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Abstract Mating induces behavioral and physiological
changes in the plant bug Lygus hesperus Knight (Hemip-
tera: Miridae). After receiving seminal products, which
include the systemic regulator juvenile hormone (JH),
females enter a post-mating period lasting several days
during which they enhance their oviposition rate and lose
interest in remating. To elucidate the regulation of these
behavioral changes in L. hesperus, biogenic amines were
quantified in the heads of females at 5 min, 1 h and 24 h
after copulation and compared to levels in virgins using
high-performance liquid chromatography coupled with
electrochemical detection. Mating significantly increased
dopamine (DA) after 1 and 24 h, and decreased octopamine
(OA) after 5 min and 1 h. Serotonin did not change with
mating, but tyramine was significantly reduced after 5 min.
While injection of amines into virgin females did not influ-
ence sexual receptivity, OA caused a decrease in oviposi-
tion during the 24 h following injection. Topical application
of the JH analog methoprene to virgins caused an increase
in DA, and a decline in mating propensity, but did not
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influence other amines or the oviposition rate. The results
suggest the decline in OA observed immediately after mat-
ing may promote egg laying, and that male-derived JH may
induce an increase in DA that could account for the post-
mating loss of sexual receptivity.

Keywords Lygus hesperus - Biogenic amines - Juvenile
hormone - Sexual receptivity - Oviposition

Introduction

For many insects, mating can strongly influence sexual
receptivity, gamete production, the release and detection of
sex pheromones, and myriad other aspects of reproductive
activity (reviewed in Ringo 1996; Gillot 2003). Similarly,
in many mirids, mating causes individuals to enter a refrac-
tory period, during which sexual activity is inhibited. For
a few species, this may be a permanent behavioral transi-
tion, but for most the refractory period is temporary, allow-
ing multiple matings (reviewed in Wheeler 2001). In the
western tarnished plant bug, Lygus hesperus Knight, newly
mated females have a greatly diminished sexual receptivity,
ignoring or avoiding courting males. This refractory period
typically lasts 5 days (Strong et al. 1970; Brent 2010a).
During this time, the female also increases her rate of ovi-
position (Brent et al. 2011). As is typical for many insects
(Gillot 2003; Wolfner et al. 2005), seminal products from
male accessory glands appear to drive many of the behavio-
ral changes observed in L. hesperus females (Brent 2010b;
Brent and Hull 2014). Direct injection of the male sper-
matophore contents into the abdomen of virgins can induce
the same behavioral responses as mating, suggesting the
female response if induced by one or more key components
of the spermatophore, rather than the stimulus of mating
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(Brent 2010b). Contained within the spermatophore is a
substantial quantity of juvenile hormone (JH; Brent and
Hull 2014). In other insects, JH is a systemic regulator of
development, gonadal activity and reproductive behaviors
(Ringo 1996, Raikhel et al. 2005), including female sexual
receptivity (Manning 1966; Bouletreau-Merle 1973; Ringo
et al. 1991, 2005). While potentially important in regulating
the reproductive behavior of L. hesperus females, the role
of JH in this species is currently unknown, as is the mecha-
nism by which it and other male-derived factors might act
to produce the observed post-mating changes.

These regulatory factors must act through the brain or
other parts of the central nervous system (CNS) to enhance
or inhibit the likelihood of reproductive activity. Linking
the CNS to the peripheral nervous system (PNS) and key
regulatory organs are the biogenic monoamines. These
neurotransmitters, neuromodulators and neurohormones
are capable of inducing both behavioral and physiologi-
cal changes in invertebrates (Blenau and Baumann 2001;
Fahrbach and Mesce 2005; Roeder 2005). However, the
function of each amine varies widely across the insects,
necessitating investigation within individual species. Four
biogenic amines have been implicated in the regulation of
insect reproduction: dopamine (DA), octopamine (OA),
serotonin (5-hydroxytryptamine, 5-HT) and tyramine (TA).

DA has been linked with oogenesis and oviposition
(Bloch et al. 2000; Boulay et al. 2001; Dombroski et al.
2003; Sasaki et al. 2007), JH metabolism (Thompson et al.
1990; Pastor et al. 1991; Gruntenko et al. 2005a, 2005b),
mate-seeking (Harano et al. 2008), and olfaction (Mercer
and Erber 1983; Macmillan and Mercer 1987), a sense
that is crucial to mate attraction in L. hesperus (Brent and
Byers 2011; Byers et al. 2013). OA and TA are related
compounds with frequently overlapping functions, but they
are neuroactively independent (reviewed in Lange 2009),
and can even have opposing effects (Saraswati et al. 2004).
OA has been linked to oviposition (Orchard and Lange
1985; Lange and Orchard 1986; Clark and Lange 2003;
Monastirioti 2003; Donini and Lange 2004; Rafaeli 2004;
Hirashima et al. 2006; Yamane 2013), mate-seeking behav-
ior (Linn and Roelofs 1986), and JH titers (Thompson et al.
1990; Rachinsky 1994; Woodring and Hoffmann 1994;
Granger et al. 1996; Hirashima et al. 1999; Gruntenko et al.
2007), while TA has been implicated in the post-mating
loss of sexual receptivity (Yamane and Miyatake 2010).
5-HT is implicated in the modulation of various physiolog-
ical processes and complex behaviors in insects (reviewed
in Blenau et al. 2013), including oviposition (Lange 2004)
and sexual receptivity (Obara et al. 2011). 5-HT may influ-
ence reproductive behaviors by modifications to sensory
perception (Blenau and Erber 1998; Scheiner et al. 2006),
JH metabolism (Rachinsky 1994), and reproductive organ
contractile activity (Lee et al. 2001; Lange 2004).
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Given the role that JH normally plays in regulating
reproductive functions (Raikhel et al. 2005), we hypoth-
esized that the loss of sexual receptivity and increased
ovipositional behavior exhibited by mated L. hesperus
females was in response to the JH delivered in the sper-
matophore. Further, because biogenic amines seem to
be involved in modulating reproductive behaviors, we
hypothesize that the behavioral responses subsequent to
mating are mediated by changes to the circulating titers
of biogenic amines. The influence of male-derived JH on
female behavior was investigated using topical applica-
tion of methoprene, a JH analog. To determine the poten-
tial intermediary role of biogenic amines, we used high-
performance liquid chromatography (HPLC) coupled
with electrochemical detection to measure the amine con-
tent in the heads of virgin and mated females, and virgins
treated with methoprene. We also examined whether one
or more biogenic amines modulate reproductive behav-
iors by monitoring mating propensity and rates of egg
production after directly injecting the compounds into
virgin females.

Materials and methods
Insects

The L. hesperus used in this study were obtained from a
large laboratory colony maintained at the USDA-ARS, US
Arid Land Agricultural Research Center (Maricopa, AZ,
USA). The individuals in this colony are periodically out-
bred with locally caught conspecifics to maintain vigor.
The stock insects were given unrestricted access to a supply
of green bean (Phaseolus vulgaris L.) pods and an artificial
diet mix (Debolt 1982) packaged in Parafilm M (Pechiney
Plastic Packaging, Chicago, IL, USA) (Patana 1982). Both
food sources were replenished as needed. Insects were
reared at 25 °C, 20 % relative humidity, under a L14:D10
photoperiod.

Adults were produced from randomly selected groups of
5th instar nymphs of varied parentage. The nymphs were
reared in 1890-mL waxed chipboard cups (Huhtamaki,
De Soto, KS, USA) at a density known to have minimal
effect on L. hesperus development (<100 nymphs/con-
tainer; Brent 2010c). Nymphs in each container were pro-
vided approximately 20 g of fresh green beans and 12 g of
artificial diet, which was replaced every 48 h. Rearing cups
were covered with a nylon mesh to ensure air circulation
and light exposure. Daily monitoring allowed adults to be
collected within 24 h of emergence. Cohorts of adults of
the same age and sex were reared under conditions match-
ing those for nymphs, but with population densities ranging
between 50 and 120 adults/container.
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Effects of methoprene application on behavior
and biogenic amine levels

The JH analog methoprene was used to determine whether
JH, such as that delivered in the male spermatophore, could
induce effects in female Lygus that are similar to those
observed after mating. Methoprene was chosen due to its
ability to trigger many of the same responses as JH, and
because it is more persistent in the hemolymph thereby
extending any behavioral or physiological effects. In the
first test, topical applications were used to determine
how JH might influence biogenic amine levels. To gener-
ate samples, two females and two males, all virgins taken
from the same cohort, were sorted together into a covered
plastic Petri dish (60 x 15 mm) and allowed to interact
while under continuous observation. Almost all females
were courted by males, and a subset copulated. Females
observed copulating had their insemination status con-
firmed by inspecting the dorsal abdomen for a spermato-
phore lying just underneath the cuticle (Cooper 2012).
Mated females were isolated in new petri dishes contain-
ing a section of green bean. At the same time, the females
that had been courted by males but were still virgins were
similarly set aside. All females used were aged 7 days post-
eclosion, a time when they are sexually mature and willing
to mate (Brent 2010a). Three treatment groups were gener-
ated: newly mated females treated with 1 uL acetone, vir-
gin females treated with acetone and virgin females treated
with 5.0 pg methoprene (Sigma-Aldrich) in 1 pL acetone.
Although this dose is five thousand-fold higher than the
amount of JH found in the typical Lygus spermatophore
(Brent and Hull 2014), the amount actually penetrating the
cuticle would be greatly reduced but still should be suffi-
cient to induce physiological responses. We avoided using
substantially higher dosages, typically chosen because they
are just sub-lethal, because they can produce a variety of
consequences that would confound data interpretation. All
applications were made to the posterior apex of the abdo-
men. Immediately after the solvent dried, females were
placed individually in Petri dishes with a section of green
bean and housed under standard rearing conditions. To
determine the effect of methoprene on oviposition rate, egg
counts were made 48 h after application, with each bean
section examined under a dissecting scope to determine
egg number. Methoprene is persistent so that any differ-
ence between treatment groups is amplified over time. Each
treatment group consisted of 62 females, but counts were
excluded for females that died prior to 48 h after treat-
ment. Mortality rates were low and similar across treatment
groups.

To determine the effect of methoprene on female mating
receptivity, virgin females were topically treated with either
acetone or 5 pug methoprene. Subjects were then placed in

Petri dishes with a section of green bean and one 8—10-day-
old male and returned to standard rearing conditions for
24 h. After this time, the females were dissected to deter-
mine whether they had mated, as indicated by the presence
of a spermatophore. Data were not collected from females
that died prior to sampling. Mortality rates were low and
similar across treatment groups. Each treatment group con-
tained 205 females.

The responses of biogenic amines to JH were determined
by quantifying amine levels in the heads of 7-day-old adult
virgin females after treatment with acetone or 5 ug metho-
prene. There were 21-27 samples per combination of treat-
ment and sample time. Individuals were flash frozen in
liquid nitrogen at 1 h, or 24 h after treatment. Subjects for
each sample period group were collected separately at dif-
ferent times, each using a new cohort of individuals. This
sampling approach precluded comparisons between time
intervals. Collected individuals were decapitated and the
antennae and proboscis were removed from the head. For
each sample, 10 heads were pooled to ensure quantifiabil-
ity. Because the detection limit of the HPLC was 25 pg, it
would not have been possible to analyze the contents of
individual heads for amines other than DA. Samples were
stored at —80 °C until analysis. Heads were placed in a 1.5-
mL centrifuge tube and homogenized with a pestle in 20 uL.
of chilled perchloric acid (0.2 M) that contained dihydroxy-
benzylamine (DHBA, 87 pg/uL; Sigma-Aldrich, St. Louis,
MO, USA) and synephrine (50 pg/uL; Sigma-Aldrich) as
internal standards. Tissue was further disrupted with 5 min
of sonication in a covered ultrasonic bath (Branson 2510,
Branson Ultrasonics Corp., Danbury, CT, USA) filled with
an ice water slurry. After sonication, the samples were
allowed to sit in the water bath for an additional 20 min to
complete amine extraction from the brain tissue. Samples
were then spun at 12,000 RCF for 10 min in a refrigerated
(4 °C) centrifuge. Samples were kept on ice in a covered
container until analyzed. Only five samples were prepared
at a time to minimize the delay between removal from the
freezer and amine quantification.

The biogenic amine content of 10 pL of the supernatant
was determined by high-performance liquid chromatogra-
phy (HPLC). The assessed quantities reflect both the stored
and circulating biogenic amines from multiple organs asso-
ciated with the head. The HPLC system (ESA, Chelmsford,
MA, USA) consisted of a Coularray model 5600A with a
four-channel electrochemical detector, a model 582 pump,
and a reverse-phase catecholamine HR-80 column. Sam-
ples were delivered via a manual injector (Rheodyne 9125,
Rohnert Park, CA, USA) with a 20-wL loop. Channel 1 was
set at 650 mV for octopamine and tyramine. Channel 2 was
set at 425 mV for dopamine and serotonin. Amine identity
was confirmed by peak responses on a third channel set
at 175 mV. The mobile phase was composed of polished
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water, 15 % methanol, 15 % acetonitrile, 1.5 mmol L~!
sodium dodecyl sulfate, 85 mmol L~! sodium phosphate
monobasic, and 5 mmol L~! sodium citrate. The pH was
adjusted to 5.6 using phosphoric acid. The flow rate of the
mobile phase was 0.5 mL min~'. Results are expressed on
a per-head basis. The size of resultant peaks was compared
to a serial set of external standards (hydrochloride forms of
DA, OA, 5-HT, TA; Sigma-Aldrich) run before and after
each set of five samples to determine the equivalent quan-
tity in picograms.

Effects of mating on biogenic amine levels

To identify changes to female amine levels after mating,
mated and virgin females were generated as above and
were then flash frozen in liquid nitrogen at 5 min, 1 h, or
24 h after their courtship or mating interactions. For each
time period, twenty samples were collected and stored at
—80 °C until analysis. Biogenic amine content was deter-
mined for each time period using HPLC as described
above.

Effects of injected biogenic amines on behavior

To test for effects of amines on female ovipositional behav-
ior, 8-10-day-old virgins were injected with 0.5 L of
either insect saline (solvent control; cockroach Ringer’s
(Seshan 1976)) or a 1.0 %m/v solution of one of the four
amines (total injected = 5.0 pg) in saline. Amine concen-
trations were chosen based on previous studies where sig-
nificant behavioral and physiological effects were induced
with similar concentrations in adult insects (Linn and Roe-
lofs 1986; Linn et al. 1994; Scheiner et al. 2002; Yamane
2013). Injected females were then placed in Petri dishes
with a section of green bean. For each treatment, ninety
females were injected using a graduated borosilicate glass
syringe, made from a fused glass capillary tube. The nee-
dle insertion point was between the 6th and 7th sternite, to
the left of the ovipositor. Injections were into the abdomi-
nal hemocoel where there is an estimated interior hemo-
lymph content of 2.5 uL. The head of Lygus is quite small
relative to the abdomen such that it could not accommodate
the volume of injected fluid and would likely be severely
traumatized by the needle. Similarly, injections into the
thorax failed to contain the injection volume. Abdomi-
nally injected amines are able to passively diffuse in the
hemolymph to the brain and other key organs involved in
reproductive functions. Oviposition data were collected as
described above. A 24-h sample period was used because
the induction effect of mating on ovipositional activity
is rapid and causes an observable increase within a short
span (Brent et al. 2011). Further, unbound biogenic amines
degrade quickly (Linn et al. 1994) and by 24 h would have
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been cleared out of the hemolymph. Data were not col-
lected from females that died prior to sampling. Based on
the results from this initial test, a second group was tested
to determine whether changing OA concentration could
produce a graded effect. Identical conditions were used,
except females were injected with IS, 0.75 % (3.75 pg) or
1.5 % (7.5 pg) OA.

To test for effects of amines on female mating recep-
tivity, mature virgins were injected with 0.5 pL of either
insect saline (control) or a 1.0 % solution of one of the four
amines in saline. Subjects were then placed in Petri dishes
with a section of green bean and one 8—10-day-old male.
Sixty females were assigned to each treatment. They were
returned to standard rearing conditions for 24 h, after which
the females were dissected to determine whether they had
mated. Data were not collected from females that died prior
to sampling. Mortality rates were low and similar across
treatment groups.

Statistical analysis

For most experiments, the data were non-normally dis-
tributed, necessitating the use of non-parametric tests.
A Mann-Whitney rank sum test was used to compare
between virgin and mated individuals for each of the bio-
genic amines. Kruskal-Wallis ANOVA on ranks was used
to compare oviposition rates among females injected with
amines or treated with methoprene, and for comparison of
amine responses after methoprene treatment. Dunn’s test
for multiple comparisons was used post hoc with o = 0.05.
Chi-square analysis was used to determine whether mat-
ing receptivity was associated with amine or JH treatment.
All analyses were conducted using Sigmaplot 11.0 (Systat
Software Inc. 2008).

Results

Topical application of methoprene, to simulate the trans-
mission of male-derived JH during mating, failed to influ-
ence oviposition rates. Although there was an overall effect
of treatment (Fig. 1a; KW-ANOVA, H = 13.71, df = 2,
P < 0.01), this was driven wholly by an increase in egg
deposition by mated females relative to virgins treated
with acetone (Dunn’s, Q = 3.36, P < 0.05) or methoprene
(Dunn’s, Q = 3.02, P < 0.05). There was no difference
between virgin groups (Dunn’s, Q = 0.35, P > 0.05). In
contrast to these results, methoprene caused a significant
decrease in mating behavior in virgins relative to the ace-
tone control (Fig. 1b; X2 =6.327,df =1, P =0.01).
Methoprene application did selectively impact the
biogenic amine levels of virgin females at 1 h but not
at 24 h post-treatment (Fig. 2). DA differed between
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Fig. 1 a Eggs produced during 48 h in newly mated L. hespe-
rus females topically treated with acetone, and virgins treated with
acetone or methoprene, and b percent of virgin females that mated
within 24 h after treatment with acetone or methoprene. Shown are
the medians, interquartile ranges, 90th and 10th percentiles (whisk-
ers), and any outlier data points exceeding these outer bounds (O).
Significant differences (Kruskal-Wallis ANOVA on ranks followed
by Dunn’s post hoc analysis, o = 0.05) between groups are indicated
by lines over the boxes. Sample sizes are given

acetone- and methoprene-treated virgins at 1 h (KW-
ANOVA, H = 11.31; df = 2; P < 0.01). Acetone-treated
virgins had significantly less DA than those given metho-
prene (Dunn’s, Q = 15.69; P < 0.05) or mated females
(Dunn’s, Q = 19.70; P < 0.05), while the latter groups
were comparable (Dunn’s, O = 0.63; P > 0.05). The meth-
oprene-induced increase was not as persistent as the mating
effect; by 24 h after treatment, DA did not differ between
acetone- or methoprene-treated virgins (Dunn’s; O = 0.34;
P > 0.05), while mated females still had significantly more
DA than acetone (Dunn’s, Q = 4.05; P < 0.05) or meth-
oprene-treated virgins (Dunn’s, Q = 4.03; P < 0.05). DA
was much higher in mated females at 24 h than the ele-
vated levels observed in methoprene-treated virgins at 1 h
(Mann—-Whitney test, 7,3 3 = 683.0, P < 0.01). OA levels

differed at 1 h (KW-ANOVA, H = 14.50, df = 2, P < 0.01),
being significantly reduced in mated females relative to vir-
gins receiving either acetone (Dunn’s, Q = 3.69, P < 0.05)
or methoprene (Dunn’s, Q = 2.62, P < 0.05). Again,
there was no difference between the two virgin groups
(Dunn’s, O = 0.96, P > 0.05). By 24 h, OA no longer dif-
fered between groups (KW-ANOVA, H = 2.32, df = 2,
P = 0.31). Concentrations of the remaining amines were
similar across treatments at both 1 h (5-HT: KW-ANOVA,
H=0.70,df =2, P = 0.71; TA: KW-ANOVA, H = 4.82,
df =2, P =0.09) and 24 h (5-HT: KW-ANOVA, H = 0.93,
df = 2, P = 0.63; TA: KW-ANOVA, H = 1.39, df = 2,
P = 0.50).

Mating was found to influence biogenic amine levels,
although the effects varied by amine and over time (Fig. 3).
DA content did not differ at 5 min (Mann—Whitney test,
Ti950 = 445.0, P = 0.07); however, there was a significant
increase in DA at 1 h (Mann—Whitney test, Ti900 = 457.0,
P = 0.03) and 24 h (Mann—Whitney test, Ty516 = 190.0,
P < 0.01). There were also significant changes in OA after
mating, but unlike DA these occurred earlier and were
short lived. OA content decreased 5 min after mating
(Mann-Whitney test, Tg 5o = 461.5, P = 0.02), stayed low
through the first hour (Mann-Whitney test, Tyg,9 = 273.5,
P = 0.04), but rose back to the levels observed in virgin
females by 24 h (Mann—-Whitney test, T}, = 203.5,
P = 0.59). Serotonin content did not differ between mated
and virgin females during any of the periods sampled.
There was a similar lack of response with tyramine, except
that at 5 min there was a small but significant drop in mated
females (Mann—Whitney test, Tig00 = 424.5, P = 0.03).

Female oviposition rate was influenced by injection of
1.0 % biogenic amine solutions (Fig. 4a; KW-ANOVA,
H = 184, df = 4, P < 0.01), but only the OA solution
caused a significant reduction in egg laying over 24 h
relative to females injected with insect saline (Dunn’s,
Q = 3.80, P < 0.05) or DA (Dunn’s, Q = 3.21, P < 0.05).
The effect appeared to be dosage dependent (Fig. 4b; KW-
ANOVA, H = 6.86, df = 2, P = 0.03), with a significant
reduction relative to the saline injection in the second test
in those receiving the 1.5 % (Dunn’s, Q = 3.36, P < 0.05),
but not the 0.75 % (Dunn’s, Q = 0.42, P > 0.05) solution.

None of the biogenic amines appeared to influence mat-
ing behavior when virgin females were examined 24 h after
injection. Mating probability after treatment with each of
the amine solutions was comparable to that of the insect
saline control (Fig. 5; XZ = 1.67,df =4, P = 0.80).

Discussion

The results of this study at least partially support the
hypothesis that male-derived JH drives post-mating
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changes to reproductive behaviors observed in L. hespe-
rus, and that biogenic amines play an intermediary role in
regulating this shift. Juvenile hormone may act as both a
mediator and driver for the post-mating changes to Lygus
females. For most insects, JH plays a central role in reg-
ulating reproductive traits and behaviors (Raikhel et al.
2005). When male-derived JH is transferred to females in
other insects, it can cause organizational shifts that influ-
ence oogenesis, sexual receptivity and oviposition rate
(Shirk et al. 1980; Bali et al. 1996; Ramaswamy et al.
1997; Park and Ramaswamy 1998; Park et al. 1998; Pszc-
zolkowski et al. 2006). JH also has been shown to modu-
late levels of both DA (Gruntenko and Rauschenbach 2008)
and OA (Thompson et al. 1990; Rachinsky 1994; Woodring
and Hoffmann 1994; Hirashima et al. 1999; Gruntenko
et al. 2007; Gruntenko and Rauschenbach 2008). Our topi-
cal application of methoprene to virgin Lygus to imitate the
JH transferred in the male spermatophore (Brent and Hull
2014) did reduce the incidence of mating but failed to influ-
ence oviposition rate.

Both dopamine and octopamine are implicated in the
post-mating behavioral responses. While serotonin and
tyramine had no evident direct effect on egg laying and
sexual receptivity, they have been shown to influence
behavior by physiological preparation rather than direct
induction (Blenau and Thamm 2011). Such indirect contri-
butions would not be evident with our approach. DA rose
after mating and stayed elevated for at least 24 h. Whether
this is indicative of a general rise in the circulating concen-
tration of DA or was a response localized to the source of
the amines is unknown. The change in DA was not evident
until an hour after mating, a delay that may indicate that
the response is not a direct result of nervous stimulation
caused by copulation. Instead, the shift may be the product
of a cascade of post-mating organizational events, such as
changing receptor expression or the activation of reproduc-
tive organs. However, methoprene did produce an increase
in DA that mimicked the change observed in mated
females, suggesting a possible direct link between DA and
JH in this species. Although the increase in DA lasted less
than 24 h with our approach, a sustained signal, such as
the steady transfer of JH from the spermatophore into the
female’s hemolymph, may be sufficient to promote a con-
tinuous elevation of DA. Although injection of DA had no
direct effect on oviposition rate or mating behavior, the per-
sistent increase following mating suggests DA may play a
role in mediating the prolonged refractory period of mated
females. For instance, the change in DA might reduce
locomotory behavior, as it does in newly mated honey bee
queens (Harano et al. 2008). This would diminish the like-
lihood of nuisance encounters with additional courters and
could promote greater egg deposition. Despite the appar-
ent lack of an effect of the DA injections, it is possible

that a sustained elevation in DA might also directly sup-
press receptivity. Once introduced into the hemolymph, the
injected amines would rapidly degrade (Linn and Roelofs
1986), so that any response requiring a continuous stimulus
above a set activational threshold would be short lived. The
refractory period of females lasts an average of 5 days, with
some females taking much longer to remate (Brent 2010b).
A short burst of DA would be insufficient to maintain this
prolonged inhibition unless it was coupled with lasting
organizational effects.

Despite the relatively short duration of the induced
DA increase, topical methoprene was still able to cause
a decline in female mating propensity. Whether this was
through its influence over DA levels or by a less direct
pathway remains to be determined. DA has been shown to
induce changes to the production or degradation of juvenile
hormone in Blattella germanica (Pastor et al. 1991), Dros-
ophila virilis (Gruntenko et al. 2005a, b, 2007; Gruntenko
and Rauschenbach 2008), Gryllus bimaculatus (Woodring
and Hoffmann 1994), and Manduca sexta (Granger et al.
1996). Because JH influences vitellogenin biosynthesis
and uptake in most insects, changes to the levels of the
hormone could influence the rate at which eggs are pro-
duced (Raikhel et al. 2005). If L. hesperus females respond
to male-derived JH with an increase in DA that causes a
decline in their own JH production, the net effect could be
a delay in the production of eggs to replace those being
oviposited. Such a reduction in oogenesis could produce a
longer term reduction in the female’s motivation to remate
(Brent 2010b). JH might also induce changes in the expres-
sion of amine receptors so that even if DA levels fall after
an initial surge, target organs such as the ovaries or central
nervous system might still be primed to respond to a lower
threshold concentration.

The response of octopamine to mating was less pro-
nounced than that of DA, but more rapid. There was a
significant decrease in the OA content of the heads within
5 min of mating, but OA reverted to pre-mating levels
before 24 h had passed. This may have resulted from a
decrease in production/release or an increase in degradation
of OA. The concurrent decline at 5 min in TA, a precur-
sor to OA (Lange 2009), may support a reduced production
rate, but given the inconsistency of TA levels with the other
changes to OA, these results are inconclusive. The relative
rapidity of the changes in OA suggests they may have been
directly induced by mating stimuli, possibly through the
activation of stretch receptors in the female’s filled semi-
nal depository. Because the decline in OA is short lived, the
observed response is unlikely to directly regulate long-term
changes to mating propensity and egg deposition behaviors.
However, the decline may induce or be associated with
more persistent organizational changes that influence these
behaviors (reviewed in Farooqui 2012). But these changes
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«Fig. 3 Biogenic amine concentrations of virgin or newly mated adult
L. hesperus females sampled at three different intervals correspond-
ing to the amount of time passed since they mated or otherwise inter-
acted with males. Each sample consisted of 10 heads. Shown are the
medians, interquartile ranges, 90th and 10th percentiles (whiskers),
and any outlier data points exceeding these outer bounds (O). Signifi-
cant differences (Mann—Whitney rank sum test, « = 0.05) between
virgin and mated individuals for each time period are indicated by
lines over the boxes. Sample sizes are given

do not appear to be directly related to JH titer; methoprene
application failed to influence OA levels, and perhaps not
coincidentally had no effect on oviposition rate. This may
reflect a lack of effect of JH on OA expression or it may
be in part due to activational differences between JH and
methoprene. If the former scenario is true, then another
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Fig. 4 Eggs produced 24 h after virgin L. hesperus females were
injected with a insect saline (IS), 1.0 % m/v solutions of dopamine
(DA), octopamine (OA), serotonin (5-HT) or tyramine (TA); b insect
saline, or 0.75 or 1.5 % OA. Shown are the medians, interquartile
ranges, 90th and 10th percentiles (whiskers), and any outlier data
points exceeding these outer bounds (O). Treatment groups with dif-
ferent letters were significantly different from other groups, while
those with the same letter did not significantly differ (Kruskal-Wallis
ANOVA on ranks followed by Dunn’s post hoc analysis, o = 0.05).
Sample sizes are given
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Fig. 5 Percent of virgin L. hesperus females that mated after being
injected with insect saline (IS) or a 1.0 % solution of dopamine (DA),
octopamine (OA), serotonin (5-HT) or tyramine (TA). There was no
difference between treatments (Chi-square test, P > 0.05). Sample
sizes are given

component of the spermatophore is likely responsible for
inducing post-mating changes to OA.

OA does appear to have some direct control over ovi-
position; virgin females injected with OA decreased egg
production over a 24-h period in a dose-dependent man-
ner. The response is similar to that seen in L. migratoria,
in which OA inhibits oviduct muscle contraction (Lange
and Orchard 1986; Donini and Lange 2004). However, this
contrasts with the response of another mirid, Trigonotylus
caelestialium, in which injected OA increased the number
of eggs laid (Yamane 2013). It is possible that the high con-
centration of OA used in this experiment may have been
sufficient to hamper oviposition by negatively impacting
physiological processes other than those of interest, but this
seems unlikely given that high concentrations of the other
amines were unable to produce a similar behavioral effect.
Differences between T. caelestialium and L. hesperus in
the tissue-specific expression patterns for the OA recep-
tor could also explain the divergent responses. Such vari-
ation in receptor expression and the role of OA in regulat-
ing behavior has been found between species (Blenau and
Baumann 2001) and even within individuals of the same
species at different ages or when developing under differ-
ent conditions (Verlinden et al. 2010; Cunningham et al.
2014; Reim and Scheiner 2014). Collectively, the data for
L. hesperus suggest that OA may suppress egg laying at
higher circulating concentrations and that mating releases a
female from this inhibition by lowering OA levels. Whether
the OA acts directly on the ovaries or on the central nerv-
ous system remains to be determined.
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