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Abstract

Previous studies demonstrated a high-amplitude, diel cycle for the hemolymph JH titer in the wing-polymorphic cricket, Gryllus fir-
mus. The JH titer rose and fell in the flight-capable morph (long-winged, LW(f)) above and below the relatively temporally invariant JH
titer in the flightless (short-winged, SW) morph. The morph-specific JH titer cycle appeared to be primarily driven by a morph-specific
diel cycle in the rate of JH biosynthesis. In the present study, cycles of the JH titer and rate of JH biosynthesis in the LW(f) morph per-
sisted in the laboratory under constant darkness with an approximate 24 h periodicity. The JH titer cycle also shifted in concert with a
shift in the onset of the scotophase, was temperature compensated in constant darkness, and became arrhythmic under constant light.
These results provide strong support for the circadian basis of the morph-specific diel rhythm of the JH titer and JH biosynthetic rate.
Persistence of the JH titer cycle under constant darkness in multiple LW-selected and SW-selected stocks also provides support for the
genetic basis of the morph-associated circadian rhythm. The morph-specific JH titer cycle was observed in these stocks raised in the
field, in both males and females, in each of 3 years studied. The onset of the cycle in the LW(f) morph, a few hours before sunset, corre-
lated well with the onset of the cycle, a few hours before lights-off, in the laboratory. The morph-specific JH titer cycle is a general fea-
ture of G. firmus, under a variety of environmental conditions, and is not an artifact of specific laboratory conditions or specific genetic
stocks. It is a powerful experimental model to investigate the mechanisms underlying endocrine circadian rhythms, their evolution,
and their impact on life history evolution.

Keywords: JH, juvenile hormone, JH biosynthesis, circadian rhythm, biological rhythm, Gryllus, wing polymorphism

1. Introduction poses that the hemolymph JH titer below some threshold regu-

lates the expression of developmental and reproductive traits
Circadian rhythms are ubiquitous and play an important role that define the dispersing morph that delays reproduction, while
in coordinating the adaptive expression of various biological a titer above that threshold produces the alternate suite of traits

traits with the cycle of day and night (Giebultowicz, 2000; Saun- that characterizes the flightless/reproductive morph (see Section
ders, 2002; Beaver et al., 2002; Hadley and Levine, 2007). In ver- 2 for more detailed description of morph characteristics).

tebrates, many components of hormonal regulation such as hor- Despite considerable discussion and speculation, only limited
mone titers, rates of hormone biosynthesis and release, and published data exist on direct measures of components of JH reg-
receptor expression exhibit endogenous circadian cycles (As- ulation (e.g. hormone titers) in wing-polymorphic insects (Zera,
choff, 1979; Nelson, 1995; Kalsbeek et al., 2001). However, the ex- 2004; Zera et al., 2007a). Moreover, the first direct measurement
tent to which analogous cycles occur for insect endocrine traits of the hemolymph JH titer in adult morphs of a wing-polymor-
and their functional significance has been much less studied (re- phic insect yielded an unexpected finding: a high-amplitude,
viewed in Vafopoulou and Steel, 2005; Steel and Vafopoulou, morph-specific diel cycle for the JH titer in the cricket Gryllus fir-
2006; see discussion). mus (Zera and Cisper, 2001; Zhao and Zera, 2004a). The JH titer

Juvenile hormone has long been thought to regulate many rose and fell about 20-fold near the end of the photophase and be-

key aspects of dispersal polymorphism, most notably wing-poly- ginning of the scotophase on each of days 5-8 of adulthood in the
morphism, in insects (Wigglesworth, 1961; Nijhout, 1994; Zera, flight-capable morph (long winged, LW(f) with functional flight
2004; Zera et al., 2007a). The most widely held hypothesis pro- muscles), and cycled above and below the relatively temporally
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constant titer in the flightless (short winged, SW) morph. The
high-amplitude JH titer cycle occurred in each of three LW(f)-se-
lected stocks, but in none of three SW-selected stocks, and thus
is a morph-associated genetic polymorphism (Zera and Cisper,
2001). Finally, the morph-specific JH titer diel cycle appeared to
be largely, if not exclusively, driven by a morph-specific diel cy-
cle in the rate of JH biosynthesis (Zhao and Zera, 2004b). Thus,
although adult G. firmus morphs clearly differ dramatically with
respect to the hemolymph JH titer, the difference is due to the
presence/absence of a high-amplitude, genetically based, diel ti-
ter cycle rather than to a consistently higher titer in one morph
compared with the other. Endocrine chronobiology is now an
important consideration in functional studies of dispersal poly-
morphism in insects.

There are numerous unanswered questions regarding the
causes, characteristics, and functional significance of the morph-
specific JH titer diel cycle in G. firmus (Zhao and Zera, 2004a; Zera
et al., 2007b; see discussion). Here we focus on two of these: (1)
the extent to which the diel cycle is due to a morph-specific, cir-
cadian rhythm, and (2) the extent to which the temporal pattern
of JH titer variation in artificially selected lines measured in the
laboratory also occurs under natural field conditions. To investi-
gate the first issue, we characterized the daily profiles of the he-
molymph JH titer, and rate of JH biosynthesis, in LW(f) and SW-
selected lines under experimental conditions that directly test the
hypothesis that a diel cycle results from an endogenous circadian
rhythm (e.g. persistence under constant darkness, temperature
compensation, etc; Giebultowicz, 2000; Saunders, 2002).

With regard to the second issue, the same artificially selected
laboratory stocks whose JH titer had been characterized in the
laboratory were raised under field conditions in Gainesville, FL,
the locality from which founders of the laboratory stocks had
been collected. This was done to determine the extent to which
the morph-specific JH titer cycle occurs under field conditions
that differ in several important respects from the laboratory en-
vironment under which the cycle has thus far been exclusively
studied (e.g. absolute day length, existence of twilight as opposed
to a sharp transition from light to dark, diel change in temper-
ature as well as photoperiod). These field studies were done in
concert with a companion study in which the JH titer was mea-
sured in morphs of G. firmus and related species directly sam-
pled from natural populations (Zera et al., 2007b). These endo-
crine-field studies are not only important because they shed light
on the characteristics of endocrine daily rhythms in G. firmus un-
der natural conditions, they also provide the most detailed infor-
mation to date on endocrine traits in the field, an area of insect
endocrinology for which very little published data are available
(Zera et al., 2007b).

2. Materials and methods
2.1. Morphs of G. firmus

Like many other wing-polymorphic cricket species, G. firmus con-
sists of a flight-capable morph, with fully developed wings and
flight muscles (denoted LW(f)), and a flightless morph with un-
derdeveloped wings and flight muscles (SW) (Walker and Siv-
inski, 1986; Zera and Denno, 1997; Zera, 2004). The LW(f) morph
substantially delays ovarian growth and egg production relative
to the SW morph, and thus flight-capability trades off with fecun-
dity, a key feature of wing-polymorphic insects (Johnson, 1969;
Harrison, 1980; Zera, 2004). In addition, starting near the end of
the first week of adulthood, some LW(f) individuals histolyze their
flight muscles and exhibit enhanced ovarian growth that is virtu-
ally identical to the SW morph (Zera et al., 1997; Zera and Cisper,

2001; Zera et al., 2007b). This second flightless morph, which is de-
noted LW(h) (long-winged with histolyzed flight muscles), be-
comes more common as crickets age (Zera et al., 1997).

2.2. Stocks and rearing conditions in the laboratory

All experiments, both in the laboratory and in the field, were
conducted on lines of the cricket G. firmus that were artificially
selected for the LW(f) or SW morph. The lines were derived from
a sample of crickets collected in Gainesville, FL, and are nearly
pure-breeding, producing >90% of the artificially selected morph.
These lines are the same as those that have been used in previ-
ous studies of the morph-associated JH titer circadian rhythm in
G. firmus (Zera and Cisper, 2001; Zhao and Zera, 2004a, 2004b).
Lines are grouped into three blocks, each of which represents an
independent selection trial involving a line selected for the LW(f)
morph, a line selected for the SW morph, and an unselected con-
trol. The number after the line (see below) indicates the block
to which it belongs. These lines have been maintained continu-
ously in the laboratory under 16 h light (L):8 h dark (D) at 28 °C
(see Zera and Cisper, 2001 for additional information on these
stocks). All field studies and all laboratory experiments except
one (to test for the consistency of persistence of JH titer cycle in
multiple genetic stocks) were conducted exclusively on LW and
SW lines of Bk-2.

2.3. Photoperiodic experiments in the laboratory

Four experiments, involving transfers of crickets from standard
rearing conditions (16L:8D, 28 °C) to different photoperiods at
the same or different temperatures, were conducted to test the
hypothesis that the morph-specific JH titer diel rhythm results
from a morph-specific circadian cycle. Just before lights-off on
day 3 of adulthood, groups of five males and five females, from
the LW(f)-selected and SW-selected lines were placed in plas-
tic boxes (6in. x 12in. x 3in.) with each box containing stan-
dard diet and a vial of water. Boxes were transferred to one of
three new photoperiodic/temperature treatments: constant dark-
ness, 28 °C; constant light, 28 °C; or constant darkness, 20 °C. A
single blood sample was subsequently taken from a 6-8-day-
old (post-adult eclosion) cricket at a particular time during the
photophase or scotophase for JH titer determination. Thus, in-
dividuals experienced the new photoperiodic environment for
at least three subjective scotophases and two subjective photo-
phases before blood samples were taken. Previous studies (Zhao
and Zera, 2004a) demonstrated that the morph-specific JH titer
daily rhythm begins on about day 4 and occurs until at least day
8 post-adult eclosion under standard rearing conditions (see Fig-
ure 1, top panel). In the present study, hemolymph samples were
taken at about 4-6 h intervals with greater clustering of samples
before and after the beginning of subjective night in the constant
darkness or constant light treatments. This was done because, in
the previous study in which crickets were reared under a 16L:8D
photoregime, the JH titer changed the most rapidly in the LW(f)
morph just before and after the onset of the scotophase (Zhao and
Zera, 2004a; see Figure 1). Crickets removed from constant dark-
ness experienced light for about 2-15 min before a blood sample
was taken. There is no indication that variation in exposure to
light affected the JH titer or rate of JH biosynthesis. For example,
the last third and first third of samples measured did not differ in
JH titer or rate of JH biosynthesis.

The rearing protocol used for crickets from which corpora al-
lata were obtained to measure in vitro rate of JH biosynthesis dif-
fered slightly from that described above. In this experiment, fe-
males were taken from standard rearing conditions just before
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Figure 1. (A) Morph-specific hemolymph JH titer diel cycle in adult,
flight-capable (LW(f)) and flightless (SW) female morphs of G. firmus.
White bars denote photophase while black bars denote scotophase of
standard rearing conditions (16L:8D photoregime, 28 °C). Note the
high-amplitude JH titer diel cycle in the LW(f) morph but no or only
shallow cycle in the SW morph. Data are from Zhao and Zera (2004a).
(B) Photoperiod-shift experiment illustrating the correlated shift in the
hemolymph JH titer peak in LW(f) G. firmus adult females with a shift
in the onset of the scotophase/photophase: (upper panel) JH titer in day
5 LW(f) adult females raised under standard photoperiodic conditions
(16L:8D photoregime, 28 °C; lights on at 8am, off at midnight). Bottom
panel. JH titer in day 5 adult LW(f) females shifted from the standard
photoperiod during the first day of the last stadium to a 16L:8D pho-
toregime (28 °C) in which lights were turned on and off 6 h earlier than
in the standard regime. Duration of the last stadium is about 2 weeks.
White bars on the x-axis denote photophase, while dark bars denote
scotophase. Values are means (+S.E.M.); N = 6 in each case.

lights-off on day 3, placed individually into 16 oz plastic cups con-
taining artificial diet, and transferred into an incubator kept at con-
stant darkness at 28 °C. This modified protocol was used because
of the significantly longer period of time required to dissect out
the copora allata from individual crickets (5-10 min per individ-
ual) compared with the time required to obtain a blood sample. Ex-
posure of crickets reared under constant darkness to light as they
awaited dissection of corpora allata was substantially reduced for
crickets reared in individual cups. The constant darkness incubator
in which the crickets were reared was placed in a room that itself
was kept in constant darkness. Food in boxes was changed each
day at random with respect to time-of-day to prevent crickets from
becoming entrained on time of feeding (Saunders, 2002).

2.4. Cricket rearing conditions in the field

To measure the JH titer diel profiles in LW and SW individuals
raised under natural photoperiods and temperatures, LW(f)-se-
lected and SW-selected Bk-2 cricket stocks were transported by car
to Gainesville, Florida, the location from which founders of the se-

lected lines had been collected. Crickets were transported during
early September which is just before the period of the time dur-
ing which dispersal primarily occurs in the field (September to
October; Walker, 1986). Crickets were transferred at an age such
that nearly all individuals arrived at Gainesville prior to molting
into the penultimate stadium (the few penultimate stadium crick-
ets found upon arrival were discarded). Penultimate G. firmus re-
quired about 3 weeks to molt into adults in Gainesville and thus
experienced the Gainesville photoperiod for more than this period
of time prior to blood sampling, since blood samples were taken,
at the earliest, from day 5 adults. A phase-shift study conducted
prior to transporting the crickets to Florida demonstrated that the
JH titer cycle could be entrained to a new photoperiod in crickets
in less than this period of time. LW(f) crickets transferred during
the beginning of the last stadium (2 weeks before molt to adult-
hood) to a 16L:8D photoregime, in which the onset of darkness
(scotophase) had been shifted 6 h earlier, exhibited a hemolymph
JH titer that was also shifted approximately 6 hours earlier (Figure
1, middle and bottom panels).

As in the laboratory studies, crickets were reared in the field
in 10-gallon aquaria containing cotton-plugged water vials
and standard dry diet, at a density of about 80-120 per aquar-
ium during the penultimate and earlier stadia, and about 40-
60 per aquarium during the last stadium. Aquaria were placed
on a shaded wooden platform adjacent to a field behind the De-
partment of Entomology, University of Florida, Gainesville, FL.
Each day, newly molted adults were collected and placed into
new aquaria and were kept under the same field conditions un-
til hemolymph samples were taken for JH titer measurement. Al-
though the LW(f)-selected line primarily produced LW(f) adults,
and the SW-selected line primarily produced SW adults, some of
the non-selected morph was produced in each line (e.g. SW in
the LW-selected stock). As had been done in previous laboratory
experiments (Zhao and Zera, 2004a, 2004b), the hemolymph JH
titer was only measured in LW(f) individuals from the LW(f)-se-
lected line and SW individuals from the SW-selected line.

On the day of hemolymph sampling, crickets that were to be
sampled during the night were placed about 10 per plastic box
(6in. x 121in. x 3 in.) to reduce the duration of exposure to light
of crickets brought into the laboratory while they waited bleed-
ing. As in the previous study of laboratory-reared crickets (Fig-
ure 1), most blood samples were taken at 4-6 h intervals with
greater clustering of samples just before or after sunset. Only a
single blood sample was taken from an individual cricket.

2.5. Blood sampling, hormone titer measurements and morph
identification

Hemolymph (10-20 pL) was collected into graduated 20 pL mi-
cropipettes from cuts in cerci, legs, and antennae. As described
in more detail (Zera et al., 2007b), hemolymph was blown into
300 pL 90% methanol in water, vortexed for 1 min (field) or son-
icated for a few seconds (lab), and extracted three times with
600 pL hexane. Hexane solutions from an individual were com-
bined in a glass ampule which was flame sealed (field, Gaines-
ville), or were placed in glass vials covered with aluminum foil
and parafilm (laboratory, Nebraska). Samples were stored at
=80 °C (for 1-3 months) until JH concentration was determined
by radioimmunoassay (see below). Samples collected in Gaines-
ville were transported to Lincoln, NE on dry ice. After bleed-
ing, individual crickets were placed in test tubes and frozen at
—20 °C. JH concentration in hexane extracts was measured using
a well-validated JH radioimmunoassay (Cisper et al., 2000; Zera
and Cisper, 2001; Zhao and Zera, 2004a). In vitro rate of JH bio-
synthesis was determined using the radiochemical assay of Pratt
and Tobe (described in detail in Zhao and Zera, 2004Db).
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Flight muscles of LW males and females were examined visu-
ally (as in Zera et al., 1997) to determine whether they were large
and pink (=functional; defining the LW(f) morph), or whether
they were white and reduced (=non-functional; defining the
LW(h) morph). Flight muscles of SW adults were also checked
to verify that they were white and reduced (non-functional), as
has been previously found for all but a few newly molted SW G.
firmus (Zera et al., 1997). Ovarian wet mass and whole-body wet
mass were also measured for all females.

2.6. Statistics

Results of laboratory experiments were not analyzed statistically,
since it was obvious by visual inspection of the data whether
morphs differed or not in daily rhythms of the JH titer or rate of
JH biosynthesis. However, results of some field experiments were
less clear because of the lower amplitude of the JH titer in the LW(f)
morph. Therefore, besides visual inspection of the data, morph-
specific differences in the temporal profile of the hemolymph JH ti-
ter was assessed by two-way ANOVA, in which morph (LW(f) and
SW) and time-of-day were fixed effects. Most importantly, ANOVA
was used to test the hypothesis that there was a morph-specific
rhythm for the hemolymph JH titer in G. firmus, in which the JH ti-
ter changed by a significantly greater degree during a 24-h period
in the LW(f) than in the SW morph. Such a pattern of temporal vari-
ation should be manifest as a significant MORPH x TIME-OF-DAY
interaction term in the ANOVA. Because there is a specific direc-
tionality in the hypothesis being tested (i.e., greater temporal vari-
ation in the LW(f) vs. the SW morph) the significance test is one-
tailed. An analogous test between the LW(f) morph and the other
flightless morph, LW(h), was not done because the sample sizes
for the LW (h) morph were often too low for such tests to be under-
taken, due to the relative rarity of this morph.
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Day/Time-of-day
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60
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=+ W(f)
N O- sW

Morph-specific difference in ovarian mass was ascertained
by one-way ANOVA of percent body mass due to ovarian mass
(arc-sine transformed). Essentially identical results were obtained
when untransformed ovarian wet masses were compared.

3. Results
3.1. Laboratory photoperiod experiments

When shifted from the standard 16L:8D photoregime to con-
stant darkness at the same temperature (28 °C), LW(f)-selected
females retained the high-amplitude hemolymph JH titer cycle,
while SW-selected females retained the acyclic JH titer profile
(Figure 2). This was the case for LW(f) and SW females from se-
lected lines of Bk-2 as well as from independently selected Bk-
1 lines (Figure 2 top and bottom left panels). In both cases, the
JH titer rose in LW(f) females prior to the beginning of the sub-
jective night and decreased dramatically during the subjective
night. The titer peak exhibited an approximate 24 h periodicity.
The amplitude of the peaks, and their position relative to the on-
set of the subjective night, were similar to the amplitude and po-
sition of the peaks in these same Bk-2 LW(f) and SW lines raised
under standard conditions (16L:8D, 28 °C; Zhao and Zera, 2004a;
see Figure 1A).

The JH titer cycle in the long-winged morph also exhibited
an approximately 24 h periodicity, with similar amplitude and
position of the peak relative to the onset of the subjective pho-
tophase or scotophase, in crickets transferred to constant dark-
ness at 20 °C or 28 °C (Figure 2, top left and bottom right panels).
Thus, the JH titer cycle was temperature compensated. In con-
trast to the retention of the JH titer cycle in LW(f) females shifted
to constant darkness, the cycle in LW(f) females was lost in crick-
ets transferred to constant light at 28 °C (Figure 2, top right).

804 Constant Light, Bk-2
60
40
20 B ,é
e~
0 s
6.5 8.0 8.5
Day/Time-of-day
80— Constant Darkness, 20°, Bk-2

6.6 7.0 75 8.0 85
Day/Time-of-day

Figure 2. Experiments demonstrating the circadian basis of the morph-specific JH titer diel cycle in G. firmus. Top left panel: retention of the morph-
specific JH titer cycle when crickets of Bk-2 LW(f)- and SW-selected lines were transferred from a 16L:8D photoregime to constant darkness. Bottom
left: same as top left panel, but for crickets of an independently selected pair of LW(f) and SW lines of G. firmus. Top right: loss of the JH titer cycle in
LW(f) crickets that were transferred to constant light. Bottom right: morph-specific JH titer cycle in block-2 LW(f) and SW crickets transferred from
16L:8D to constant darkness but at 20 °C. All other experiments were performed at 28°, the same temperature as standard rearing conditions. Note
the similar cycles in this panel and in the top left panel (crickets reared at 28 °C), illustrating temperature-compensation of the morph-specific JH titer
cycle. Values are means + S.E.M. based on sample sizes of 5-8 individual measurements. Gray bars on the x-axis denote subjective scotophase.
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gime, 28 °C (data from Zhao and Zera, 2004b). Note the similar morph-
specific cycles of JH biosynthesis in this panel and the top panel.

As was the case for the hemolymph JH titer, the morph-spe-
cific cycle for the rate of JH biosynthesis, was retained in cor-
pora allata taken from LW(f) and SW crickets transferred from
a 16L:8D photoregime to constant darkness (Figure 3, top panel).
The amplitude of the cycle, its approximate 24 h periodicity, and
position of the peak of the cycle relative to the subjective night,
in LW(f) females, and absence of a cycle in SW females, all were
similar to the previously published, morph-specific cycle of JH
biosynthesis in crickets raised under the standard 16L:8D pho-
toregime (see Figure 3, bottom panel).

3.2. JH titer and ovarian masses in morphs raised under
field conditions

Standard morph-specific differences in ovarian mass were ob-
served in laboratory-selected lines of G. firmus raised in the field.
For example, ovarian mass (as percent of whole-body wet mass)
in day 5 females in 2002 was substantially greater in flightless
SW females (19.1+0.8%, N =53) or in flightless LW(h) females
(13.5+1.4%, N =15) compared with flight-capable LW(f) females
(71£1.0%, N=33; P<0.001 in each t-test). Similar morph-differ-
ences were observed for females of the same or different ages in
2003 and 2004 (data not shown). These morph-differences are sim-
ilar to those seen for G. firmus stocks measured in the laboratory
(e.g. Zera and Cisper, 2001; Zera and Bottsford, 2001) or in females
directly sampled from natural populations (Zera et al., 2007b), thus
indicating that rearing conditions did not produce unusual morph
characteristics in these laboratory-selected lines raised in the field.

=2 n
(-} o o
1 s s

Day/Time-of-day

Figure 4. Morph-specific hemolymph JH titer cycle in female crick-
ets of Bk-2 LW(f) and SW-selected lines raised in the field in Gaines-
ville, FL during September to October 2002 (top), 2003 (middle), and
2004 (bottom panels). White bars on the x-axis denote day, while dark
bars denote night. On the x-axis, “x.0” refers to midnight on day “x”.
During the sampling period, sunrise occurred between 7:11 and 7:41 a.
m. local time (x.30-x.32 on x-axis), and sunset occurred between 6:44
and 7:44 p.m. local time (0.78-0.81 on x-axis). See Section 2 and Zera et
al. (2007b) for additional data on field conditions. Note the greater cy-
cling in LW(f) vs. SW females. Values are means + S.E.M. Sample sizes
in 2002 ranged from 5 to 22 (LW(f) and SW morphs) and from 1 to 7
for the LW(h) morph. In 2003 and 2004, sample sizes ranged from 6 to
10 and 5 to 18, respectively for LW(f) and SW morphs.

JH titers in crickets from LW(f)- and SW-selected lines of Bk-2
raised in the field in Gainesville, FL are presented in Figure 4 (fe-
males) and Figure 5 (males). These are the same lines that had been
characterized previously for the JH-titer profile in females in the
laboratory during days 2-8 of adulthood (Zhao and Zera, 2004a;
Figure 1A). In day 5 LW(f) adult females, during 2002, there was a
10-fold increase in the JH titer a few hours before sunset (Figure 4).
The JH titer in SW females also exhibited a peak at the same time
but the amplitude was much less that seen in the LW morph. Sim-
ilarly, there was only a slight increase in the JH titer in the other
flightless morph, LW(h). The absolute rise in the JH titer peak in
field-raised females was similar to that seen in the laboratory fe-
males (Zhao and Zera, 2004a; Figure 1A). In 2003, JH titers were
again measured on day 5, as well as in older crickets (day 11). On
both of these days there was a significant rise in the JH titer in
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Figure 5. Morph-specific JH titer profiles as in Figure 4, but for male
morphs. Means were based on samples of from 6 to 10 individuals for
LW(f) and SW morphs and 3 to 5 LW(h) morphs in 2002 (top panel),
except for time 5.2 when 2 LW(f) and 3 SW males were sampled, and
5-12 in 2003 and 2004 (middle and lower panels).

LW(f) females, but no, or a much shallower, rise in the flightless
SW morph. Absolute titer peaks were lower than in 2002. In 2004,
the morph-specific JH titer cycle was observed on each of days 5-
6, 7-8 and 9-10. On each day, the JH titer in the LW(f) morph was
lower than that in the SW morph during the early part of the pho-
tophase, rose higher than that in the SW female during the latter
part of the photophase, and dropped below the SW titer in the fol-
lowing scotophase. Amplitude differences between morphs in the
JH titer on days 7-8 were similar to those in previous years, but
JH titers on days 5-6 and 9-10 differed to a lesser degree between
morphs than they did in previous years.

The morph-specific JH titer profiles for males measured in the
field were similar to those seen for females. In males during 2002,
there was a significant diel cycle with a 10-fold increase in the he-
molymph JH titer in the LW(f) morph a few hours before sunset.
By contrast, there was no significant diel variation in the JH titer
in either the flightless SW morph, or the flightless LW (h) morph.
The following year (2003) titers were measured in older (day 11)
as well as in day 5 males. In both of these days there was a sig-
nificant peak in the JH titer in the LW(f) morph at approximately
the same time-of-day as in 2002, but no increase, or much less of
an increase, in the JH titer in SW or LW(h) morphs. In 2004, titer

peaks were observed in the LW(f) morph on each of days 5-6, 7-
8 and 9-10, with titers in the SW morph rising much less or not at
all during these times.

In summary, for each age in each year studied in each sex,
there was either a significant rise in the JH titer in the LW(f)
morph coupled with no rise in the SW or LW(h) morphs, or a
much greater rise in the flight-capable LW(f) compared with
the flightless SW or LW(h) morphs. Results of statistical analy-
ses confirmed the conclusions derived from visual analysis of
the data on the JH titer in field-reared G. firmus. A significant
MORPH x TIME-OF-DAY interaction in the ANOVA of the he-
molymph JH titer was observed for most days in females: on day
5, 2002 (P <0.05); day 5, 2003 (P < 0.001); and day 7 (P < 0.025)
and 9 (P <0.005), 2004; but not on day 11 (P > 0.1), 2003, or day
5 (P>0.2), 2004. Similarly, a significant MORPH x TIME-OF-
DAY interaction for the JH titer in males was observed on day 5,
2002 (P < 0.05); day 5 (P <0.001) and 9 (P < 0.05), 2003; and day 11
(P <0.001), 2004; but not day 5 (P < 0.1) or 9 (P < 0.2), 2004.

4. Discussion

Endocrine chronobiology is a newly developing area of research in
insect endocrinology. In contrast to numerous vertebrate studies,
relatively few studies in insects have directly documented daily
cycles for various aspects of endocrine regulation, and even fewer
have experimentally demonstrated the circadian basis of these
cycles, or have investigated functional aspects of the cycles (e.g.
Cymborowski et al., 1991; Dai et al., 1995; Ito and Sumi, 1998; for
review see Vafopoulou and Steel, 2005). Two notable exceptions
are the extensive chronobiological studies of the developmental
hormones PTTH (prothoracicotropic hormone) and ecdysteroids
in Rhodnius prolixus (reviewed in Vafopoulou and Steel, 2005, and
in Steel and Vafopoulou, 2006), and the pheromonotropic neuro-
hormone PBAN in various lepidopterans (Rafaeli et al., 1991; Igle-
sias et al., 2002; reviewed in Vafopoulou and Steel, 2005).

Natural variation in daily rhythms for endocrine traits, which
is particularly important for understanding adaptive evolution-
ary aspects of hormonal rhythms, has not been studied in detail
in either insects or in vertebrates. In addition to the morph-spe-
cific JH titer circadian cycle in G. firmus, only a handful of cases of
variable endocrine cycles have been reported in insects (Walker
and Denlinger, 1980; Das et al., 1993; Ramaswamy et al., 2000;
Maxova et al., 2001; Elekonich et al., 2001; Kodrik et al., 2003,
2005), and in only one of these cases (Kodrik et al., 2005) has the
circadian basis of the variable diel rhythm been investigated ex-
perimentally. Finally, field investigations of endocrine biological
rhythms in insects are also rare (Elekonich et al., 2001; Zera et al.,
2007b) as, indeed, are field studies of any aspect of insect endo-
crinology (Zera et al., 2007b).

Previously, we characterized a morph-associated diel rhythm
for the hemolymph JH titer and JH biosynthetic rate in genetic
stocks of G. firmus (Zera and Cisper, 2001; Zhao and Zera, 2004a,
2004b). The strong association between a naturally occurring, ge-
netic polymorphism for a diel endocrine rhythm and an ecologi-
cally important genetic polymorphism for dispersal is unique and
is a powerful experimental model for investigating many key issues
at the interface of chronobiology, endocrinology, and ecology/evo-
lution (discussed below). Important steps in such investigations are
verification of the circadian basis of the cycles, and characterization
of the morph-specific daily cycle under field conditions.

4.1. Laboratory studies of the morph-specific circadian rhythm
Because a daily rhythm can be generated by external factors, and

is not necessarily endogenous, the circadian basis of a diel rhythm
must be established experimentally (Saunders, 2002). Three types
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of evidence, widely considered to provide strong support for the
existence of a circadian rhythm (Giebultowicz, 2000; Saunders,
2002; Vafopoulou and Steel, 2001, 2005), were obtained in the pres-
ent study. These data convincingly support the hypothesis that the
morph-specific diel cycle for the hemolymph JH titer in G. firmus
represents an endogenous circadian rhythm. First, the JH titer cy-
cle in the LW(f) morph persisted under constant darkness (i.e., the
cycle free-ran; Figure 2). Second, the cycle exhibited an approxi-
mately 24 h, period in constant darkness at different temperatures,
and thus was temperature compensated (Figure 2). Third, the JH
titer cycle was temporally shifted in concert with a shift in the
onset of the scotophase (i.e., the cycle was phase-shifted and en-
trained by light; Figure 1B). Under constant darkness, the ampli-
tude of the JH titer peak in the LW(f) morph and its position rela-
tive to the onset of subjective night were similar to the amplitude
and position of the peak relative to the onset of the scotophase in
G. firmus raised under the standard 16L:8D photoregime (compare
top-left panel of Figure 2 with Figure 1A).

In our previous study (16L:8D photoregime), we observed
a low amplitude cycle for the JH titer in the SW morph of G. fir-
mus, in addition to the much higher amplitude JH titer cycle in the
LW(f) morph (Zhao and Zera, 2004a; see Figure 1A). In that study,
we also found that the hemolymph volume in both the LW(f) and
SW morphs contracted by about 25% from the beginning to the
end of the photophase. This suggested that a diel cycle likely ex-
ists for total hemolymph volume, which, in turn, causes the low-
amplitude JH titer cycle seen in the SW morph (Zhao and Zera,
2004a). Interestingly, we did not observe this low amplitude cycle
in the SW morph in any of the three experiments in which the JH
titer was measured under constant darkness (Figure 2). This ab-
sence suggests that a diel cycle for total hemolymph volume in G.
firmus may not be an endogenous rhythm.

The loss of the JH titer cycle in the LW(f) morph under con-
stant light (Figure 2, top right panel), is also consistent with the
existence of a circadian rhythm regulated by a photosensitive re-
ceptor. Many physiological rhythms persist under constant dark-
ness but dampen and become arrhythmic under constant light
(e.g. PTTH, Vafopoulou and Steel, 2001; for reviews see Gieb-
ultowicz, 2000; Saunders, 2002). This phenomenon is thought to
be caused by the sensitivity of clock gene products, such as the
product of the timeless gene, to light.

Persistence of the morph-specific daily cycle in the rate of JH
biosynthesis in G. firmus under constant darkness (Figure 3, top
panel), suggests that this trait also is a morph-dependent circa-
dian rhythm. In vitro rate of JH biosynthesis in the cricket Teleo-
gryllus commodus (Ruegg et al., 1986), a species comprised exclu-
sively of long-winged individuals, was the only component of JH
endocrinology that had been explicitly investigated with regard
to biological rhythmicity, prior our endocrine studies in G. firmus
(Zera and Cisper, 2001; Zhao and Zera, 2004a, 2004b]; present
study). Although no evidence for a daily cycle was observed for
this trait in T. commodus, sampling was restricted, with the in vitro
rate of JH biosynthesis only being measured over a 24 h period
during a single day of adulthood (day 3) in unmated females.
The JH titer cycle is barely perceptible in day 3, LW(f) female G.
firmus (Figure 1A). The rate of JH biosynthesis is also expected
to be weak, at best, on day 3, because daily cycles of the JH titer
and rate of JH biosynthesis are highly correlated (Zhao and Zera,
2004b). Thus, the existence of a morph-specific cycle in the rate of
JH biosynthesis (and hemolymph JH titer) in T. commodus, simi-
lar to that observed in G. firmus, remains an open question.

4.2. Field studies of the morph-specific rhythm

Prior to the present study, and the companion study on the JH ti-
ter in natural populations of G. firmus (Zera et al., 2007b), pub-

lished data on insect endocrine cycles in the field, or indeed on
any aspect of insect endocrinology in the field have been very
limited (e.g. Elekonich et al., 2001 and references therein; Botens
etal., 1997). The most important finding of the field portion of the
present study was the existence of a morph-specific JH titer cycle
under field conditions that was, in general, similar to the cycle
seen in the laboratory. In the field, the JH titer peak in LW(f) fe-
males occurred a few hours before sunset, similar to the JH titer
peak a few hours before lights-off in the laboratory (compare Fig-
ure 4 and Figure 5 with Figure 1A). Also, as observed in the lab-
oratory, the amplitude of the daily cycle of the JH titer was much
less in the SW than in the LW(f) morph of field-reared crickets.
These patterns were a consistent feature of the morphs raised un-
der field conditions: they were observed in each of 3 years stud-
ied, and in each age of female G. firmus studied, except perhaps
for day 9 crickets in 2004 when titer peaks did not differ much
between LW(f) and SW females.

An analogous cyclic/acyclic JH titer polymorphism also has
been reported in the honey bee, Apis mellifera (Elekonich et al.,
2001). In this species, the JH titer changed from an acyclic profile
in younger worker bees that performed tasks within the hive, to
a diel cycle in older foraging workers that flew outside the hive.
Thus, in the honeybee, there is a developmental polymorphism
with respect to the presence/absence of the JH titer cycle that is as-
sociated with a developmental polymorphism for flight-vs. non-
flight tasks. The analogous correlation between a JH titer cycle and
a phenotype adapted for flight, in both honeybees and G. firmus,
suggests a functional relationship between these two traits.

The present study, which measured JH titers in male morphs as
well as in female morphs in the field, extends the scope of previous
laboratory studies, which only investigated the JH titer in adult fe-
male morphs (Zera and Cisper, 2001; Zhao and Zera, 2004a). In
each of 3 years, males exhibited a morph-specific JH titer profile
that was similar to that observed in females: The hemolymph JH
titer peaked a few hours prior to sunset in the LW(f) morph, and
the titer in the SW morph was much more temporally constant.

The similar association between the JH titer circadian rhythm
and the flight-capable LW(f) morph, in both male and female G.
firmus, contrasts with the sex-specific ecdysteroid (ECD) titer dif-
ference between morphs of this species (Zera et al., 2007b). In the
field, SW females exhibited a consistently higher ECD titer than
LW(f) females throughout the day and night, while male morphs
did not differ statistically in the ECD titer. It is presently un-
known whether the higher ECD titer in SW vs. LW(f) females, is
simply the result of a greater release of ECD from the larger ova-
ries of SW females, without functional consequence, or whether
these titer differences regulate some important functional differ-
ence between LW(f) and SW females. JH titer differences between
morphs of both sexes, likely regulate some sex-independent trait,
possibly some aspect of flight which occurs in the LW(f) morph
of both sexes.

The general correspondence between the morph differences in
the JH titer cycle observed in the lab and field is important as it
indicates that results from laboratory studies can be extrapolated
to field conditions and vice versa. This correspondence is useful
experimentally because more controlled endocrine studies can
be undertaken in the laboratory than in the field. Furthermore,
this correspondence also indicates that differences between lab-
oratory and field environments, in such features as presence of
twilight, absolute length of the photophase and scotophase, and
daily cycle in temperature as well as light/dark do not appear
to, at least, strongly influence the expression of the morph-spe-
cific JH titer rhythm in G. firmus. Some of these factors, such as
twilight as opposed to a direct transition from light to dark are
known to influence properties of circadian cycles (Fleissner and
Fleissner, 2002).
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Figure 6. Top and middle panels: morph-specific hemolymph JH titer
in field-collected G. firmus males and females. Lower panel: morph-
specific hemolymph JH titer profile for other field-collected species of
crickets (data in all panels from Zera et al., 2007b). White bars on the
x-axis denote day, while dark bars denote night. Times of sunrise and
sunset are the same as those given in Figure 4.

In the companion study (Zera et al., 2007b), a morph-specific JH
titer diel rhythm was also observed in natural populations of G. fir-
mus, in which blood samples were taken from individuals directly
collected in the field (summary data of this study are presented in
Figure 6). This morph-specific cycle in field-collected LW(f) G. fir-
mus was very similar to that seen in laboratory-selected stocks of
G. firmus raised under the same field conditions (compare Figures
4 & 5 with Figure 6). These data further indicate that the morph-
specific endocrine circadian cycle is not an artifact of laboratory se-
lection but rather represents a general feature of laboratory as well
as field populations of G. firmus. Moreover, a similar association
between a JH titer diel cycle and flight-capability was also seen in
several other cricket species (Zera et al., 2007b; Figure 6), indicat-
ing that the association observed in G. firmus is not unique to that
species, but may be common in crickets.

4.3. Implications for endocrinology and evolutionary biology

Identification of a morph-specific JH titer circadian cycle has
many important implications for insect endocrinology and evo-
lutionary biology. For example, this finding indicates that the en-
docrine regulation of morph-specific traits in wing-polymorphic
species is more complex than previously suspected. Clearly, the
classic model in which a temporally constant JH titer above or
below a single threshold regulates the expression of morph-spe-
cific traits is no longer viable, at least for Gryllus.

Zera and Cisper (2001) and Zera et al. (2007b) discuss vari-
ous more complex models that account for a JH cycle regulating

morph-specific differences in flight and reproduction. A key as-
pect of these models is reconciling the known negative effects of
an elevated JH titer on aspects of flight (e.g. histolysis of flight
muscles; Zera and Cisper, 2001), with the dramatic rise in the JH
titer in LW(f) G. firmus. How can a rise in the JH titer in LW(f) G.
firmus regulate aspects of flight while not inducing flight-muscle
histolysis? There are many possible solutions to this endocrine
paradox. Just to give one example, whether an elevated JH titer
has positive or negative effects on aspects of flight might be con-
tingent on the length of time that the JH titer is elevated. Thus,
the short-duration rise in the JH titer may be of long enough du-
ration to positively influence aspects of flight or flight-associated
traits in a LW(f) individual, while being of insufficient duration
to cause negative effects such as flight muscle histolysis, exten-
sive ovarian growth, etc. Other potential endocrine mechanisms
that resolve this endocrine paradox are discussed in Zera and
Cisper (2001) and in Zera et al. (2007D).

The finding of a morph-specific JH titer circadian rhythm
in G. firmus has important practical consequences as well (Zera
and Cisper, 2001; Zhao and Zera, 2004a; Zera et al., 2007b). Most
importantly, it illustrates the potential for highly erroneous con-
clusions to be drawn regarding the endocrine regulation of var-
ious traits, if such a morph-specific cycle exists but is unknown.
For example, depending upon the period of the photophase
during which blood samples are obtained, a highly significant
positive or negative association between the JH titer and ovar-
ian mass is obtained in G. firmus (Zera and Cisper, 2001). It is
conceivable that hormone titers could vary in a morph-specific
manner in other types of insect polymorphism, thus warranting
investigation of this possibility in any endocrine study of insect
polymorphism.

Identification of a morph-specific JH titer cycle in G. firmus
also raises fascinating questions, as yet uninvestigated, re-
garding the proximate mechanisms by which genetic variation
in endocrine circadian cycles are produced. Is this morph-spe-
cific cycle due to morph-specific differences in aspects of the
circadian clock? The output of the clock? Response of target
organs, such as the corpora allata, the glands in which JH bio-
synthesis occurs, to clock output? Another fascinating set of
questions relates to the morph-specific traits that are regulated
by rhythmic vs. arrhythmic JH titers. Answers to these ques-
tions may provide important new insights into basic mecha-
nisms underlying endocrine circadian rhythms and their func-
tional significance.

Finally, endocrine-circadian results reported in the present
and earlier studies (Zhao and Zera, 2004b; Zera et al., 2007b) have
important evolutionary implications. Studies of life history evo-
lution (e.g. evolution of the timing and amount of reproductive
effort; relative duration of the adult and juvenile stages; extent of
trade-offs among growth, reproduction and longevity), which are
a main focus of evolutionary research, have largely ignored evo-
lutionary aspects of circadian rhythms. Yet an increasing number
of life history traits (e.g. various aspects of reproduction) have
been shown to exhibit important circadian components (Giebul-
towicz, 2000; Saunders, 2002; Vafopoulou and Steel, 2005). Sim-
ilarly, although endocrine studies of life history traits are at the
forefront of mechanistic studies of life history evolution (re-
viewed in Zera et al., 2007a), circadian aspects of endocrine ad-
aptations remain poorly understood. The morph-specific JH ti-
ter circadian rhythm that is strongly associated with genetically
based wing polymorphism (a life history polymorphism) in G.
firmus is a powerful experimental model that provides the oppor-
tunity to integrate chronobiology, endocrinology, and life history
evolution. Hopefully, such integration will lead to a deeper un-
derstanding of the evolution of endocrine circadian rhythms and
their role in organismal adaptations.
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