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ABSTRACT 

In insects, juvenile hormone (JH) decreases or 
has any effect upon the phenoloxidase (PO) ac- 
tivity, and favors or decreases the Antimicrobial 
Peptides (AMPs) expression. Although there is 
no information about the differential effect of 
such hormone, two possibilities are that it de- 
pends on (a) the immune marker recorded and 
(b) sexual differences. Here, three commonly 
used immune markers, Phenoloxidase (PO), hy- 
drogen peroxide (H2O2), and lytic activity, were 
measured 3, 6 and 24 hours after administration 
of methoprene (JHa, an analog of juvenile hor- 
mone) in male and female monarch butterflies 
(Danaus plexippus). At 3 and 6 h post-JHa ad- 
ministration, the PO activity increased in fe- 
males but it only increased at 3 h in males, 
whereas H2O2 levels increased only in females at 
3 h. For the remaining times the JHa had a null 
effect on PO and H2O2. On the other hand, the 
JHa had a null effect for lytic activity in both 
sexes at 3, 6 and 24 h. To our knowledge, this is 
the first report of a positive effect of a JHa on PO 
and H2O2 and suggests that this effect is sex 
dependent. 
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1. INTRODUCTION 

The endocrine system affects physiology, morphology, 
behavior and life history [1-4]. As an outstanding 

example in insects, the juvenile hormone (JH) regulates 
ovarian development, sexual behavior, reproductive dia- 
pause, migratory behavior, resistance to stress and longe- 
vity [5-9]. However, an aspect that has been scarcely 
studied is the effect of JH upon the immune response. 
For example in Tenebrio molitor [10] and Calopteryx 
virgo [11], the application of JH III or methoprene (JHa; 
an analogue of JH) respectively, diminished the produc- 
tion of Phenoloxidase (PO). This is a key enzyme for 
both the humoral (melanization) and cellular (encapsula- 
tion) response against pathogens, as well as wound repair 
and clotting after injury [12,13]. In addition, after the 
administration of JH to the larvae of Spodoptera lit- 
toralis, there was a reduction of the encapsulation res- 
ponse against the parasitoid Microplitis rufiventris [14]. 
However, in Hetaerina americana, JHa decreased PO 
production 3 hours after treatment but not after 24 hours 
[15]. On the other hand, in Drosophila melanogaster, the 
application of two analogues of JH, methoprene and 
piriproxiphene, inhibited the expression of the genes that 
produce antimicrobial peptides (AMPs), one of the main 
components of the humoral response [16]. This evidence 
suggests that JH could affect negatively the overall im- 
mune response. However, in a recent work with Bom- 
byx mori, authors found that JH favors the AMPs exp- 
ression [17]. Thus, why the response is not always im- 
munosuppressed due to the JH application? 

There are two hypotheses that may explain why the JH 
is not a general immune suppressor: a) some but not all 
immune markers could be affected in the same way [10] 
and/or b) it affects differentially males and females, and 
at the same time, their respective immune response levels. 
On the one hand, the first explanation predicts that con- 
trolling for the JH doses, some immune markers should 
decrease, while others could be increased or not be 
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affected. This is supported because JH decreased PO and 
melanization, but any effect was observed in lytic acti- 
vity [10]. As far as we know this is the only study in 
which more than one immune parameter has been tested 
and that supports this hypothesis. On the other hand, the 
second explanation predicts a sex specific effect due to 
the JH action, but as far as we know, this explanation has 
not been tested because some studies have included only 
males [10,11] or only females [16] in their experimental 
designs. 

We used the monarch butterfly (Danaus plexippus) to 
test the above hypotheses because a) whereas with most 
insects the physiological quantities of JH are unknown in 
vivo [18], in the monarch butterfly these concentrations 
have been reported for the adult stage [19], and b) 
monarchs migrate to Mexico in the winter, and during 
most of their stay males and females are in reproductive 
arrest (reproductive diapause), which leads to little varia- 
tion in JH levels [20]. Regarding the immune markers, 
the PO, H2O2 and lysozyme were used. During melano- 
genesis to combat parasites and pathogens, PO catalyzes 
the hydroxylation of tyrosine to L-dihydroxyphenylala- 
nine (L-DOPA) to produce the melanin precursor, indole- 
quinone [21]. Quinoid compounds are potent catalysts of 
the production of reactive oxygen molecules (ROS) 
[21,22], and the oxidation of dihydroxyphenylalanine 
(L-DOPA) can generate superoxide anion and hydrogen 
peroxide, which are toxic molecules to parasites [22,23]. 
In addition, hydrogen peroxide (H2O2) increases the 
AMP expression in insects [24], suggesting that through 
this mechanism JH could affect the expression of AMPs. 
Under this scenario, JH could not only favor or decrease 
the AMPs expression, but PO and H2O2 production. On 
the other hand, another immune marker could be the 
lyzosyme because it degrades the peptidoglycan layer, 
releasing sugars and exposing molecules, which are then 
recognized by lectins, which gives the insect the ability 
to recognize and engulf bacteria [25]. Consequently, the 
aim of the present study was to evaluate 3 molecules that 
are generally considered immune markers (PO, H2O2 and 
lysozyme) in both males and females of the monarch 
butterfly during reproductive diapause. In addition, 3 
times were established after the application of the JH to 
avoid the possibility that the positive, negative or null 
effect was related to the time elapsed between the 
administration of the JH [15]. 

2. MATERIALS AND METHODS 

2.1. Animals 

Butterflies (300 males and 350 females) were col- 
lected in the butterfly sanctuary in Angangeo, Michoacán, 
Mexico with a net placed below the branches of a tree. 
The branches were shaken so that the butterflies perched 

on them would fall onto the net. Butterflies on the 
ground were not collected, as they could be near death, 
injured and/or in a state of lethargy, thus with a compro- 
mised immune system. The insects were then separated 
according to gender by observing the last segments of the 
ventral part of the abdomen, and placed in paper bags 
sealed with wax for transport to the lab. All animals were 
collected before the beginning of reproduction (Novem- 
ber-December) [26], this means that they were in repro- 
ductive diapause. 

2.2. Preparation of JHa and Experimental 
Groups 

For the hormone treatment, the JHa was administered 
to the adult monarch butterflies by using methoprene 
(Sigma), which is an analogue of JH III. Concentrations 
of JHa employed to males and females were based on the 
quantities of JH III reported previously by Lessman et al., 
[19]. This let us to work under physiological doses of JH, 
avoiding the use of pharmacological doses [18]. For the 
preparation of the solution of methoprene, 5 mg of me- 
thoprene were dissolved in 500 µL of dimethylsulfoxide 
(DMSO). From this stock solution, dilutions were made 
in DMSO grade HPLC to obtain the concentration of 
0.46 ng/mL for males and the 0.2 ng/mL for the females. 
According with Lessman et al. [19], these are the doses 
of JH found in the hemolymph of each sex respectively. 
DMSO was used because it is not so toxic for the insects 
than acetone or methanol [27]. 

Four experimental groups were formed: one group of 
males (JHM) and another of females (JHF) treated with 
JHa, and one group of males (CM) and another of fe- 
males (CF) that was DMSO-treated (control). All groups 
were injected with 2 µL of the corresponding solution 
(JHa or DMSO) with a Hamilton micro syringe (10 µL), 
in the membranous area anterior to the thorax, next to 
where the wings are inserted. Although no real immune 
challenges were carried out in this study, this method of 
injection favors the immune response activation because 
its injury and piercing favor immune response to combat 
bacterial entrance and leads wound repair [13,28,29]. In 
addition, studies that have used the JH or its analogues to 
record the phenoloxidase (PO) production with [11] or 
without [10,30] immune challenge reported similar re- 
sults in different species. 

The administered solution was allowed to take effect 
in vivo during 3, 6 or 24 hours, the times chosen to deter- 
mine the effect of JH on the immune markers. Three and 
24 h were used because it has been reported a negative 
and null effect, respectively upon PO [15], and 6 h was 
used as medium time period. After this time, hemolymph 
was extracted from each butterfly to register the activity 
of the enzymes (PO and lysozyme) and the concentration 
of H2O2. 
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2.3. Hemolymph Extraction 

Hemolymph was extracted by perfusion as follows: 
each butterfly was injected with 50 µL of Phosphate 
Buffer Saline (PBS; Sigma, pH 7.4) between the head 
and the thorax with a micro syringe (Hamilton; 10 µL). 
After the injection, each butterfly was decapitated to 
obtain the hemolymph perfused. Approximately, 10 to 15 
µL of the hemolymph perfused were obtained with a 
micropipette (Rainin 10 µL) and deposited in vials of 1.5 
mL (Axigen) previously pre-cooled, and that contained 
60 µL of PBS protease inhibitors (Sigma). 

2.4. Protein Content and Phenoloxidase 

The commercial BCA protein assay kit (Thermo scien- 
tific) was used. As a standard, bovine serum albumin 
(BSA; 1 mg/mL) was used to know the protein content 
per sample. Samples were incubated at 37˚C during 15 
minutes and recorded with an Enzyme-linked immuno- 
sorbent assay reader (ELISA reader: OpsysMR) at 540 
nm [31]. This method of perfusion has the problem that 
different amount of protein could be obtained between 
samples, but to override this factor, the results of protein 
quantity were used to standardize for 80 µg/mL of pro- 
tein for each sample. In this way, all samples had the 
same amount of protein before each analyze of immune 
markers. In the PO analyses, the oxidation of L-dihy- 
droxiphenylalanina (L-DOPA, Sigma) to dopacrome was 
recorded because this reaction is carried out in the pre- 
sence of PO, and then, the dopacrome formation is 
recorded on a spectrophotometer at 490 nm (OpsysMR). 
The samples that contained 80 µg/mL of protein were 
dose-titer with PBS to obtain 50 µL of sample/PBS. In 
addition, 50 µL of L-DOPA (0.004 g/mL) were included 
to each sample-PBS mixture. As blanks, only 50 µL of 
PBS and 50 µL L-DOPA (0.004 g/mL) were used. This 
procedure was carried out in all the experimental groups 
and at different times after the JHa administration (3, 6 
and 24 h). 

2.5. Hydrogen Peroxide and Lytic Activity  

The commercial kit hydrogen peroxide (Invitrogen) 
was used following the manufacturer instructions. The 
recordings were performed in an ELISA reader (Opsys- 
MR) at 540 nm. To estimate the lytic activity in each 
well of a microplate of 96 wells, 9 mg of Micrococcus 
luteus (Sigma) were dissolved in 25 mL phosphate buffer 
0.1 M (K2HPO4− KH2PO4 [Cayman Chemical Co]). Ten 
µL per sample were included in this mixture and imme- 
diately, samples were read at 540 nm. Samples were read 
every minute during ten minutes. As a control, only the 
phosphate buffer 0.1 M was mixture with the bacterial 
solution. 

2.6. Statistical Analysis 

General linear models (GLM; ANOVA factorial) were 
used and Tukey post hoc tested the differences between 
groups. In the PO and lysozyme lectures data were rank 
transformed before the analysis as they not normally dis- 
tributed, and in the case of hydrogen peroxide a Box cox 
transformation was enough to reach the normal distribu- 
tion. All analyses were performed with STATISTICA® 
(version 8.0). Mean ± standard error (se) is showed. 

3. RESULTS 

3.1. Phenoloxidase 

The GLM revealed that the effect of JHa on the 
expression of PO depended on the treatment (F = 23.96, 
P < 0.0001; Figure 1), the time elapsed after admini- 
stration of the solution (factorial ANOVA: F = 23.96, P < 
0.0001; Figure 1), and the interaction of time*gender (F 
= 8.63, P < 0.0001; Figure 1). However, no difference 
was found with respect to gender (F = 0.06, P = 0.806; 
Figure 1), and the interactions treatment*gender (F = 
1.78, P = 0.182; Figure 1), treatment*time (F = 0.83, P 
= 0.435; Figure 1) and treatment*time*gender (F = 0.42, 
P = 0.655; Figure 1). The post hoc tests indicated that 
PO levels were greater in the JHa than control females at 
3 (Tukey test: n = 56, P < 0.05) and 6 (Tukey test: n = 56, 
P = 0.01) hours, and no significant difference was found 
at 24 hours (Tukey test: n = 56, P = 0.13). The PO levels 
were greater in the JHa than control males at 3 hours 
(Tukey test: n = 53, P = 0.04), but no significant dif- 
ferences were observed at 6 (Tukey test: n = 42, P = 0.56) 
or 24 hours (Tukey test: n = 59, P = 0.54). 
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Figure 1. Phenoloxidase from hemolymph of the monarch 
butterflies at different times (hours), in function of treatment 
(JH versus control) and gender (females and males). The 
square represents median and quartiles are represented in 
bars (25% and 75%). 
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3.2. Hydrogen Peroxide 

The quantity of H2O2 was related to time (F = 18.37, P 
< 0.01; Figure 2) and the interaction time*gender (F = 
3.73, P = 0.02; Figure 2), but not with the treatment (F = 
0.38, P = 0.53; Figure 2), gender (F = 0.39, P = 0.53; 
Figure 2), or with the interactions treatment*time (F = 
0.84, P = 0.33; Figure 2), treatment*gender (F = 2.58, P 
= 0.1; Figure 2), or treatment*time*gender (F = 0.31, P 
= 0.73; Figure 2). The post hoc test indicated that the 
concentration of this compound was greater in the JHa 
than control females at 3 hours (Tukey test, n = 56, P = 
0.02), but no significant difference was found in the 
females at 6 (Tukey test, n = 27, P = 0.02) and 24 hours 
(Tukey test, n = 57, P = 0.02). On the other hand, neither 
group of treated males showed any significant difference 
in the quantity of H2O2 in respect to the respective 
control (Tukey test, n = 143, P > 0.05).  

3.3. Lytic Activity 

No significant differences were found in the concen- 
trations of lytic activity in respect to treatment (F = 6.50, 
P = 0.06), gender (F = 0.20, P = 0.07), or the interactions 
treatment*time (F = 1.18, P = 0.3), treatment*gender (F 
= 0.01, P = 0.95), or treatment*time*gender (F = 1.72, P 
= 0.18). 

4. DISCUSSION  

This study supports the hypothesis that some, but not 
all immune markers are affected by the JH. Particularly, 
it favored PO and H2O2 in females but only PO in males, 
which also supported the hypothesis that the effect of JH 
upon immune response is sex dependent. In addition, we 
showed that the elapsed time between the JH administra- 
tion and the immune marker recorded should be taken 
into account in studies of the effect of JH upon immuno- 
competence.  

In insects, it has been suggested that a single hormone 
could favor or decrease some but not all immune markers 
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Figure 2. Concentration of hydrogen peroxide (mean ± SE) 
from hemolymph at different time points (3, 6 and 24 h), 
according to treatment (JH versus control) and gender. 

at the same time, as for example octopamine (see 4). 
Rantala et al. [11] previously suggested that some but not 
all immune markers are affected by the HJ, as they found 
a decrement in PO and encapsulation but no effect on 
lytic activity was recorded. Hormones can configure the 
immune response favoring or affecting it to optimize the 
response according to different situations [4,32] and this 
differential effect may reflect changes in immune re- 
source distribution to improve such molecule (s) that is 
(are) important in a particular situations [33]. Under an 
evolutionary point of view, could not be adaptive that 
one molecule (JH in this case) may affect the overall 
immune response at the same time because animals 
could pay elevated cost of an increased immune response 
if they are exposed to autoimmune diseases or they could 
be exposed to parasites and pathogens if all their immune 
markers are decreased at the same time. Further research 
is needed to determine the mechanism by which the JH 
affects distinct immune markers. 

Although it has been suggested that JH decreases the 
immune response [2,10,11,14,16,30], in the present study 
an increase in PO and H2O2 was found in females while 
PO increased in males. This result is in accordance with 
another study that found that JH favors antimicrobial 
peptides (AMPs) [17]. Although the physiological me- 
chanism is still unknown, the reproductive status seems 
to be implicated. During our study and that of Tian et al. 
[17] animals were in reproductive diapause or tested as 
larvae, respectively, while in other studies that reported a 
negative effect, sexually reproductive animals were used 
[10,11] supporting the possibility that JH plays a flexible 
role upon innate immunity. In a broader sense, it has 
been proposed that phenomena related to reproduction 
and development could cause coordinated changes in 
multiple physiological systems [34,35], as for example, 
the immune response [36], and this changes may reflect 
the different trajectories followed by larvae and adults 
according to particular selective pressures [37]. Clearly, 
more studies are needed to test if sexual maturity is re- 
lated with the positive or negative effect of JH upon im- 
mune response, the selective pressures related and/or if it 
could be species dependent [32]. 

On the other hand, in insects, JH is expressed in both 
sexes [34] and differentially affects male and female be- 
havior [38], morphology [39], development and locomo- 
tion [38], but the novelty of our results is that the effect 
of JH upon immune response seems to be sex dependent 
at least in the monarch butterfly. In females two out of 
three immune parameters were affected by the JH while 
in males only PO was affected. In addition, the effect on 
PO remains for longer in females (3 and 6 h) than males 
(3 h). Our results suggest that in monarch butterflies 
during reproductive diapause, JH enhanced the expres- 
sion of immune markers for longer time in females than 
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males. Whether these sexual differences are directly re- 
lated to an enhancement in protection remains to be elu- 
cidated but in this case, females could be better protected 
than males.  

5. CONCLUSION 

This and other studies [10,15,17] suggest that JH has a 
positive or any effect on some but not all immune mar- 
kers, while other studies suggest a negative effect [10,11, 
14,16,30]. These differential effects could be related with 
sexual maturity and or reproductive diapause [see also 32] 
and may impact on the parasite and pathogen resistance. 
It is fundamental to investigate the mechanism (e.g. mo- 
lecular or biochemical) that underlies the relationship 
JH-immune response but taking into account more time 
points that those used in this study to better describe the 
kinetics of this relationship. 
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