment patterns (Costin & Hearing, 2007). Pigmentation patterns
are one of the most distinguishable features of insect morphology
and have attracted a great attention of scientists and researchers.
Insect pigmentation provided a useful foundation for the study of
evolutionary development biological theory, phenotype genetics,
and physiology. Cuticle pigmentation varies not only across species
but also in different development stages in the same species.

Body pigmentation of insects varies according to season tran-
sitions and environmental changes (Futahashi & Fujiwara, 2008).
Cuticle pigmentation diversity is one of the most conspicuous evi-
dence of biodiversity in nature and is involved with a series of phys-
iological processes, such as camouflage, warning coloration, and
behavior (Hill, 1992; Kettlewell, 1973; Majerus, 1998). For insects,
body coloration often confers substantial fitness benefits, such as
thermoregulation, food acquisition, mate recognition, and protec-
tion from being preyed on by predators (Badejo et al., 2020; Caro
etal., 2017; Krams et al., 2016; Talloen et al., 2004; True, 2003).

Insect pigmentation requires the proper functioning of physio-
logical processes that involve a variety of enzymes. Several types of
chemical pigments have been reported in different insect species,
such as melanins, pterins, anthraquinones, ommochromes, aphins,
tertapyrroles, carotenoids, and flavonoids/anthocyanins (Shamim
et al., 2014). Pigments and their precursors are typically synthe-
sized in epidermal cells and transported into the epithelial layer via
hemolymph of insects (Ashida & Brey, 1995). A study of the Asian
ladybird beetle Harmonia axyridis showed that carotenoid content is
responsible for the variable orange-red coloration of elytra, and this
red hue appears to be correlated with the content of their defensive
alkaloid molecules (Bezzerides et al., 2007). In addition, melanin pro-
duction is a common phenomenon in insects. The common cuticle
tanning process begins with tyrosine and forms a series of pigments,
including melanin-like pigment, NADA-pigment (N-acetyldopamine-
pigment), and NBAD-pigment (N-B-alanyldopamine-pigment) (Noh
et al., 2016). Studies suggested that the melanin-like and quinonoid
pigments produced by tyrosine metabolism play a major role in the
darkening of beetle cuticle, such as the red flour beetle Tribolium
castaneum (Arakane et al., 2009; Gorman & Arakane, 2010; Noh
et al., 2015). There is a hypothesis that melanin-producing insects
have advantages in environmental adaptation, especially immune
defense. Thicker epidermis presented by darker individuals com-
pared with lighter ones (Evison et al., 2017), suggesting physical
body protection. Melanin pigments and their precursors also play
an immunological body protective role against parasites (Griffith
et al,, 2006; Marmaras et al., 1996; Nappi & Vass, 1993), which

creates a direct link between pigmentation and pathogen resistance
(Wilson et al., 2001). Phenoloxidases (POs) have been reported ex-
tensively in many insects that participate in the synthesis of cuticle
melanin and wound healing and are also important in the innate im-
mune response (Andersen, 2005; Cerenius et al., 2008; Cerenius &
Soderhill, 2004; Kanost et al., 2004; Soderhall & Cerenius, 1998).
The red palm weevil (RPW), Rhynchophorus ferrugineus
(Coleoptera: Curculionidae), is one of the most devastating inva-
sive palm pests in tropical and subtropical areas (Abbas, 2010;
Faleiro, 2006). Color trait in this pest includes red-brown and black
phenotypes, which is observed on ventral side in the old-pupa and
adult stages. Gregarious life habit, wood-boring behavior, and wide-
spread host ranges of RPW require that they must have high patho-
gen resistance that is vital in the adaptive environment of insects.
The insect development process was accompanied by many phys-
iological changes. Pigmentation was an accumulated process from
old-pupa to adult stages of RPW, which may reveal a life-history
trade-off relationship. This study aimed to investigate the difference
in immune response between two color morphs of RPW at different
life stages. We speculated that black weevils had higher pathogen re-
sistance than red weevils. We mainly investigated hemocyte counts
(hemocyte numbers/density), antibacterial activity, and PO activity

to compare the immunity between the two color lines of RPW.

2 | MATERIALS AND METHODS
2.1 | Insect cultures

Cuticular color lines were selected on the ventral side of beetles
(black and red-brown) (Figure 1). RPW color lines were collected
from the field and raised under laboratory conditions (Temperature:
25 + 1°C, Humidity: 75%, LD: 0:24 hr for larvae; LD: 12:12 hr for
adults). Pupa of RPW can be divided into three phases (lasting about
15 days, including prepupa, nonpigment pupa, and old pupa). We
chose old pupae (average 8-days pupa, stage in which pigmentation
occurred) and adults for further treatment. The population size of
black phenotype and red phenotype raised in laboratory was 927
and 759 individuals, respectively.

2.2 | Cuticle thickness

Cuticle thickness of metathorax was tested by toluidine blue stain-
ing. Metathorax cuticle of old pupae and 7-day-old adults was dis-
sected carefully by forceps and scissors in PBS buffer and stored in
2.5% glutaric dialdehyde for 6 hr. Samples were rinsed three times
by 0.1 M sodium cacodylate buffer for 15 min. And then dehydrated
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old pupa

adult

Black phenotype

in an ethanol gradient of 50%, 70%, 80%, and 90% for 15-20 min
each at 4°C. Samples were infiltrated in acetone and resin (3:1) for
3-4 hr, 1:1 acetone: resin treated overnight, 1:3 acetone: resin for
3-4 hr at room temperature and then resin treated 3 times each for
2-3 hr at 37°C. Samples were dry at 37°C overnight, and 45°C for
12 hr, 60°C for 24 hr followed by Semi-thin sectioning. Semi-thin
sections were stained with toluidine blue staining for 10 min and im-
aged under the microscope. The cuticle thickness was measured by
NIS-N-viewer software (Nikon Ni-U). Three semi-thin sections with
10 digital images per sample from each color phenotype at old pupa

and adult were selected, respectively.

2.3 | Antimicrobial assay

A hole in the head of pupae or neck of adults was made with medical
needles, then used 10 pl pipettor to collect the flow out hemolymph,
and quickly stored in an ice centrifuge tube for further experiment.
A total of 60 pl hemolymph per sample was collected from old pupae
or adults of both color lines. Each color line collected 4-5 biological
replications, each replication (sample) contained 3 old pupae or 5
adults. Each sample contained 60 pl of (phenylthiourea, 5 mM) PTU,
which prevented hemolymph melanization, and was diluted with
360 pl of Schneider Insect Medium (Sigma-Aldrich, $9895). Diluted
hemolymph was centrifuged at 6,500 g for 10 min at 4°C. The su-
pernatant was filtered by a 0.22-pm cellulose acetate filter (Merck
Millipore Ltd.) according to Fang et al. (2016) to remove the bacte-
rial in hemolymph. The antimicrobial activity of different color line

weevils was tested by turbidimetry according to Shi et al. (2014), and

FIGURE 1 Dorsal and ventral views
of old pupa and adult of Rhynchophorus
ferrugineus with two color phenotypes

Red phenotype

a larger OD,, value change suggested lower antimicrobial activity.
A volume of 30 pl of insect medium instead of diluted hemolymph
supernatant was used as a negative control for each well, while tet-
racycline (20 pg/ml) was used as a positive control. Each of the 96-
well plate systems included 30 ul of hemolymph supernatant and
60 pl of Escherichia coli or Staphylococcus aureus bacterial solution
(37°C, shaking at 200 rpm overnight, and 1,000 times dilution, final
concentration 10°). ODy,, data were collected at 0, 4, 6, 8, 12, and
24 hr.

2.4 | Bacterial challenge

Old pupae and 7-day-old adults of both color lines were collected
for a bacterial challenge assay. The insects were separated into three
groups. The first group was used as the untreated group. The second
group was injected with 2 pl of E. coli (OD,,, was 1.9, Wang, 2018)
per insect, and another group was treated with 2 pl of phosphate-
buffered saline (PBS) as a control.

2.4.1 | Basal PO activity assay

L-dopa is the substrate of PO, which can be used to quantify basal
PO. This enzymatic reaction results in a darkening in the test solution
from the production of dopachrome, and the change in the absorb-
ance of the solution can be quantified with a spectrophotometer at
490 nm. The greater the rate of conversion of L-dopa to dopamine is,
the higher the activity of basal PO.
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Hemolymphs were collected from the bacterial challenge group
(the second group) and the PBS injection group (the third group) at
0, 6, 12, and 24 hr post-treatment. Five microliters of hemolymph
per beetle was directly saved in liquid nitrogen and then stored at
-80°C for further assays. Every sample consisted of 3 beetles, with
4 replications for each color line.

PO activity assay of RPW was revised according to Shi et al. (2014).
Hemolymph was diluted with ice-cold PBS by 1:10 and centrifuged at
8,000 g for 10 min at 4°C, and the supernatant was collected. A 150 pl
cell-free hemolymph was used; a sterile 96-well plate culture cluster
(COSTAR ref # 42592, Corning Incorporated) was placed on ice, and
30 pl of PBS (10 mM sodium phosphate) was added to each of the 96
wells. Twenty microliters of each sample (hemolymph supernatant)
and a volume of 100 pl of L-DOPA buffer (4 mg/ml) were added to
each well. The reaction was allowed to proceed at 30°C in a spectro-
photometer for 30 min and the absorbance was read every minute at
490 nm. Basal PO enzyme activity was measured as the slope of the

reaction curve during the linear phase of the reaction.

2.4.2 | Testing the circulating hemocyte counts
(CHCs)

Five microliters and ten microliters of hemolymph per beetle were
collected from adults and old pupa of the untreated group (the first
group) and 12 hr post-bacterial and PBS treatments (the second and
third groups) and diluted with 10 pl of ice-cold PBS in a 0.5 ml cen-
trifuge tube, while the old-pupa hemolymph did not need to dilute
and directly used for counting. The solution was vortexed and pipet-
ted onto a hemocytometer with Neubauer chamber (1 mm x 1 mm,
25 x 16 grid, Qiujing, Shanghai) for hemocyte counting. The total cell
counts in five large grids were used to assess the hemocyte density.

Thirty individuals were collected for each treatment.

2.5 | Relative gene expression in old pupae

The total hemocyte counts are too low to detect mRNA abun-
dance in the old pupa, thus we analyzed transcripts of immunity-
related genes, including two antimicrobial peptides (attacin and
cecropin) and two prophenoloxidase (PPO) genes (CL4037-2 and uni-
genel5235),inthe fat body tissues. Insect treatments were according
to 2.3 bacterial challenge under three groups. Fat body tissues were
dissected carefully by forceps and scissors in PBS, every three indi-
viduals as one replication, every line contained 3-5 replications. To
compare the difference of transcriptional levels of the above genes
in old pupae between the two color lines, template cDNA was pre-
pared from total RNA isolated from the fat body of old pupae using
TRIzol reagent (Invitrogen) according to the manufacturer's protocol.
A TransScript All-in-One First-strand cDNA synthesis kit (TransGen
Biotech) was used for cDNA synthesis. A real-time PCR was con-
ducted in a final volume of 20 pl containing 2 pl of the template
cDNA, 0.4 ul of each primer (10 mM), 10 pl of FastStart Universal

SYBR Green Master (ROX) (Roche), and 7.2 pl of ddH,O, with the
following program: initial denaturation at 95°C for 10 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min. GAPDH was used
to normalize differences in the concentration of cDNA templates

among samples. The primers used for gPCR are listed in Table S1.

2.6 | Statistical analysis

ODy,, values at 0, 4, 6, 12, and 24 hr for antimicrobial activity were
collected, and AOD, values at 12 and 24 hr for E. coli and S. aureus
treatments were analyzed between the two color lines. We defined
a0.001 OD 4, value change per min as 1 U, and relative PO activity
(E. coli injection groups relative to the mean value of the PBS injec-
tion group) was used to measure the difference between the two
colorlines. Hemocyte density was detected by the following formula:
hemocyte density/ml = (sum of five grid counts)/80 x 400 x 10% x di-
lution ratio. Considering the originate hemocyte density may differ-
ent between two color phenotypes without treatment, the change
of hemocyte counts before and after injection (Relative CHC g 1, 1,
or Relative CHC 15 = CHCpgg 15, /CHC 1 eated-mean ©F CHC
12 n/CHC AACT yalue was used to

assess relative gene expression. SPSS 17.0 (SPSS Inc.) was used for

E. coli-
) was measured. The 2

untreated-mean
statistical analysis, and all the charts were made in GraphPad Prism
7.0 (GraphPad Software). Except for the antimicrobial peptides gene
expression used ANOVA analysis, t test was used to all other results
between two color lines.

3 | RESULTS
3.1 | Cuticle thickness

The structure of cuticle included five levels as follows: epicuticle
(EP), exocuticle (EXO), mesocuticle (MESO), endocuticle (ENDO), and
epidermal cell (EC). The whole cuticle thickness of black phenotype
was significant thicker than red phenotype at old pupa (t, = -8.606,
p < .001), while no significant difference found at adult stage
(t,o =1.597, p = .126) (Figure 2a). The thickness of MESO and ENDO
in red phenotype was rapidly increased during old pupa (MESO:
tg = —68.540, p < .001; ENDO: t, = -11.882, p < .001) (Figure 2b)
to adult stage (MESO: t,, = 15.781, p < .001; ENDO: t,, = 2.444,
p =.024) (Figure 2c).

3.2 | Antimicrobial activity

Based on the dynamic tendency of the hemolymph of the two color
lines against microbial challenge, similar tendencies were found be-
tween the two color lines of adults and pupae after different bac-
terial treatments (Figure 3a,d). The lines of treatment groups above
control groups showed that hemolymph of RPW may contain some

substance that could promote the growth of bacterial comparing with
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FIGURE 2 Cuticle thickness between two color lines of RPW at old-pupa and adult stages. (a) the whole cuticle thickness in old pupa
and adult; (b) thickness in different cuticle layers in old pupa; (c) thickness of different cuticle layers in adult. EP, epicuticle; EXO, exocuticle;
MESO, mesocuticle; ENDO, endocuticle; EC, epidermal cell. *, ** and *** mean significant difference at the levels of p < .05, .01 and .001 by t

test, respectively

insect medium as the negative control. The difference of antimicrobial
activity between two color lines was mainly considered although the
antimicrobial activity of hemolymph in RPW was lower than insect
medium. Relative antimicrobial activity results showed that adults of
the red phenotype exhibited significantly higher pathogen resistance
than those of the black phenotype 12 hr (t, = 5.002, p = .002) and
24 hr (t, = 26.133, p < .001) post-E. coli treatment and 12 hr after
S. aureus challenge (t, = 2.815, p =.048) (Figure 3b,c). However, in old
pupae, a significant difference was found only at 12 hr (tg = 2.332,
p = .048) after S. aureus treatment, which also suggested that the red

phenotype of old pupae had enhanced resistance (Figure 3e,f).

3.3 | Basal PO activity and hemocyte density

There was significant difference of basal PO activity found in adult
under natural state (untreated group) (t, = 4.38, p =.0119). And basal
PO activity of red adult was 1.62 times higher than black adult. The

relative basal PO activity of adults at different time points after injec-
tion treated showed remarkable differences between the two color
lines. Higher relative basal PO activity was found in red adults than in
black adultsat 6 hr(t, =4.638,p =.0097), 12 hr (t; = 5.124, p = .0037),
and 24 hr (t; = 5.009, p = .0041) post E. coli injection (Figure 4a). The
results with old pupae showed no significant difference between the
two phenotypes before treated (t, = 0.957, p = .3929) and at differ-
ent time points after treated groups (0 hr: t, = 0.201, p = .8473; 6 hr:
t,=0.1568,p=.8830; 12 hr:t, =0.6645, p = .5358) (Figure 4b). Basal
PO activity of adult was decreased after bacterial or PBS injection,
while basal PO activity in pupa showed no significant different.
Hemocyte density results showed there was no significant dif-
ference of CHCs found in adults between two color phenotypes at
untreated group (t;g = 0.919, p = .362), while dramatic differences
detected in relative CHCs at 12 hr post PBS and E. coli injection
between the two color lines (red adult: ts, = -3.681, p = .0001;
black adult: t.; = -8.564, p < .001). The relative CHCs was signifi-
cantly higher in red adults than black adults at 12 hr after E. coli
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FIGURE 3 Antimicrobial activity of the two phenotypes after bacterial challenge in old pupa and adult of RPW. (a,d) the tendency of
ODy,, value across different time points in adult and old pupa stages, respectively, after Escherichia coli and Staphylococcus aureus infection.
(b,c) antimicrobial activity in adult stage at 12 and 24 hr after E. coli and S. aureus challenge, respectively. (e,f) antimicrobial activity in old
pupae stage at 12 and 24 hr after E. coli and S. aureus challenge, respectively. *, ** and *** mean significant difference at the levels of p < .05,

.01 and .001 by t test, respectively

challenge (t;, = -3.284, p = .002) (Figure 5). However, hemocyte
density was extremely low and no significant difference found in
old pupae between two color lines in both the noninfection and
infection treatments (non-infection: t,s = 0.377, p =.708; Relative
CHCs of 12 hr after PBS and E. coli infection: t,, = 0.003, p = .997;
ty, = 1.194, p = .241). Therefore, we speculated that in the pupa
stage of RPW, hemolymph is not the main agent that produces the
immune response.

3.4 | Relative gene expression in old pupae

The relative expression of two antimicrobial peptides in the fat body
in old pupae showed a significant increase in both color phenotypes
after the treatments compared with that in untreated pupae (at-
tacin: red F(Z,é) = 69.94, p < .0001, black F(2,6) = 9.659, p = .0133;
cecropin: red F(zyé) = 170.336, p = .000, black F(2,3.051) = 100.376,

p = .002). However, a significant difference was found only in red

pupae between the PBS and E. coli injection treatments (attacin:
t, =-5.592, p = .005; cecropin: t, = 3.167, p = .034) (Figure 6).

The result of the expression of two PPO genes (CL4037-2
and unigene15235) in the fat body of old pupae suggested that
the relative expression of the CL4037-2 gene significantly in-
creased at 12 hr after PBS and E. coli injection in black phenotype
(F(2,7) = 18.35, p = .0016), while no significant difference existed
between the two phenotypes in bacterial treatment (t; = 0.0825,
p = .938). The relative expression of the unigene15235 gene de-
clined after treatment, and significant differences were observed
between the two phenotypes after bacterial challenge (t, = 4.121,
p =.0062) (Figure 7).

4 | DISCUSSION

The cuticle structure of RPW was similar to red flour beetle T. cas-
taneum (Noh et al., 2016). Cuticle thickness of old pupae with black
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phenotype was thicker than that with red phenotype, suggesting
that the melanism increased the thickness of cuticle in the pigmen-
tation phase. According to the cuticle development process, we
speculated that the cuticle tanning process (pigmentation and scle-
rotization) in black individuals was faster than that in red individuals.
The thickness of MESO and ENDO in red individuals rapidly in-
creased from the old-pupa stage to the adult stage. Results showed
that the formation time of MESO and ENDO was different between

the two phenotypes. The formation time of these two layers in the

red phenotype line was started later than the black phenotype,
which may be related to the development processes of epidermis in
the two color lines. Transcriptome analysis of pupa epidermis in two
color lines showed many genes related to lipid, chitin, and carbohy-
drate metabolism processes involved in the development of epider-
mis were upregulated in the red phenotype of RPW (unpublished
data). Protein and chitin were the main components of proepidermis
including MESO and ENDO (Gillott, 2005; Neville, 1975), which pro-
vide the foundation of epidermis formation of the red phenotype of
RPW during the pigmentation stage.

Insect cuticular pigmentation is polymorphic, which may link to
life history traits such as fecundity, life span, and even immune func-
tion. Studies have shown a trade-off relationship between cuticular
pigmentation and fitness characteristics, including immune defense,
because pigments and their precursors can be directly used for the
immunity response. Similar studies of color phenotype diversity
have been demonstrated in many polyphenic insects. Barnes and
Siva-Jothy (2000) proposed that cuticular melanization is an indica-
tor of investment in immunity of mealworm beetle Tenebrio molitor.
Further studies showed that black T. molitor beetles under high den-
sity had higher pathogen resistance than tan lines with lower density,
which probably resulted from their melanin production (Armitage &
Siva-Jothy, 2005). Wilson et al. (2001) reported that cuticular mela-
nism of nutgrass armyworm Spodoptera exempta had a positive re-
lationship with hemocoelic PO. Additional evidence suggested that
melanin produced in the cuticle is the result of activation of the PO
cascade, which is also important in the humoral immune response of
insects (Soderhall & Cerenius, 1998).

However, the relationship between pigmentation and patho-
gen resistance is not robust. A study of polymorphic alpine weta
Hemideina maori suggested that common immune expression was
not heightened with dark coloration. The authors noted that the
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previous finding of a stronger immune response associated with dark
coloration in the high-density melanic phase of polyphonic insects
cannot be extended to insects with other forms of discrete color
variation (Sandre et al., 2018). A weak relationship was found be-
tween cuticular melanism and the fitness of mountain stone weta

Ematurga atomaria, which does not support a universal trade-off

relationship between body coloration and fitness, suggesting that
cuticular biological cost does not necessarily interfere with adaptive
evolution (Robb et al., 2003). Reported also revealed that immune
challenge had a negative effect on cuticular darkness in the meal-
worm beetle T. molitor (Kangassalo et al., 2016). For the wild popu-

lation, additional other factors that impact such relationships, such
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as species-specific life cycles and developmental, physiological, and
environmental factors, should be considered (Bailey, 2011).

The present study revealed a negative relationship between pig-
mentation, specifically, melanin-based, and pathogen resistance of
two morphs at different life stages. Red adults had significantly higher
antimicrobial activity than black adults, suggesting that red adults had
a stronger immune response and more antimicrobial substances in-
duced in hemolymph for clearing pathogens. Higher relative PO activ-
ity and relative hemocyte counts were detected in red adults than in
black adults. Insect melanization is regulated by the prophenoloxidase
activity system; PPO is synthesized by hemocytes, and some PPO
is transported into the epidermis for cuticular melanization, while
some PPO is secreted into the hemolymph for immunity (Ashida &
Brey, 1995, Zou et al.,1995). On the one hand, there was a trade-off
between melanism and PO in insects. The cuticular melanization in
tobacco hornworm Manduca sexta had reported that the granular PO,
which is distinct from hemolymph PO, is synthesized in the epidermis
and transported to the cuticle (Hiruma & Riddiford, 1988). Dark insect
required a large amount of granular PO to synthesis melanism, which
may lead to the shortage of the necessary amino acids or copper for
the manufacture of hemolymph PO (Cotter et al., 2008). The mecha-
nism of melanin trade-off was similar to the interrelationship between
melanin coloration and heavy metals in wasps, common yellowjacket
wasps played as an indicator of heavy metal pollution (Skaldina
et al.,, 2020). We speculated that there was a trade-off between he-
molymph PO and granular PO in RPW. A large amount of granular PO
required in black phenotype led to less investment in the synthesis of
hemolymph PO, which showed a lower intensity of immune response
when bacterial challenged. On the other hand, many kinds of prophe-
noloxidase activating proteinases (PAPs or PPAEs) are involved in PPO
activating system, and process in different pathways. Two kinds of
PPAEs worked together catalyzing PPO into PO in the scarab bee-
tle Holotrichia diomphalia (Kim et al., 2002). PPO in Manduca sexta
was activated by three PPAFs and two serine proteinase homologs
(SPHSs) (Jiang et al., 1998). The different pathogen resistance abilities
observed between the two differently colored RPW adults may indi-
cate that variant activating factors in the prophenoloxidase-activating
system between two color lines.

Immune response varied with the development stages of insects
(Giglio & Giulianini, 2013; Ishaaya & Navon, 1974; Krams et al., 2016).
Several studies showed large PO activity differences in different de-
velopment stages of African Cotton Leafworm Spodoptera littoralis
(Ishaaya & Navon, 1974). The immune response changed during dif-
ferent development processes with various pigmentation. The level
of PO activity in the ground beetle Carabus (Chaetocarabus) lefebvrei
increased with the degree of pigmentation of the cuticle in larva,
pupa, and adult stages (Giglio & Giulianini, 2013). A trade-off rela-
tionship may present among life-history traits, immune response,
and pigmentation. The results for old pupae revealed inconspicu-
ous antimicrobial activity and PO activity than that for RPW adults.
Many reasons may result in a variety of immune responses in dif-
ferent development stages. Endocrine factors that regulate molting

and metamorphosis of RPW may influence their immune response.

Additionally, the immune defense may be traded off against other
costly processes that occur during the development stage of old
pupae. These kinds of trade-offs had a closed relationship with their
ecological niche. Old pupae cocooned in the hard part of the peti-
ole, which had a well protection, while adults faced more pressure
during feeding and oviposition. Adults showed high immune defense
to protect themselves, while old pupae may invest more energy for
pigmentation and emergence. More hemolymph but much lower
hemocyte density was detected in the old-pupa stage than in the
adult stage (old-pupa: 10*-10°, adult: 10°-107). Therefore, we ana-
lyzed the immune response of the fat body in old pupae. The relative
expression of two antimicrobial peptides (attacin and cecropin) strik-
ingly increased compared with that in the untreated group at 12 hr
after injection in old pupae. After bacterial challenge, only red pupae
showed a significant difference, suggesting a stronger immune re-
sponse in the red phenotype than in the black phenotype during the
old-pupa stage.

The expression of two PPO genes changed after foreign organ-
ism infection. The relative expression of the CL4037-2 increased, but
no significant difference was found between the color phenotypes.
In contrast, expression of the unigene15235 decreased, black pheno-
type showed significantly lower gene expression than red phenotype
at 12 hr after PBS injection, while E. coli injection showed a reverse
result. These results indicated different functions of these two PPO
genes, and the detailed mechanism requires further study. Similarly,
three kinds of PPOs induced by different kinds of hemocytes were
found in the fruit fly Drosophila melanogaster larvae and played dif-
ferent roles in killing pathogens and parasites (Dudzic et al., 2015).

Pigmentation of insects is not a single and independent process,
but a complex process that many factors work together. Insect pig-
mentation is a pleiotropy phenomenon and shows in various aspects,
such as morphology, behavior, and immunity. The results for both
adults and old pupae revealed that individuals with a red phenotype
had stronger antimicrobial resistance than those with a black pheno-
type, which is inconsistent with our hypothesis. One possible expla-
nation was that the immune defense in black phenotype was trading
off against other costly processes during population development
stages. Our other study showed that longer larvae duration and life
cycle were found in the black line (unpublished data). This finding
showed that it was unilateral to consider only the relationship of the
immune response with cuticular pigmentation and that other possi-
ble trade-off factors influencing immune defense, such as population
fitness, life cycle, and physiological processes, should be considered
for the polyphenic effect of insect cuticular pigmentation.

ACKNOWLEDGMENTS

We are very grateful for the grant from the National Natural Science
Foundation of China (U1705232 and 31872033), the National Key
R&D Program of China (2017YFC1200605), and the Fujian Science
and Technology Special Project (2017NZ0003-1-6).

CONFLICT OF INTEREST

None declared.



WANG ET AL.

AUTHOR CONTRIBUTIONS

Guihua Wang: Data curation (lead); Formal analysis (lead);
Investigation (lead); Writing-original draft (lead). Yuxuan Zhou:
Investigation (equal). Baozhen Tang: Data curation (equal); Writing-
review & editing (equal). Habib Ali: Investigation (equal); Writing-
review & editing (equal). You-Ming Hou: Funding acquisition (lead);
Project administration (lead); Supervision (equal); Writing-review &
editing (equal).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID
Guihua Wang https://orcid.org/0000-0003-0999-6679
https://orcid.org/0000-0002-7067-9739

https://orcid.org/0000-0001-7984-9688

Baozhen Tang

Youming Hou

REFERENCES

Abbas, M. S. T. (2010). IPM of the red palm weevil, Rhynchophrus ferru-
gineus: Integrated management of arthropod pests and insect borne
disease. In A. Ciancio, & K. Mukeriji (Eds.), Integrated management of
plant pests and diseases (pp. 209-233). Springer.

Andersen, S. O. (2005). Cuticular sclerotization and tanning. In L. I. K.
Gilbert, & S. S. Gill (Eds.), Comprehensive molecular insect science (pp.
145-170). Elsevier.

Arakane, Y., Lomakin, J.,, Beeman, R. W., Muthukrishnan, S., Gehrke, S.
H., Kanost, M. R., & Kramer, K. J. (2009). Molecular and functional
analyses of amino acid decarboxylases involved in cuticle tanning
in Tribolium castaneum. Journal of Biological Chemistry, 284, 16584-
16594. https://doi.org/10.1074/jbc.M901629200

Armitage, S. A. O., & Siva-Jothy, M. T. (2005). Immune function responds
to selection for cuticular colour in Tenebrio molitor. Heredity, 94, 650~
656. https://doi.org/10.1038/sj.hdy.6800675

Ashida, M., & Brey, P. T. (1995). Role of the integument in insect defence:
Pro-phenol oxidase cascade in the cuticular matrix. Proceedings of
the National Academy of Science of the United States of America, 92,
10698-10702.

Badejo, O., Skaldina, O., Gilev, A., & Sorvari, J. (2020). Benefits of insect
colours: A review from social insect studies. Oecologia, https://doi.
org/10.1007/s00442-020-04738-1

Bailey, N. (2011). A test of the relationship between cuticu-
lar melanism and immune function in wild-caught Mormon
crickets. Physiological Entomology, 36, 155-164. https://doi.
org/10.1111/j.1365-3032.2011.00782.x

Barnes, A. |, & Siva-Jothy, M. T.(2000). Density-dependent prophylaxis in
the mealworm beetle Tenebrio molitor L. (Coleoptera: Tenebrionidae):
Cuticular melanization is an indicator of investment in immunity.
Proceedings of the Royal Society B-Biological Sciences, 267, 177-182.

Bezzerides, A. L., McGraw, K. J., Parker, R. S., & Husseini, J. (2007). Elytra
color as a signal of chemical defense in the Asian ladybird beetle
Harmonia axyridis. Behavioral Ecology and Sociobiology, 61, 1401-
1408. https://doi.org/10.1007/s00265-007-0371-9

Caro, T., Caswell Stoddard, M., & Stuart-Fox, D. (2017). Animal color-
ation research: Why it matters. Philosophical Transactions of the Royal
Society B-biological Sciences, 372(1724), 20160333.-https://doi.
org/10.1098/rstb.2016.0333

Cerenius, L., Lee, B. L., & Séderhill, K. (2008). The proPO-system: Pros
and cons for its role in invertebrate immunity. Trends in Immunology,
29,263-271. https://doi.org/10.1016/j.it.2008.02.009

Fcology and Evolution o 5711
= WILEY 7%

Cerenius, L., & Soderhill, K. (2004). The prophenoloxidase-activating
system in invertebrates. Immunology Review, 198, 116-126. https://
doi.org/10.1111/j.0105-2896.2004.00116.x

Costin, G. E., & Hearing, V. J. (2007). Human skin pigmentation:
Melanocytes modulate skin color in response to stress. FASEB
Journal, 21, 976-994. https://doi.org/10.1096/fj.06-6649rev

Cotter, S. C., Myatt, J. P, Benskin, C. M. H., & Wilson, K. (2008). Selection for
cuticular melanism reveals immune function and life-history trade-offs
in Spodoptera littoralis. Journal of Evolution and Biology, 21, 1744-1754.

Dudzic, J. P, Shu, K., Ueda, R., Bergman, C. M., & Lemaitre, B. (2015).
Drosophila innate immunity: Regional and functional specialization
of prophenoloxidases. BMC Biology, 13, 81. https://doi.org/10.1186/
s12915-015-0193-6

Evison, E. F. S., Gallagher, J. D., Thompson, J. J. W,, Siva-Jothy, M. T,
& Armitage, S. A. O. (2017). Cuticula colour reflects underlying ar-
chitecture and affected by a limiting resource. Journal of Insect
Physiology, 98, 7-13.

Faleiro,J.R.(2006). Areview of the issues and management of the red palm
weevil Rhynchophorus ferrugineus (Coleoptera: Rhynchophoridae)
in coconut and date palm during the last one hundred vyears.
International Journal of Tropical Insect Science, 26, 135-154.

Fang, Q. I., Wang, B.-B., Ye, X.-H., Wang, F., & Ye, G.-Y. (2016). Venom
of parasitoid Pteromalus puparum impairs host humoral antimicrobial
activity by decreasing host cecropin and lysozyme gene expression.
Toxins, 8, 52. https://doi.org/10.3390/toxins8020052

Futahashi, R., & Fujiwara, H. (2008). Juvenile hormone regulates butterfly
larval pattern switches. Science, 319, 1061. https://doi.org/10.1126/
science.1149786

Giglio, A., & Giulianini, P. G. (2013). Phenoloxidase activity among de-
velopmental stages and pupal cell types of the ground beetle
Carabus (Chaetocarabus) lefebvrei (Coleoptera, Carabidae). Journal
of Insect Physiology, 59, 466-474. https://doi.org/10.1016/j.jinsp
hys.2013.01.011

Gillott, C. (2005). Entomology (pp. 355-372). Springer.

Gorman, M. J.,, & Arakane, Y. (2010). Tyrosine hydroxylase is required
for cuticle sclerotization and pigmentation in Tribolium castaneum.
Insect Biochemistry & Molecular Biology, 40, 267-273. https://doi.
org/10.1016/j.ibmb.2010.01.004

Griffith, S. C., Parker, T. H., & Olson, V. A. (2006). Melanin-versus
carotenoid-based sexual signals: Is the difference really so black and
red? Animal Behaviour, 71, 749-763. https://doi.org/10.1016/j.anbeh
av.2005.07.016

Hill, H. Z. (1992). The function of melanin or six blind people examine an
elephant. BioEssays, 14, 49-56. https://doi.org/10.1002/bies.95014
0111

Hiruma, K., & Riddiford, L. M. (1988). Granular phenoloxidase involved
in cuticular melanisation in the tobacco hornworm: Regulation of
its synthesis in the epidermis by juvenile hormone. Developmental
Biology, 130, 87-97.

Ishaaya, ., & Navon, A. (1974). Phenoloxidase activity at var-
ious stages of development in the Egyptian cotton worm
Spodoptera littoralis. Insect Biochemistry, 4, 67-73. https://doi.
org/10.1016/0020-1790(74)90043-2

Jiang, H., Wang, Y., & Kanost, M. R. (1998). Pro-phenol oxidase activat-
ing proteinase from an insect, Manduca sexta: A bacteria-inducible
protein similar to Drosophila easter. Proceedings of the National
Academy of Sciences, 95, 12220-12225. https://doi.org/10.1073/
pnas.95.21.12220

Kangassalo, K., Kosonen, K., P6lkki, M., Sorvari, J., Krams, I., & Rantala,
M. (2016). Immune challenge has a negative effect on cuticular
darkness in the mealworm beetle, Tenebrio molitor. Annales Zoologici
Fennici, 53, 255-262.

Kanost, M. R,, Jiang, H., & Yu, X. Q. (2004). Innate immune responses of a
lepidopteran insect, Manduca sexta. Inmunological Reviews, 198, 97-
105. https://doi.org/10.1111/j.0105-2896.2004.0121.x


https://orcid.org/0000-0003-0999-6679
https://orcid.org/0000-0003-0999-6679
https://orcid.org/0000-0002-7067-9739
https://orcid.org/0000-0002-7067-9739
https://orcid.org/0000-0001-7984-9688
https://orcid.org/0000-0001-7984-9688
https://doi.org/10.1074/jbc.M901629200
https://doi.org/10.1038/sj.hdy.6800675
https://doi.org/10.1007/s00442-020-04738-1
https://doi.org/10.1007/s00442-020-04738-1
https://doi.org/10.1111/j.1365-3032.2011.00782.x
https://doi.org/10.1111/j.1365-3032.2011.00782.x
https://doi.org/10.1007/s00265-007-0371-9
https://doi.org/10.1098/rstb.2016.0333
https://doi.org/10.1098/rstb.2016.0333
https://doi.org/10.1016/j.it.2008.02.009
https://doi.org/10.1111/j.0105-2896.2004.00116.x
https://doi.org/10.1111/j.0105-2896.2004.00116.x
https://doi.org/10.1096/fj.06-6649rev
https://doi.org/10.1186/s12915-015-0193-6
https://doi.org/10.1186/s12915-015-0193-6
https://doi.org/10.3390/toxins8020052
https://doi.org/10.1126/science.1149786
https://doi.org/10.1126/science.1149786
https://doi.org/10.1016/j.jinsphys.2013.01.011
https://doi.org/10.1016/j.jinsphys.2013.01.011
https://doi.org/10.1016/j.ibmb.2010.01.004
https://doi.org/10.1016/j.ibmb.2010.01.004
https://doi.org/10.1016/j.anbehav.2005.07.016
https://doi.org/10.1016/j.anbehav.2005.07.016
https://doi.org/10.1002/bies.950140111
https://doi.org/10.1002/bies.950140111
https://doi.org/10.1016/0020-1790(74)90043-2
https://doi.org/10.1016/0020-1790(74)90043-2
https://doi.org/10.1073/pnas.95.21.12220
https://doi.org/10.1073/pnas.95.21.12220
https://doi.org/10.1111/j.0105-2896.2004.0121.x

WANG ET AL.

5712 WI LEY_ECObe and Evolution

Open Access,

Kettlewell, B. (1973). The evolution of melanism. Clarendon Press.

Kim, M. S., Beak, M. J., Lee, M. H., Park, J. K, Lee, S. Y., Soderhall, K.,
& Lee, B. L. (2002). A new easter-type serine protease cleaves a
masquerade-like protein during prophenoloxidase activation in
Holotrichia diomphalia larvae. The Journal of Biological Chemistry, 277,
39999-40004. https://doi.org/10.1074/jbc.M205508200

Krams, I., Burghardt, G. M., Krams, R., Trakimas, G., Kaasik, A., Luoto,
S., Rantala, M. J., & Krama, T. (2016). A dark cuticle allows higher
investment in immunity, longevity and fecundity in a beetle upon
a simulated parasite attack. Oecologia, 182, 99-109. https://doi.
org/10.1007/s00442-016-3654-x

Majerus, M. E. (1998). Melanism: evolution in action. Oxford University
Press.

Marmaras, V. J., Charalambidis, N. D., & Zervas, C. G. (1996). Immune
response in insects: The role of phenoloxidase in defense reactions
in relation to melanization and sclerotization. Archives of Insect
Biochemistry, 31, 119-133. https://doi.org/10.1002/(SICI)1520-
6327(1996)31:2<119:AID-ARCH1>3.0.CO;2-V

Nappi, A. J., & Vass, E. (1993). Melanogenesis and the generation of cyto-
toxic molecules during insect cellular immune reactions. Pigment Cell
Research, 6, 117-126. https://doi.org/10.1111/j.1600-0749.1993.
tb00590.x

Neville, A. C. (1975). Biology of the arthropod cuticle (pp. 7-69). Springer-
Verlag, Berlin.

Noh, M. Y., Kramer, K. J., Muthukrishnan, S., Beeman, R. W., Kanost,
M. R., & Arakane, Y. (2015). Loss of function of the yellow-e gene
cause dehydration-induced mortality of adult Tribolium castaneum.
Developmental Biology, 399, 315-324.

Noh, M. Y., Muthukrishnan, S., Kramer, K. J., & Arakane, Y. (2016). Cuticle
formation and pigmentation in beetles. Current Opinion in Insect
Science, 17, 1-9. https://doi.org/10.1016/j.cois.2016.05.004

Robb, T., Forbes, M., & Jamieson, I. (2003). Greater cuticular melanisa-
tion is not associated with greater immunogenic response in adults
of the polymorphic mountain stone weta, Hemideina maori. Ecological
Entomology, 28, 738-746.

Sandre, S. L., Kaart, T., Morehouse, N., & Tammaru, T. (2018). Weak and
inconsistent associations between melanic darkness and fitness-
related traits in an insect. Journal of Evolution Biology, 31, 1959-1968.
https://doi.org/10.1111/jeb.13387

Shamim, G.,Ranjan, S.K., Pandey, D. M., & Ramani, R.(2014). Biochemistry
and biosynthesis of insect pigments. European Journal of Entomology,
111, 149-164. https://doi.org/10.14411/eje.2014.021

Shi,Z.H.,Lin,Y.T.,&Hou, Y.M.(2014). Mother-derived trans-generational
immune priming in the red palm weevil, Rhynchophorus ferrugineus

Olivier (Coleoptera, Dryophthoridae). Bulletin of Entomological
Research, 104, 742-750.

Skaldina, O., Ciszek, R., Perdniemi, S., Kolehmainen, M., & Sorvari, J.
(2020). Facing the threat: Common yellowjacket wasps as indica-
tors of heavy metal pollution. Environmental Science and Pollution
Research, 27, 29031-29042. https://doi.org/10.1007/s11356-020-
09107-2

Soderhill, K., & Cerenius, L. (1998). Role of the prophenoloxidase-
activating system in invertebrate immunity. Current Opinion
in  Immunology, 10, 23-28. https://doi.org/10.1016/50952
-7915(98)80026-5

Talloen, W., Van Dyck, H., & Lens, L. (2004). The cost of melanization:
Butterfly wing coloration under environmental stress. Evolution, 58,
360-366. https://doi.org/10.1554/03-250

True, J. (2003). Insect melanism: The molecules matter. Trends Ecology
Evolution, 18, 640-647. https://doi.org/10.1016/j.tree.2003.09.006

Wang, X. H. (2018). PGRP-S1 downregulates the intestinal immunity to
maintain the homeostasis of gut microbiota in Rhynchophorus ferru-
gineus Olivier. Fujian Agriculture and Forestry University. Master
Dissertation.

Wilson, K., Cotter, S. C., Reeson, A. F., & Pell, J. K. (2001). Melanism and
disease resistance in insects. Ecology Letters, 4, 637-649. https://doi.
org/10.1046/j.1461-0248.2001.00279.x

Zou, F. M., Lee, K. S., Kim, B. Y., Kim, H. J,, Gui, Z. Z., Zhang, G. Z., Guo,
X., & Jin, B. R. (2015). Differential and spatial regulation of the
prophenoloxidase (proPO) and proPO-activating enzyme in cuticu-
lar melanization and innate immunity in Bombyx mori pupae. Journal
of Asia-Pacific Entomology, 18, 757-764. https://doi.org/10.1016/j.
aspen.2015.09.007

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Wang G, Zhou Y, Tang B, Ali H, Hou
Y. Immune function differences between two color morphs
of the red palm weevil Rhynchophorus ferrugineus
(Coleoptera: Curculionidae) at different life stages. Ecol Evol.
2021;11:5702-5712. https://doi.org/10.1002/ece3.7474



https://doi.org/10.1074/jbc.M205508200
https://doi.org/10.1007/s00442-016-3654-x
https://doi.org/10.1007/s00442-016-3654-x
https://doi.org/10.1002/(SICI)1520-6327(1996)31:2%3C119:AID-ARCH1%3E3.0.CO;2-V
https://doi.org/10.1002/(SICI)1520-6327(1996)31:2%3C119:AID-ARCH1%3E3.0.CO;2-V
https://doi.org/10.1111/j.1600-0749.1993.tb00590.x
https://doi.org/10.1111/j.1600-0749.1993.tb00590.x
https://doi.org/10.1016/j.cois.2016.05.004
https://doi.org/10.1111/jeb.13387
https://doi.org/10.14411/eje.2014.021
https://doi.org/10.1007/s11356-020-09107-2
https://doi.org/10.1007/s11356-020-09107-2
https://doi.org/10.1016/S0952-7915(98)80026-5
https://doi.org/10.1016/S0952-7915(98)80026-5
https://doi.org/10.1554/03-250
https://doi.org/10.1016/j.tree.2003.09.006
https://doi.org/10.1046/j.1461-0248.2001.00279.x
https://doi.org/10.1046/j.1461-0248.2001.00279.x
https://doi.org/10.1016/j.aspen.2015.09.007
https://doi.org/10.1016/j.aspen.2015.09.007
https://doi.org/10.1002/ece3.7474

