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Abstract

The effects of the social environment and age on juvenile hormone (JH) and reproduction were investigated by measuring ovarian
development, hemolymph levels of JH 1, and rates of JH biosynthesis from the same individual bumblBdrebaq terrestris)
Differences in social environment were associated with differences in rates of JH biosynthesis, JH titer and ovarian development.
Young queenless workers had a higher rate of JH biosynthesis, JH titer and ovarian development than queenright (QR) workers of
similar age. Dominant workers in QR colonies had a higher rate of JH biosynthesis, JH titer and ovarian development than low
ranked workers of similar size. There was a positive correlation between JH titer and ovarian development, but no correlation
between rate of JH biosynthesis and ovarian development or between JH biosynthesis and JH titer. Both JH titer and rate of JH
biosynthesis increased with age from emergence to 3 days of age, but 6-day-old workers, egg-laying workers, and actively reproduc-
ing queens had high JH titers and highly developed ovaries but low rates of JH biosynthesis. These results show that reproduction
in B. terrestrisis strongly affected by the social environment and the influence of the environment on reproduction is mediated by
JH. Our data also indicate that the rate of JH biosynthesis measured in vitro is not a reliable indicator of JH titer or ovarian
development irB. terrestris possible reasons are discussed1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction of division of labor and has no clear role in the regu-
lation of reproduction (reviewed in Robinson, 1992;
Juvenile hormone (JH) plays an important and diverse Robinson and Vargo, 1997). There is evidence to suggest
role in reproduction in many insect species by regulating that JH is involved in the regulation of ovary develop-
vitellogenesis in the fat body, vitellogenin uptake by the ment in bumble bees as well. Queenl&smbus ter-
ovaries (reviewed by Tobe and Stay, 1985; Koeppe etrestrisworkers have faster ovarian development, higher
al., 1985; Nijhout, 1994; Davey, 1996), and oviposition rates of JH biosynthesis in vitro and higher JH hemo-
behavior (Cayre et al., 1994). Results of previous studieslymph titers than similarly aged queenright (QR) work-
suggest that JH is involved in the regulation of ovarian ers (Raeler, 1977; Reeler and Rseler, 1978; Larrere
development in primitively social Hymenoptera like pol- and Couillaud, 1993). Differences in JH biosynthesis
istine wasps (Reeler, 1991; Barth et al., 1975) and hal- rates were confirmed by Bloch et al. (1996), who for the
ictine bees (Bell, 1973). In the highly social honey bee first time validated the radiochemical assay (RCA) for
Apis melliferaJH is apparently involved in the regulation B. terrestris However, measurements of JH titer in this
species have thus far only been made with the semiquan-
— . titative Galleria assay (Rseler, 1977), so it is not known
* Corresponding author. Present address: Department of Ento- . . . .
mology, University of lllinois, 320 Morrill Hall, Urbana, IL 61801, W,hether dlff_erences in rate_s of JH blosynthes!s reflect
USA. Tel.: +1-217-244-0895; fax+1-217-244-3499. differences in hemolymph titers. Although JH biosynth-
E-mail addressgbloch@life.uiuc.edu (G. Bloch) esis rates in vitro are generally assumed to reflect in vivo
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synthesis rates and JH titers (reviewed in Tobe and Stay,2.2. Measurement of JH biosynthesis in vitro
1985; Feyereisen, 1985; Koeppe et al., 1985; Nijhout,
1994), the relationship between these variables is not JH biosynthesis by corpora allata (CA) incubated in
clear. Measurements of both JH titer and rate of vitro was measured by radiochemical assay (RCA) (Pratt
biosynthesis using modern techniques have been madeand Tobe, 1974; Tobe and Pratt, 1974) specifically vali-
only in a few insect species (Renucci et al., 1990; Huang dated for adulB. terrestris(Bloch et al., 1996). Briefly,
and Robinson, 1995). the head was removed and immersed in bee saline (ionic
Worker reproduction in social insects is strongly ratio of 1.5Na:1K, as found iB. terrestrisworker hemo-
affected by the social environment. In most species lymph, see Bloch et al., 1996). Under a dissecting micro-
worker reproduction is inhibited by the presence of a scope &50), the corpora allata—corpora cardiaca com-
queen, and occurs only after queen removal or death. Inplex (hereafter referred to as the CA) was removed
some species, includingd. terrestris worker repro- through an opening in the ventral part of the head and
duction can occur in the presence of a queen, but onlycleaned of adhering tissue. The CA from each bee was
during specific stages of colony development (reviewed then transferred into a separate borosilicate tube (6
in Wilson, 1971; Michener, 1974; Fletcher and Ross, mmx50 mm) containing 25ul methionine-free bee
1985; Bourke, 1988; Spradbery, 1991; Heinze et al., medium. No more than 2 h elapsed from the first dissec-
1994). B. terrestris provides an excellent model for tion to the initiation of the incubation. The incubation
studying the relationships between the social environ- was started by adding 38 bee medium containing 500
ment and hormonal regulation of reproduction and pM vL-[*H-methyl]methionine (NEN, specific activity
behavior. In normally developing colonies, workers that 200 mCi/mmol) to give a final methionine concentration
are reproductively suppressed can become repro-of 250 uM. Incubation lasted for 3 h at 3€. JH was
ductively active during the last stage of colony develop- extracted from the culture medium after removing the
ment (the competition phase, ‘CPh’, Duchateau and Vel- CA by adding 100ul double distilled water and 15l
thuis, 1988). Moreover, previous studies showed that isooctane (Sigma-Aldrich, HPLC grade) (Feyereisen and
changes in the social environment are associated withTobe, 1981; Bloch et al., 1996).
changes in rates of JH biosynthesis and in ovarian devel-
opment (Rseler, 1977; Reeler and Rseler, 1978; 2.3. Measurement of hemolymph JH titer
Bloch et al., 1996; Bloch and Hefetz, 1999). The purpose
of this study is to explore two issues: (1) the effects of Bees were immobilized with plasticine under a dis-
different social environments on JH titers, and (2) the secting microscope and hemolymph samples collected
relationships between JH titer, JH biosynthesis rate and(1-14 pl from workers, 10-33ul from queens) with a
ovarian development. These were studied by measuringsmall glass capillary drawn to a fine point that was
these three variables from the same individuals rearedinserted into the aorta through the dorsal neck mem-
under different social environments. brane. Hemolymph was transferred to a piece of parafilm
and immediately quantified (to the nearest @llwith a
calibrated microcapillary tube. Each hemolymph sample
was diluted into 0.5 ml acetonitrile and stored-e80°C
until analyzed. All glassware was baked at H00for
3.5 h prior to use to eliminate JH contamination. All

2. Materials and methods

2.1. Bees solvents were HPLC grade (purchased from EM Science,
Fisher Scientific, or J.T. Baxter Chemical Co).
Colonies ofB. terrestriswere obtained from Bio-Bee A chiral-specific radioimmunoassay (Hunnicutt et al.,

Sde-Eliahu Industry, Bet Shean, Israel, a few days after 1989) was used to measure the JH Il titer. The detection
the first worker in each colony had eclosed. Colonies limit of the RIA was about 10 pg 1B JH IlI per sample.
contained a queen, between one and ten workers, andntra-assay coefficient of variation was 8.5% and inter-
brood at different stages of development. They were assay coefficient of variance was 13.4%. A detailed
reared in Styrofoam nesting boxes (18>@7 cnx12 description of this RIA can be found in previous studies
cm) with a cardboard bottom in an environmental on honey bees (Huang et al., 1994; Huang and Robinson,
chamber at a temperature of £29C and constant dark-  1995). Previous results (Goodman et al., 1993; Huang
ness, except for a few minutes of light during feeding et al., 1994; Huang and Robinson, 1995) indicate that
or experimental manipulations. Sugar syrup (Bee Happy, values from this RIA agree with two other RIAs, both
obtained from Bio-Bee Sde-Eliahu Industry) and fresh validated with gas chromatography/ mass spectroscopy
pollen (collected by honey bees) were supplied to all (de Kort et al., 1985; Goodman et al., 1990). For this
colonies ad libitum. Observations were performed under study, the RIA was validated for aduBt terrestrisusing

dim red light through a glass lid placed on top of the a method similar to that used for honey bees (Huang et
nest box. al., 1994) and burying beetles (Trumbo et al., 1995).
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Briefly, small amounts (approximately 7000 DPM) of 30

[10-H3 (N)]-JH 1ll (NEN, 629 Gbg/mmol) were added JH III standard
to hexane extracts of hemolymph samples=6). |
Approximately half of each sample was fractionated by 251

normal phase high performance liquid chromatography

(HPLC) (Alltech Econosil, 5 mm, 4.6 mr250 mm sil- 20 4

ica column; 10% diethyl ether in hexane, 1 ml/min). Pre-
vious studies have shown that this procedure separate
JH from most lipids (cholesterol, cholesterol-oleate,
methyl-oleate, oleic acid and triolein; see Huang et al.,
1994). One-minute fractions were collected, dried, and
resuspended in 20 ethanol. An aliquot of each fraction
was analyzed for radioactivity to determine the recovery
of JH Ill (68.4+10.2%,n=6). Another aliquot was ana-
lyzed for immunoreactivity using RIA. Similar aliquots
of the unfractionated half of each sample were also ana-
lyzed for radioactivity and immunoreactivity. Because in

JH III equivalents (pg)

this experiment we used tritium-labeled JH IIl both for 1 3 5 7 9 11 13 15 17 19
calculating recovery and for measuring unlabeled JH in
the hemolymph, the percent binding in the RIA was Elution time (min)

adjusted by calculating a new, maximum binding. This

was done by assuming that the molecules of additional Fig. 1. Immunoreactivity of HPLC-separated adut terrestris

radioactive JH bind to the JH-antibody in the same pro- worker hemolymph samples%6). Fractions were collected every

portion as do the radioactive JH molecules in the JH— mlngte. Immunoreactivity was determlneq using RIA with antibodies
. . . against JH lll. For comparison, the horizontal open bar represents

ant,lbOdy mlx‘gure. The amou_nt of JH in each _sample was immunoreactivity of a JH Ill sample separated using a similar pro-

estimated using the new adjusted percent binding value.cedure.

The amount of immunoreactivity detected in the HPLC

fractions of each extract was similar to the amount

present in the unfractionated material (£Q8%, n=6). source colonies were collected and mixed before being

Most of this activity (8&14%, n=6) was detected in a assigned at random to each experimental group.

single peak that coeluted witfH]-JH Il (Fig. 1). No Measurements of JH titer, JH biosynthesis rate, and

other fractions had JH immunoreactivity higher than ovarian development were made from individual bees

background levels (less than 10 pg per tube). that were 0, 1, 3 or 6 days of age. Because the data for
JH biosynthesis rate and ovarian development for most
2.4. Measurement of ovarian development workers have already been published (Bloch et al.,

1996), here we report only JH titers and correlations of
Bees were dissected in bee saline as described abovehe three variables.
ovaries were removed, and the length of each terminal
(basal) oocyte was measured with an ocular ruler under2.6. Experiment Il: effect of colony development on
a dissecting microscopexZ5-50 magnification). The JH titers in young workers
mean length of all terminal oocytes<8) was used as
an index of ovarian development for each bee. The num- Callow workers were introduced into intact colonies
ber of mature oocytes with a clearly visible chorion was at different stages of colony development. Three stages
also recorded. of colony development were defined (Bloch and Hefetz,
1999): stage |, more than 2 weeks before the onset of
2.5. Experiment I. effect of the queen on the JH titer the CPh; stage Il, two weeks or less before the onset of
in young workers the CPh; stage lll, during the CPh. The onset of the CPh
was defined as the first day in which one or more of the
Callow workers (less than 12 h after eclosion and following events were observed:
before full coloration occurred) were collected and
marked with colored numbered tags. Some of thesel. oviposition behavior performed by workers;
workers were introduced into QR colonies and some 2. two or more open egg cups constructed over 2 or
were placed in groups of three in small plastic cages (95 more successive days;
mmx107 mnx107 mm, with a cardboard bottom) to 3. only one open egg cup observed over 2 or more suc-
form queenless (QL) groups. To minimize possible  cessive days, but with clear signs of cell destruction;
effects of genetic variation, callow bees from different 4. oophagy.
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In order to maintain the same worker density, an equal 2.9. Statistical analyses
number of workers was removed from the recipient col-
onies when the callow workers were introduced. Simi-
larly, when the introduced workers were collected for ~Measurements of ovarian development and JH titers
analysis, they were replaced by an equal number of cal-were not normally distributed, so logarithmic transfor-
low workers. Thus, the same colony could be used at med data were used for linear regression analyses. In all
different stages of development. In large colonies (over other statistical tests, non-parametric tests were used to
50 workers) during the CPh, up to five workers were compare ovarian development and JH titers: Kruskal—
introduced without adjusting worker number. JH titer Wallis for analysis of variance and Mann—Whitney for
and rates of JH biosynthesis were measured in 3-day-unpaired comparisons between two groups (Sokal and
old bees. JH biosynthesis rates for these workers haveRohlf, 1995).
also been published already (Bloch and Hefetz, 1999); Relationships between rates of JH biosynthesis, JH tit-
here we report only JH titer data and correlations of JH €rs and ovarian development were examined with linear
titer and JH biosynthesis rate. regression analysis based on the a priori assumptions that
JH titer and ovarian development depend on rates of JH
2.7. Experiment IIl: association of social status with ~ biosynthesis and that ovarian development depends on
JH titers, rate of JH biosynthesis and ovarian JH titer. These paired relationships were examined both
development in workers within and between experimental groups. Only data
obtained from the same bees were used to examine

Egg-laying workers were identified under a dim red these relationships.
light in QR and QL colonies at the competition phase. ~ To examine whether differences in JH titers among
A worker was defined as an egg layer if it was seen €gg-laying and non-egg-laying bees were associated
performing oviposition behavior, i.e. inserting her abdo- With differences in social status or with differences in
men into an egg cup for approximately 2 min while mov- ovarian development (Experiment Ill), we calculated the
ing her hind legs (Bloch and Hefetz, 1999). Previous regression of ovarian development on JH titers and then
studies indicate that oviposition behavior is performed used this relationship to remove the variation in JH titer
mainly by workers with high social status (Van Honk e€Xxplained by variation in ovarian development. The
and Hogeweg, 1981; Van Doorn and Heringa, 1986; Van relationship between ovarian development and JH titer
Doorn, 1987). Workers of similar size that did not exhi- was estimated as:
bit the behavior characteristic of dominant workers dur- )
ing a 5-10 min observation period were also collected L0g (JH titer)=2.26 1)
from the same colony. These were assumed to be non- 10 7 Log (terminal oocyte length)
egg-laying workers of lower social rank. Previous obser-

vations (Bloch, unpublished data) indicate that the 5-10 (see Fig. 5 below). This regression line was used to
min period is sufficient for assessing worker social rank, obtained an expected JH titer value for each bee based
because behavioral differences between low and highon its oocyte lengthY adjusted; Sokal and Rohlf, 1995)
ranked workers are easily distinguished (Van Honk et ysing the equation:
al., 1981; Van Doorn and Heringa, 1986). Dominance
behaviors included: oviposition behavior, egg cup con- Y adjusted=meanY+d,. 2
struction, agonistic behaviors toward other bees, egg cup
destruction and oophagy. Ovarian development, rates of
JH biosynthesis and JH titers were measured. Mean Y is the value obtained when positioning the
meanx value in the regression line antj., is the devi-
2.8. Experiment IV: comparison of JH titers and rates ation of the observed value from the regression line
of JH biosynthesis in queens (calculated by subtracting the expected JH titer from the
observed JH titer). This method could not be used to
JH titers and biosynthesis rates were measured inexamine whether differences in rates of JH biosynthesis
functional (actively egg laying) queens collected from among egg-laying and non-egg-laying bees were asso-
colonies before or during the CPh. JH biosynthesis ratesciated with differences in social status or with differ-
were measured in 3- and 6-day-old virgin queens. To ences in ovarian development, because regression analy-
assure that the queens were virgins, they were removedsis suggested that rates of JH biosynthesis and ovarian
from the nest as pupae or immediately after emergencedevelopment were independent (see Section 3). Instead,
(before pigmentation) and kept in small cages without we only compared rates of JH biosynthesis in egg-laying
males. Ovarian development for queens was scored sim-and non-egg-laying workers that had similar ovarian
ply as fully developed (functional queens) or undevel- development. Measstandard errors are reported
oped (virgin queens). throughout this paper.
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3. Results was evident at day 6 but the difference was not signifi-
cant, probably due to the high variation among QL work-
3.1. Experiment | effect of the queen on the JH titer ers (Mann—Whitney tes£=0.08, n=26).
in young workers There was much variation in the JH titers of bees in
the QL groups. Within a group of three, one worker gen-
Workers exhibited an age-dependent increase in JHerally had a high JH titer while the other two had titers
titer from emergence to 6 days of age (Fig. 2). However, similar to those of QR workers. The mean value for 6-
the pattern of increase in JH titer was different from the day-old workers with the highest titer in each group was
pattern of increase in JH biosynthesis rate (Fig. 2). The 677.3269.2 ng/ml (=5), compared with 174458.1
JH titer increased more rapidly in QL workers. There ng/ml (h=9) for the remaining bees. The variance in JH
were no significant differences in JH titers between 1- titer for 3- and 6-day-old QL bees was significantly
day-old QL or QR workers, but QL workers had signifi- higher than for QR bees (variance ratio 155 and 20.6,
cantly higher JH titers than QR workers by day 3 respectively; equality of variance F te$t:<0.0001). A
(Mann—-Whitney testP=0.013,n=14). A similar trend similar trend was also detected in 1-day-old bees
(variance ratio 3.9P=0.051).

3.2. Experiment Il: effect of colony development on
60 JH titers in young workers
N I 1, There was no significant difference in JH titer
404 T e T (Kruskal-Wallis test, d.£2, P=0.75) among workers

* 4 introduced into colonies at different stages of develop-
ment (Fig. 3). However, the pattern of changes in JH

:
1
30+ 7 i
)/f O — titer during colony development followed a similar trend

JH biosynthesis rate
(pmol/h/pair)

2032 1 to the pattern in ovarian development (Fig. 3). Three-
day-old QR workers in this experiment and in Experi-
ment | had similar JH titers although the samples were
collected during different periods (Mann-Whitney test,
P=0.87,n=62).

10

4001

3001

——

3.3. Experiment Ill: association of social status with
JH titers, rate of JH biosynthesis and ovarian

200 .
development in workers

JH titer (ng/ml)

* —tp—

JH titers, JH biosynthesis rates, and ovarian develop-
ment were similar for egg-laying workers from QL and
o o s QR colonies (two-way ANOVA, P=0.33, P=0.71,
P=0.26, respectively). Data for workers from these two
1.5+ I colony types were pooled for the following analyses.

‘1 Egg-laying workers had significantly higher JH
biosynthesis rates, JH titers, and greater ovarian develop-
ment than did non-egg-laying workers (Mann—Whitney
test, P=0.006, P=0.003, P<0.0001, respectively, Table
0.5 1). All egg-laying workers had developed ovaries
’ (largest terminal oocyte length over 2.5 mm) compared
with only 52.6% of the non-egg-laying workers. Eighty-

0 1 2 3 4 5 6 7 two percent of the laying workers had JH titers greater
than 100 ng/ml, compared with only 40% for non-egg-

Mean terminal

oocyte length (mm)

Age of workers (days) laying workers. Differences in JH titer, JH biosynthesis
rate, and ovarian development between egg-laying and
----¢--- Queenless —0O— Queenright non-egg-laying workers could not be explained by body

size. Head widths (an index of body size) were similar
Fig. 2. Rates of JH biosynthesis, JH titer, and ovarian development for egg-laying and non-egg-laying workers (4891

for young workers reared in queenless and queenright conditions. Each - _

point represents the measSE) of 7-24 individuals. Most of the data mm an_d 4'530'08 mm, respectlvelyn—16 for both

for JH biosynthesis rates and ovarian development were taken from 9roups; Unpa”'ed'tes'[{t:l-q?’ P=0.29). _

Bloch et al. (1996). P<0.05. To assess the relationship between social rank and JH
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Q 50 biosynthesis, independent of ovarian development, we
g~ compared JH biosynthesis only in egg-laying and non-
23 404 egg-laying workers with mean terminal oocyte lengths
.§ § a a greater than 2.5 mm (egg-laying, 249805 mm,n=31;
g3 30+ T —_ b non-egg-laying, 2.8#0.06 mm, n=15; Mann-Whitney
8 E \ '§V test,P=0.6). Rates of JH biosynthesis did not differ for
é & 204 \ \ _'_\\ the two groups (egg-laying, 3%3.1 pmol/h per pair,
= n=31; non-egg-laying, 24#4.4 pmol/h per pairn=15,
10- \\ k\ %\ d.f=44, P=0.22).
0 &1 NNV NS NN NVEN To examine whether JH titers were higher in egg-lay-
ing workers, independent of ovarian development, the
- expected JH titer was calculated (see Section 2 for
E 60 - T description of the analysis). There were no significant
E} > T 7 difference in JH titers between egg-laying and non-egg-
bl 40 V S T laying workers independent of ovarian development
& // (unpairedt-test,t=0.3, d.f=29, P=0.77). Using the same
E 20 method, it was also found that there was no significant
= 7 / // / difference in JH titer between bees with or without
12/ 37/ 17/ mature eggs (mature eggs have a visible chorion,
(A I Ak /s W 74 ullis, unpairedt-test, t=1.35, d.f=29, P=0.19).

8

§‘A 0.75 4 3.4. Experiment IV: comparison of JH titers and rates

° E ’ a a of JH biosynthesis in queens

<

=~

E < 0.5 All functional queens had developed ovaries. Most

o=y (72%) had JH titers that were above 100 ng/ml, but low

g = 0254 rates of JH biosynthesis compared with workers (see

g : Tables 1 and 2, and Figs. 2 and 3). All virgin queens
0 1765 =1 68 had undeveloped ovaries, and low rates of JH biosynth-

S T T

Stage I Stage I Stage III

Table 2

Rates of JH biosynthesis in vitro and JH titers in queens (&®&n

Colony stage
y stag sample size in parenthesgs)

Fig. 3. Rates of JH biosynthesis and JH titer for 3-day-old workers
and ovarian development for 7-day-old workers (msi) introduced

into queenright colonies at different stages of social development. Col-
ony development was divided into three stages: Stage |, 2 weeks before
the onset of the competition phase; Stage I, less than 2 weeks before
onset of the competition phase, and Stage Ill, during the competition
phase. Values within bars indicate sample sizes. Different letters indi-
cate statistically significant differences between grofsQq.05). Data

for JH biosynthesis rates and ovarian development were taken from
Bloch and Hefetz (1999).

Queen type JH biosynthesis Hemolymph JH
rates titer
(pmol/h per pair)  (ng/ml)

Pre-CPh functional queens 1683 (16) 181.246.7 (14)
CPh functional queens 188.2 (21) 279.646.5 (22)
Virgin queens 10.81.65 (16) Not determined

a CPh, competition phase, i.e. the phase of worker reproduction.
Differences between queen types were not statistically significant
(P>0.05, ANOVA for rates of JH biosynthesis, Mann—Whitney
test for JH titers).

Table 1
Rates of JH biosynthesis in vitro, JH titers, and ovarian development (mean terminal oocyte length) in egg-laying and non-egg-laying workers
(mearSE, sample size in parentheses)

Worker behavioral classification JH biosynthesis rates Hemolymph JH titer Mean terminal oocyte length
(pmol/h per pair) (ng/ml) (mm)

Egg-laying 34.133.22 (32) 394.681.4 (17) 2.%#0.06 (39)

Non-egg-laying 22.5#2.45 (30) 149.#40.6 (15) 1.320.17 (38)

a The differences between egg-laying and non-egg-laying workers were significant for all three paraefedd (Mann—Whitney test for JH
titers and ovarian development, unpaiteigst for rates of JH biosynthesis).
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Table 3
Relationships between rates of JH biosynthesis in vitro, JH titers, and ovarian develbpment
All workers Queenright Queenless Between groups

JH biosynthesis—JH titer 0.04 (151) 0.007 (97) 0.075 (40) 0.22 (10)

* ns ns ns
JH biosynthesis—ovarian 0.013 (156) 0.0001 (50) 0.12 (49) 0.07 (9)
development

ns ns * ns
JH titer—ovarian development 0.25 (95) 0.51 (42) 0.22 (38) 0.78 (9)

*%% *kk *%k%k *kk

a Results of linear regression analysis (n)] based on the a priori assumptions that JH titer and ovarian development depend on JH biosynthesis
rate, and that ovarian development depends on JH titer. Data for JH titers and ovarian development were analyzed after log transformation.
Significance of the variance explained by linear regressi®:0.05; **P<0.01; ***P<0.001; ns, not significant.

esis that were not statistically different from those of regression was not significant for functional queens
functional queens (ANOVAP=0.09, Table 2). There (r?=0.1,n=21, P=0.16).
was no significant difference in JH titers or rates of JH  To reduce the effects of individual variation and sam-
biosynthesis between functional queens from coloniespling error we performed further regression analyses
before or during the CPh (Mann—Whitney teBt0.18, using the means of defined groups of bees with similar
Table 2). ages that developed under similar social conditions
(between-group regression, Table 3). Both JH biosynth-
3.5. The relationship between rates of JH biosynthesis esis and JH titers increased for workers 0—-3 days of age
and JH titer (QL and QR workers), producing a significant
regression. However, the means of 6-day-old workers,
JH biosynthesis rates accounted for only 4% of the egg-laying workers and non-egg-laying workers deviated
variance in JH titers (Table 3, all workers). We also con- from this regression line due to their high JH titer (Fig.
ducted more detailed analyses by examining the 2). This trend was more evident in functional queens that
regression separately for QL and QR workers and for had low JH biosynthesis rates and high JH titers.
workers at different ages (Table 3). The regression was
significant only when we restricted the analysis to 0- to 3.6. The relationship between JH biosynthesis rates
3-day-old workers, but even for these workers, variation and ovarian development
in JH biosynthesis rate accounted for only 7% of the
variation in JH titer 2=0.07). Within an even more The relationship between rates of JH biosynthesis and
homogeneous group (3-day-old QR workers, pooled dataovarian development changed under different social con-
from Experiments | and 1l), the regression was not sig- ditions and in different age groups. For example, the
nificant (Fig. 4,r>=0.01, n=62, P=0.43). Likewise, the  within-group regression of ovarian development on rates
of JH biosynthesis was not significant in a pooled sample
of all workers or in QR colonies. However, when the

. ° ° analysis was limited to QL workers, the regression was

@ 5 . significant. There was no significant association between
o o - *% . - . the two variables when a between-group analysis was

S . '.0. o 8o ® . conducted (Table 3). For example, 3-day-old QL work-
2 154 . ® . ® %, . ers showed the highest mean rates of JH biosynthesis
E . o % . % . . but had undeveloped ovaries (Fig. 2), and laying workers
oo . . ° . had highly developed ovaries but moderate rates of JH
S 1 . ¢ e, biosynthesis (Table 1). Likewise, functional queens had

° & L ° ¢ mature eggs in their ovaries but low rates of JH

biosynthesis (Table 2).
0.5 LU AL L L L L L L N B B L L L B

0 10 20 30 40 S50 60 70 80 3.7. The relationship between JH titer and ovarian
. . . development
JH biosynthesis rates (pmol/h/pair)
Fig. 4. The relationship between JH biosynthesis rates in vitro and A _S|gn|f|cant linear regre_ssmn was obtained b_etween
JH titer in 3-day-old queenright workers. Each point represents both JH titer and worker ovarian development. This was
measurements from the same individuat62). observed for all workers, or for QR and QL workers



54 G. Bloch et al. / Journal of Insect Physiology 46 (2000) 47-57

when analyzed separately (Table 3). The highest JH tit- status showed differences in JH titers. The association
ers were obtained for bees with highly developed ovar- between social status and JH titers might, at first appear-
ies: functional queens and egg-laying workers. A com- ance, provide support for previous suggestions that JH
parison of the means of the different groups produced ais involved in the modulation of dominance behavior in
highly significant between-group regression of ovarian bumble bees (Van Doorn, 1989; Larrere and Couillaud,
development on JH titer (Fig. 5, Table¥B;1.43X—3.24, 1993), in addition to its role as a gonadotropin. However,
r’=0.78,n=9). since position in a dominance hierarchy often is associa-
ted with differences in ovarian developmentBn ter-
_ _ restris these two factors can be confounded. When we
4. Discussion statistically removed the effect of ovarian development,
we found that JH titers are not correlated with high
This study presents for the first time for social insects social status. This finding does not support the hypoth-
measurement of JH titers, JH biosynthesis, and ovarianesis that JH is involved in the modulation of dominance
development in the same individuals reared under vari- hehavior, but is consistent with previous studies that
vious studies demonstrating the influence of the social yominance in either QL or QR conditions (Van Doorn
environment onB. terrestris reproduction (Duchateau 1987, 1989). In contrast, treatment Bblistes wasps
and Velthuis, 1989; Reeler and Van Honk, 1990; Bloch ith JH alone or in combination with 20-hydroxy ecdy-
etal., 1996; Bloch and Hefetz, 1999). They also provide sone increased the probability of becoming dominant
important support for the hypothesis that the effects of (Barth et al., 1975; Reeler et al., 1984).
the social environment on reproduction are mediated by * pjfterences in the social environment were also asso-
JH (reviewed in Reeler and Van Honk, 1990). ciated with differences in rates of JH biosynthesis. How-
The correlation between titer of JH Ill, the only JH  o/er these rates were not always correlated with JH tit-
hom_ologue found |n'B. terrestris hemolym_ph, anq ers or with ovarian development. Correlations were
ovarian development in this study, coupled with previous better for young workers than for old workers. The
resultg showing_thatJH | treatment causgd adose'depenfelationship between rates of JH biosynthesis and JH
def‘t Increase in oocyte .develop_ment in QR wc_)rkers titer has been closely examined only in a few insect
(Roseler, 1977), are consistent with the hypothesis thatspecies. In our study (using RIA) and in a previous study
JH is a gonado?ropm n bl.mb.le bees. However, to (using theGalleria bioassay), these two variables were
further support this hypothesis it is necessary to Cor]dUCtnot correlated when measured in the same individuals
experiments in which ovarian development is analyzed (Lanzrein et al., 1978). In two other studies where both
following CA removal and JH replacement. N Co o
Differences in the social environment were associated measurements were obtained from th.e same md'V'dL.JaIS’
these variables were correlated, but different correlations

with changes in titers of JH Il irB. terrestrishemo- were obtained at different times (Huang and Robinson
lymph. In addition, bees of presumed different social 1995) or under different physiological conditions

1 (Renucci et al., 1990). The lack of correlation between

o JH biosynthesis rate and JH titer raises two fundamental
> 0.5 - questions: (1) is the level of hormone biosynthesis rates
g measured in vitro a reliable estimate of hormone pro-
Té’é‘ 0 4 duction in vivo? (2) Is it reasonable to expect that hor-
g E mone production will always be correlated with its circu-
2 05 lating levels?

g5 Studies relying on measurements of JH biosynthesis
£ 14 by the CA in vitro have been very successful in elucidat-
& ing the hormonal bases of reproduction in many insect
- .15 species (reviewed in Tobe and Stay, 1985; Feyereisen,

1985; Koeppe et al., 1985; Nijhout, 1994). We suggest
Loe JH 6 | that there are species-specific differences, and stage-spe-
og JH titer (ng/ ml) cific intraspecies differences in the regulation of the CA
Fig. 5. The relationship between JH titer and ovarian development (Unnithan et al., 1998), that might result in in vitro
between means of defined groups of bees. Each point represents thactivity that does not reflect changes in JH titer. There
QR, queenright; QL, queenless; LW, laying workers; NLW, non-laying . . ' _
workers. Numbers indicate bee age (days). The solid line is the Co_mbmed’ that may be respon3|ble f_or_a l?‘Ck of corre
regression line for the two variablesY=3.2X—7.27, ?=0.79, lation between rates of JH biosynthesis in vitro and hem-

P<0.001). olymph JH titers.

—
—
(9]
N
[\®}
(9]
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1. There is a time lag between the changes in JH dependent division of labor among workers, (reviewed in
biosynthesis rates and changes in its titer. For Robinson, 1992; Robinson and Vargo, 1997), including
example, it appears that the fast increase in JH effects of the social environment on JH-mediated worker
biosynthesis after 1 day of QL conditions in our study behavior (Huang and Robinson, 1992, 1996). This sug-
resulted in an elevation of JH titers only after 2 or 3 gests that comparative studies on the effect of the social
days (Fig. 2, see also'Reler and Van Honk, 1990; environment on JH in bumble bees and honey bees can
Bloch et al., 1996). be used to explore evolutionary aspects of this regulat-

2. CA activity is influenced by neural stimuli and ory mechanism.
exposure to allatostatins and allatotropins (e.g. Gadot
and Applebaum, 1985; Stay and Woodhead, 1993;

Kaatz et al., 1994; Woodring and Hoffmann, 1994; Acknowledgements
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biosynthesis than in vivo. For example, Okuda et al. erous support of the Josef Buchmann Doctoral Fellow-
(1996) reported a negative correlation between JH ship Fund (to GB) and a research grant funded by the
biosynthesis rates in vitro and ovarian development Binational Agriculture Research and Development
in the locustLocusta migratoria a species in which  (BARD) grant No. 1S-2306-93 (to AH and GER). We
JH regulates ovarian development. This is possibly would like to thank Tugrul Giray and Jamal Moshtagh-
because the CA in vitro were removed from endogen- ian for assistance in JH titer analyses, and Joseph Sulli-
ous sources of inhibition (Okuda and Tanaka, 1997). van for critically reading and commenting on previous
Likewise, Unnithan et al. (1998) recently showed for versions of this manuscript.

the cockroachDiploptera punctatathat denervation

releases the CA from brain inhibition.

3. JH titers might not be determined solely by JH References
biosynthesis, but also by changes in JH degradation
and excretion (Tobe and Stay, 1985; Hammock, Barth, R.H., Lester, L.J., Sroka, P., Kessler, T., Hearn, R., 1975. Juven-
1985). ile hormone promotes dominance behavior and ovarian develop-

4. Insects can have high JH titers but low CA activities __Mentin social waspslistes annularis Experientia 31, 691-692.
due to a negative feedback mechanism (for review SeeBeII, W.J., 1973. Factors cont_rolllng initiation of vitellogenesis |r.1 a

- primitively social bee, Lasioglossum zephyrunfHymenoptera:

Feyereisen, 1985; Tobe and Stay, 1985; Khan, 1988).  Hajictidae). Insectes Sociaux 20, 253-260.

For example, in our study it is possible that laying Bloch, G., Borst, D.W., Robinson, G.E., Huang, Z.-Y., Hefetz, A.,

workers and functional queens had low rates of JH 1996. Effects of social conditions on juvenile hormone mediated

biosynthesis because they produced only enough JH reproductive development iBombus terrestrisvorkers. Physio-

: . logical Entomology 21, 257-267.
to balance degradation and excretion, but they had Bloch, G., Hefetz, A., 1999. Regulation of reproduction by dominant

high JH titers due to previously high levels of JH workers in bumble beeBombus terrestrjs queenright colonies.
biosynthesis. Behavioral Ecology and Sociobiology 45, 125-135.
5. JH might be produced in a pulsatile fashion, typical of Bourke, A.F.G., 1988. Worker reproduction in the higher eusocial
many vertebrate hormones, or with a circadian rhythm _ Hymenoptera. Quarterly Reviews in Biology 63, 291-311.
(Krie er. 1979: Krieger and Aschoff. 1979 Turek and Cayre, M., SFrambl,_C., Strambi, A., 1994. Neurogenesis in an adult
ger, ’ g ! ’ ) insect brain and its hormonal control. Nature 368, 57-59.
Van Cauter, 1988; Leng and Brown, 1997). Given payey, K.G., 1996. Hormonal control of the follicular epithelium dur-
that the radiochemical assay for measuring rates of ing vitellogenin uptake. Invertebrate Reproduction and Develop-
JH biosynthesis in vitro has been so useful in  ment 30, 249-254. _ ‘
developing our understanding of JH regulation of de Kort, C.A_.D.,_Koopmanschap,A.B.,Strqn_]bl,C., Strambi, A., 1985.
reproduction. these more recent studies suaaest that The_ applllcatlon and e\‘/aluapon of a radioimmunoassay for measur-
. p . ! ) g9 ing juvenile hormone titers in Colorado beetle haemolymph. Insect
it is important to study JH dynamics and the regu- Biochemistry 15, 771-775.

lation of the CA in a boarder array of insect species. Duchateau, M.J., Velthuis, H.H.W., 1988. Development and repro-
ductive strategies ilBBombus terrestriscolonies. Behaviour 107,

Conducting such studies oB. terrestris would hel 186-207.
9 P Duchateau, M.J., Velthuis, H.H.W., 1989. Ovarian development and

”Iumm,ate |ssue§ and perhaps_ mcreas,e our understandlng egg-laying in workers oBombus terrestrisEntomologia Experi-
of social regulation of endocrine-mediated reproduction.  mentalis et Applicata 51, 199-213.
Our study suggests that the role of JH in bumble beesEngels, W., Kaatz, H.H., Zillikens, A., Simoes, P., Trube, A., Braun,
is different from its role in the honey bee, a related spec- ~ R., Dittrich, F., 1990. Honey bee reproduction: vitellogenin and
ies from the same family (Apidae). In the honey bee, JH caste—speqlflc regulation of fertility. Advances in Invertebrates
is not known to be involved in the regulation of ovarian Reproduction S, 495-502.

. Feyereisen, R., Tobe, S.S., 1981. A rapid partition assay for routine
development (Engels et al., 1990; Robinson et al. 1991, “analysis of juvenile hormone release by insect corpora allata. Ana-
1992), but has been implicated in the regulation of age- Iytical Biochemistry 111, 372-375.



56

Feyereisen, R., 1985. Regulation of juvenile hormone titer: synthesis.
In: Kerkut, G.A., Gilbert, L.I. (Eds.), Comprehensive Insect Physi-
ology, Biochemistry and Pharmacology. Pergamon Press, Oxford,
pp. 391-429.

Fletcher, D.J.C., Ross, K.G., 1985. Regulation of reproduction in euso-
cial Hymenoptera. Annual Review Entomology 30, 319-343.

Gadot, M., Applebaum, S.W., 1985. Rapid in vitro activation of
corpora allata by extracted locust brain allatotropic factor. Archives
of Insect Biochemistry and Physiology 2, 117-129.

Goodman, W.G., Coy, D.C., Baker, F.C., Xu, L., Toong, Y.C., 1990.
Development and application of radioimmunoassay for the juvenile
hormones. Insect Biochemistry 20, 357—-364.

Goodman, W.G., Huang, Z.-Y., Robinson, G.E., Strambi, A., Strambi,
C., 1993. A comparison of two juvenile hormone radioimmunoas-
says. Archives of Insect Biochemistry and Physiology 23, 147-152.

Hammock, B.D., 1985. Regulation of juvenile hormone titer: degra-
dation. In: Kerkut, G.A., Gilbert, L.I. (Eds.), Comprehensive Insect
Physiology, Biochemistry and Pharmacology. Pergamon Press,
Oxford, pp. 431-472.

Heinze, J., Hiddobler, B., Peeters, C., 1994. Conflict and cooperation
in ant societies. Naturwissenschaften 81, 489-497.

Huang, Z.Y., Robinson, G.E., 1992. Honeybee colony integration:
worker—worker interactions mediate hormonally regulated plas-
ticity in division of labor. Proceedings of the National Academy
of Sciences USA 89, 11726-11729.

Huang, Z.-Y., Robinson, G.E., 1995. Seasonal changes in juvenile hor-
mone titers and rates of biosynthesis in honey bees. Journal of

Comparative Physiology B 165, 18-28.

Huang, Z.-Y., Robinson, G.E., 1996. Regulation of honey bee division
of labor by colony age demography. Behavioral Ecology and
Sociobiology 39, 147-158.

Huang, Z.-Y., Robinson, G.E., Borst, D.W., 1994. Physiological corre-
lates of division of labor among similarly aged honey bees. Journal
of Comparative Physiology A 174, 731-739.

Huang, Z.-Y., Plettner, E., Robinson, G.E., 1998. Effects of social
environment and worker mandibular glands on endocrine-mediated
behavioral development in honey bees. Journal of Comparative
Physiology A 183, 143-152.

Hunnicutt, D., Toong, Y.C., Borst, D.W., 1989. A chiral specific anti-
serum for juvenile hormone. American Zoologist 29, 48a.

Kaatz, H.-H., Eichmuller, S., Kreissl, S., 1994. Stimulatory effect of
octopamine on juvenile hormone biosynthesis in honey b&pis (
mellifera): physiological and immunocytochemical evidence. Jour-
nal of Insect Physiology 40, 865-872.

Khan, M.A., 1988. Brain-controlled synthesis of juvenile hormone in
adult insects. Entomologia Experimentalis et Applicata 46, 3—-17.

Koeppe, J.K., Fuchs, M., Chen, T.T., Hunt, L.M., Kovalick, G.E., Bri-
ers, T., 1985. The role of juvenile hormone in reproduction. In:
Kerkut, G.A., Gilbert, L.I. (Eds.), Comprehensive Insect Physi-
ology, Biochemistry and Pharmacology. Pergamon Press, Oxford,
pp. 165-204.

Krieger, D.T., 1979. Endocrine Rhythms. Raven Press, New York.

Krieger, D.T., Aschoff, J., 1979. Endocrine and other biological
rhythms. In: De Groot, L.J. (Ed.) Endocrinology., vol. 3. Grune
and Stratton, New York, pp. 2079-2110.

Lanzrein, B., Gentinetta, V., Fehr, R., Luscher, M., 1978. Correlation
between haemolymph juvenile hormone titre, corpus allatum vol-
ume an corpus allatum in vivo and in vitro activity during oocyte
maturation in a cockroactN@auphoeta cinerdaGeneral and Com-
parative Endocrinology 36, 339-345.

Larrere, M., Couillaud, F., 1993. Role of juvenile hormone biosynth-

esis in dominance status and reproduction of the bumblebee

Bombus terrestris Behavioral Ecology and Sociobiology 33,
335-338.

Leng, G., Brown, D., 1997. The origins and significance of pulsatility
in hormone secretion from the pituitary. Journal of Neuroendocrin-
ology 9, 493-513.

G. Bloch et al. / Journal of Insect Physiology 46 (2000) 47-57

Michener, C.D., 1974. The Social Behavior of the Bees. 2nd ed. The
Belknap Press of Harvard University Press, Cambridge, MA.

Nijhout, H.F., 1994. Insect Hormones. Princeton University Press,
Princeton, NJ.

Okuda, T., Tanaka, S., 1997. An allatostatic factor and juvenile hor-
mone synthesis by corpora allatalincusta migratoriaJournal of
Insect Physiology 43, 635-641.

Okuda, T., Tanaka, S., Kotaki, T., Ferenz, H.J., 1996. Role of the
corpora allata and juvenile hormone in the control of imaginal
diapause and reproduction in three species of locusts. Journal of
Insect Physiology 42, 943-951.

Pratt, G.E., Tobe, S.S., 1974. Juvenile hormone radiobiosynthesised
by corpora allata of adult female locusts in vitro. Life Sciences 14,
575-586.

Renucci, M., Strambi, C., Strambi, A., Augier, R., Charpin, P., 1990.
Ovaries and regulation of juvenile hormone titer Acheta dom-
esticusL. (Orthoptera). General and Comparative Endocrinology
78, 137-149.

Robinson, G.E., 1992. Regulation of division of labor in insect
societies. Annual Review Entomology 37, 637—-665.

Robinson, G.E., Vargo, E.L., 1997. Juvenile hormone in adult eusocial
Hymenoptera: gonadotropin and behavioral pacemaker. Archives
of Insect Biochemistry and Physiology 35, 559-583.

Robinson, G.E., Strambi, C., Strambi, A., Feldlaufer, M.F., 1991.
Comparison of juvenile hormone and ecdysteroid hemolymph titres
in adult worker and queen honey bedgis melliferg. Journal of
Insect Physiology 37, 929-936.

Robinson, G.E., Strambi, C., Strambi, A., Huang, Z.-Y., 1992. Repro-
duction in worker honey bees is associated with low juvenile hor-
mone titers and rates of biosynthesis. General and Comparative
Endocrinology 87, 471-480.

Roseler, P.F., 1977. Juvenile hormone control of oogenesis in bumble-
bee workersBombus terrestrisJournal of Insect Physiology 23,
985-992.

Roseler, P.F., 1991. Reproductive competition during colony establish-
ment. In: Ross, K.G., Matthews, R.W. (Eds.), The Social Biology
of Wasps. Cornell University Press, Ithaca, NY, pp. 309-335.

Roseler, P.F., Reeler, ., 1978. Studies on the regulation of the juven-
ile hormone titre in bumblebee workeB®mbus terrestrisJournal
of Insect Physiology 24, 707-713.

Roseler, P.F., Van Honk, C.G.J., 1990. Castes and reproduction in
Bumblebees. In: Engels, W. (Ed.), Social Insects, an Evolutionary
Approach to Castes and Reproduction. Springer-Verlag, Berlin, pp.
147-166.

Roseler, P.F., Reeler, I., Strambi, A., Augier, R., 1984. Influence of
insect hormones on the establishment of dominance hierarchies
among foundresses of the paper w&sistes gallicusBehavioral
Ecology and Sociobiology 15, 133-142.

Sokal, R.R., Rohlf, F.J., 1995. Biometry. 3rd ed. W.H. Freeman and
Company, New York.

Spradbery, J.P., 1991. Evolution of queen number and queen control.
In: Ross, K.G., Matthews, R.W. (Eds.), The Social Biology of
Wasps. Cornell University Press, Ithaca, NY, pp. 336-388.

Stay, B., Woodhead, A.P., 1993. Neuropeptide regulators of insect
corpora allata. American Zoologist 33, 357-364.

Stay, B., Tobe, S.S., Bendena, W.G., 1997. Allatostatins: identification,
primary structure, functions and distribution. Advances in Insect
Physiology 25, 267-337.

Tobe, S.S., Pratt, G.E., 1974. The influence of substrate concentrations
on the rate of insect juvenile hormone biosynthesis by corpora-
allata of the desert locust in vitro. Biochemistry Journal 144,
107-113.

Tobe, S.S., Stay, B., 1985. Structure and regulation of the corpus alla-
tum. Advances in Insect Physiology 18, 305-432.

Trumbo, S.T., Borst, D.W., Robinson, G.E., 1995. Rapid elevation of
juvenile hormone titer during behavioral assessment of the breeding



G. Bloch et al. / Journal of Insect Physiology 46 (2000) 47-57

resources by the burying beeti&crophorus orbicollis Journal of
Insect Physiology 41, 535-543.

Turek, F.W., Van Cauter, E., 1988. Rhythms in reproduction. In: Kno-
bil, E., Neill, J.D. (Eds.), The Physiology of Reproduction. Raven
Press, New York, pp. 1789-1830.

Unnithan, G.C., Sutherland, T.D., Cromey, D.W., Feyereisen, R., 1998.

A factor causing stable stimulation of juvenile hormone synthesis
by Diploptera punctatacorpora allata in vitro. Journal of Insect
Physiology 44, 1027-1037.

Van Doorn, A., 1987. Investigations into the regulation of dominance
behaviour and of the division of labour in bumblebee colonies
(Bombus terrestr)s Netherlands Journal of Zoology 37, 255-276.

Van Doorn, A., 1989. Factors influencing dominance behaviour in que-
enless bumblebee workef3dmbus terrestrjs Physiological Ento-
mology 14, 211-221.

57

Van Doorn, A., Heringa, J., 1986. The ontogeny of a dominance hier-
archy in colonies of the bumble bedombus terrestris
(Hymenoptera: Apidae). Insectes Sociaux 33, 3-25.

Van Honk, C.G.J., Hogeweg, P., 1981. The ontogeny of the social
structure in a captivBombus terrestrisolony. Behavioral Ecology
and Sociobiology 9, 111-119.

Van Honk, C.G.J., Reeler, P.F., Hoogeveen, J.C., 1981. Factors
influencing the egg laying of workers in a captBembus terrestris
colony. Behavioral Ecology and Sociobiology 9, 9-14.

Wilson, E.O., 1971. The Insect Societies. 3rd ed. Belknap Press of
Harvard University Press, Cambridge, MA.

Woodring, J., Hoffmann, K.H., 1994. The effects of octopamine, dopa-
mine and serotonin on juvenile hormone synthesis, in vitro, in the
cricket Gryllus bimaculatus Journal of Insect Physiology 40,
797-802.



