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The insect gut: A new source of ecdysiotropic peptides
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Summary. Proctodaea of European corn borer (Ostrinia nubilalis) and gypsy moth (Lymantria dispar) last instars
(larvae) contain prothoracicotropic factors that stimulate the prothoracic glands (PGs) of the gypsy moth to produce
both ecdysone and 3-dehydroecdysone (precursors to the insect molting hormone) in a dose-dependent manner. In
a separate in vivo assay, injections of proctodaeal extracts into gypsy moth larvae that were head-ligated before the
release of the molt-stimulating brain hormone, PTTH, resulted in a pupal molt.
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Prothoracicotropic hormones (PTTHs) are important
ecdysiotropic neurohormones that stimulate the insect
prothoracic glands (PGs) to produce an ecdysteroid
which is a precursor to the molting hormone, 20-hydroxy-
ecdysone 2. The only site of synthesis reported for
PTTH is a pair of neurosecretory cells located in either
the lateral or median protocerebrum of the brain>~>. In
response to endogenous and/or exogenous cues, PTTH is
released from its neurohemal organ® into the
hemolymph and transported to the PGs. While it was
previously thought that ecdysone was the only ecdys-
teroid secreted by the PGs” 8, it is now known that PGs
of the tobacco hornworm, Manduca sexta® and of the
gypsy moth, Lymantria dispar'®, produce 3-dehy-
droecdysone, a precursor, which is then converted to
ecdysone by a 3f-forming-3-ketoecdysteroid reductase
(ketoreductase), and later by peripheral tissues to the
physiologically active molting hormone, 20-hydroxy-
ecdysone. Since Beck and his colleagues ! reported the
existence of a factor (proctodone) in the hindgut which
stimulated the onset of development in diapausing (‘hi-
bernating’) European corn borer (Ostrinia nubilalis)
larvae, it was decided to examine larval proctodaeal ex-
tracts for the presence of ecdysiotropic factors. We now
report that in addition to the brain, large amounts of
ecdysiotropic factor(s) are present in the hindgut of O.
nubilalis, and in the hindgut of L. dispar; and that these
factors stimulate the production of both ecdysone and
3-dehydroecdysone by the PGs of L. dispar.

Proctodaeca minus recta (pylorus and anterior intes-
tine) *2 were dissected from laboratory-reared O. nubilal-
is'? and L. dispar prepupae (last stage larvae in the pro-
cess of, or having completed gut purge) 14, and placed in
Grace’s medium (GIBCO, Grand Island, NY) for 20-
60 min prior to being frozen at -20 °C. When needed,
proctodaea were thawed and homogenized in ice-cold
Grace’s medium. To remove tissue debris and large
proteins, homogenates were boiled for 2.5 min, cen-
trifuged at 16,000 x g and 4 °C (3 min), and the superna-
tants removed and stored on ice. A triple incubation in
vitro PG assay, modified from previously described in
vitro assays'® % was utilized to measure the ecdys-
iotropic activity in these extracts (fig. 1).

Results and discussion

The antibody (provided by W. E. Bollenbacher, Universi-
ty of North Carolina, Chapel Hill, and characterized by
us [unpublished results]) used here for the RIA, detects
ecdysone, 20-hydroxyecdysone,26-hydroxyecdysone, and
20,26-dihydroxyecdysone, but not 3-dehydroecdysone.
Since the only RIA-detectable ecdysteroid produced by
L. dispar PGs (with our antibody) is ecdysone '®, detect-
able ecdysteroid in ‘G’ or ‘Gc’ (fig. 1) was due to the
production of ecdysone, while the detectable ecdysteroid
in ‘K’ or ‘K¢’ (fig. 1) was due to the production of both
ecdysone and 3-dehydroecdysone, the latter having been
converted to ecdysone by the added ketoreductase.
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Figure 1. PGs of day-5 last stage larvae of L. dispar, were pre-incubated
in a 25-pl drop of Grace’s medium for 2 h. After this time, ecdysteroid
production dropped to low levels *®, Glands were then rinsed in Grace’s
medium and transferred to 25 pl of fresh Grace’s medium (controls) or to
25 pl of Grace’s medium containing the desired concentration of boiled
proctodacal extract. After an additional 2 h of incubation, the PGs were
removed and the incubation medium was divided into 2 drops containing
11pl of fluid each. To one drop, we added 12 ul of Grace’s medium; to the
other, we added 12 pl (0.25 equivalents) of a crude preparation of freshly

Therefore, to determine the titer of 3-dehydroecdysone
synthesized by the PGs, total ecdysteroid in ‘G’ was sub-
tracted from that in ‘K’. Results were expressed (fig. 2) as
an activation ratio, A,, i.e., [G]/[Gc] for ecdysone and
[K-G]/[Kc-Gc] for 3-dehydroecdysone. Typical control
values were 15 to 40 pg ecdysone for ‘Ge’ and 75 to
150 pg ecdysone for ‘Kc’. For both boiled and unboiled
proctodaeal extracts, ecdysteroid content as measured by
RIA was negligible.

Proctodaeal extracts from O. nubilalis stimulated pro-
duction of both ecdysone and 3-dehydroecdysone in a
dose-dependent manner (fig. 2) with maximum stimula-
tion occurring at 0.125 organ equivalents. The A's re-
ported here are approximately 5—10 x higher than those
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Figure 2. PG production of ecdysteroid upon stimulation by O. nubilalis
proctodaeal extracts. A, = [picograms (pg) of RIA-detectable ecdys-
teroid produced by experimental glands] / [picograms (pg) of ecdysteroid
produced by their respective controls}, [G] / [Gc] and [K-G}] / [Ke-Ge] for
ecdysone and 3-dehydroecdysone respectively (fig. 1). Each point is the
mean of at least 6 separate determinations. Error bars represent the
standard error of the mean.

O+ Unheated Proctodaeal Extract - RIA (K)

(ketoreductase)

extracted unboiled proctodaeal tissue, a good source of the enzyme(s),
ecdysteroid ketoreductase 2!, After a 3rd 2-h incubation, 15-pl aliquots
were transferred to 6 x 50-mm tubes, and the enzymatic reaction was
stopped with 30 pl of absolute methanol. Ecdysteroid titers were mea-
sured by radioimmunoassay (RIA) (30). ‘Ge’ and ‘K¢’ were controls that
received Grace’s medium and ketoreductase respectively for the third
(last) 2-h incubation. ‘G’ and ‘K’ were experimental samples that received
Grace’s medium and ketoreductase respectively for the last incubation.

reported by Bollenbacher et al.'® for M. sexta. This
difference can be explained by our use of a 2-h preincuba-
tion which allowed ecdysteroid production by PGs to
drop to low levels prior to the addition of the boiled
proctodaeal extracts. When stimulated, L. dispar PGs
released 3-5 times more 3-dehydroecdysone than
ecdysone, but A s were similar because the controls for
ecdysone were proportionally lower than those for 3-de-
hydroecdysone production. Preparations of L. dispar
proctodaea also showed considerable ecdysiotropic ac-
tivity. In contrast, extracts prepared from testes, salivary
glands, mandibular glands, malpighian tubules,
subesophageal ganglia and fat body produced little
(A, < 3) or no stimulatory activity (data not shown). The
protein concentration of these extracts ranged from 0.5 —
10 pg while that of active proctodaeal extracts was in the
range of 0.3 — 6 ug. For O. nubilalis, reverse-phase
HPLC-RIA 20 of pooled aliquots of incubation fluid af-
ter either treatment ‘G’ or ‘K’ revealed the presence of a
peak that had the same retention time as ecdysone, the
peak after treatment ‘K’ being larger than that after
treatment ‘G’ (fig. 3A). For ‘K’ very small amounts of a
polar ecdysteroid and an ecdysteroid having the same
retention time as 20-hydroxyecdysone also were ob-
served. To verify that ‘G’ did indeed contain considerable
3-dehydroecdysone, pooled samples of ‘G’ were subject-
ed to HPLC. When fractions were dried, incubated with
ketoreductase (unheated proctodaeal extracts) and then
assayed by RIA, detectable ecdysteroid was observed
only for those fractions (47—53) that had the same reten-
tion time as 3-dehydroecdysone (fig. 3B). Additiona]
HPLC revealed that more than 95% of this RIA-detect-
able ecdysteroid had the same retention time as ecdysone.
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Figure 3. 4 HPLC-RIA of incubation medium from 6 L. dispar PGs
stimulated with boiled proctodaeal extract of O. nubilalis and then in-
cubated with either Grace’s medium ‘G’, or unheated proctodaeal ex-
tract, ‘K’, containing an active ketoreductase as described in fig. 1. Ex-
tracts were fractionated on a reverse-phase Supelco LC-18DB column
with 41 % aqueous methanol as the eluting solvent. The flow rate was
2ml- min~! and fractions of 0.60 ml were collected. Fraction numbers
for 20-hydroxyecdysone (20-OH), ecdysone (E), and 3-dehydroecdysone
(3-DehydroE) are shown. The graph represents results from a single
experiment, but duplicate runs were almost identical. B HPLC fractions
(from treatment ‘G’) that were converted to RIA-detectable ecdysteroid
after treatment with ketoreductase. Pooled aliquots of incubation fluid
were extracted and processed for HPLC. All fractions except those having
the same retention time as ecdysone were dried and then incubated with
0.25 organ equivalents of unheated proctodaeal extract (ketoreductase)
for 2 h. The reaction was stopped with absolute methanol; tubes were
dried and subjected to RIA. Only fractions having the same retention
time as 3-dehydroecdysone were converted by the ketoreductase in the
unheated proctodaeal extract to RIA-detectable ecdysteroid.

When it was originally reported that M. sexta PGs pro-
duced 3-dehydroecdysone, the authors showed that
hemolymph contained considerable ketoreductase activ-
ity and hypothesized that the PGs also possessed some
enzyme activity®. In earlier experiments, we did not de-
tect any ketoreductase activity in extracts of L. dispar
PG’s?!. However, by adding aliquots of whole ho-
mogenates of PG glands to 3-dehydroecdysone, incubat-
ing for 2 h, and analyzing the methanol-extracted incu-
bation mixture by HPLC-RIA, we have confirmed that
these glands contain ketoreductase that converts 3-dehy-
droecdysone to ecdysone. Thus, the ecdysone detected
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after incubating L. dispar PG glands with heated procto-
daeal extract is probably the result of the conversion of
the gland’s product, 3-dehydroecdysone to ecdysone by
the PGs themselves.

Exposure of proctodaeal extracts from Ostrinia to
pronase destroyed 80 and 92 % of the prothoracicotropic
activity promoting ecdysone and 3-dehydroecdysone
production, respectively, attesting to the proteinaceous
nature of the gut ecdysiotropin(s). Since this factor(s) is
stable to boiling and to treatment with acetonitrile-TFA
and methanol-TFA (unpublished results), it is likely that
it is a peptide or small protein. After centrifugation
through Amicon filters (Amicon, Division of W.R.
Grace and Co., Danvers, MA), activity was detected in
the 3—10, 10-30, and greater than 30 KD range. There-
fore, the proctodaea may contain more than one peptidic
factor with prothoracicotropic activity.

To determine the effect of exposure time to the procto-
daeal ecdysiotropin on PG activation, Lymanitria PGs
were incubated in Grace’s medium for 2 h and then ex-
posed to boiled proctodaeal extracts from Ostrinia for 2,
5, 10, 15 or 30 min prior to being transferred to fresh
drops of Grace’s medium. Measurements of ecdysone
and 3-dehydroecdysone production after an additional
2 h of incubation revealed that a 2-min exposure to the
boiled proctodaeal extract was sufficient to induce ecdys-
teroid production by PGs, and that 10 — 15-min treat-
ments caused maximum stimulation. Similar results were

Percentage of head-ligated day 7 Lymantria Sth instars that molted to
pupae after injection with various tissue extracts

Insect Tissue Concentration Percent
{organequivalents) molting***
European
corn borer *OW Proctodacum 0.5 60
0.25 60
0.125 60
0.063 30
0.032 50
0.016 40
0.005 25
0.001 0
OW Brain 2.0 70
1.0 50
0.5 50
0.25 80
0.125 70
0.063 50
0.032 10
0.01 10
#xxxOW Midgut 0.5 - 0.06 0
OW Testes 1.0 — 0.125 0
OW Salivary glands 0.5 — 0.063 0
**OB Fat body 1 segment equiv. 0
Gypsy moth  OW Proctodaeum 0.002 67
0.0004 44
0.00008 33

*OW, last instars that had completed gut purge. **OB, last instars that
had left the medium, but had not completed gut purge. ***10, 20 larvae
were used for each determination; larvae were injected on the 5th day
post-ligation with 10 pul of boiled extract. ****[ midgut equivalent = the
portion of the midgut in 2 abdominal segments (only segments 16 were
utilized).
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reported for the stimulation of Manduca PGs by brain
extract 2223,

By means of an in vivo assay?* in which larvae of L.
dispar were ligated at the neck before the release of
PTTH, injected with boiled extracts of proctodaea, and
then scored for pupal molt, we confirmed that boiled
proctodaeal extracts from both Ostrinia and Lymantria
did possess ecdysiotropic activity as did similarly pre-
pared extracts of O. nubilalis brains (table). Treatment
with other tissue extracts (testes, salivary glands, midgut
and fat body) gave negative results.

Our finding that proctodaea possess prothoracicotropic
peptides is the first report of the existence of ecdysiotrop-
ic peptides outside of the brain and associated neurohe-
mal organs. At present, the origin and function of these
proctodaeal peptides are unknown. Since other re-
searchers have reported the presence of endocrine centers
in insect midgut 2> 27, and since a multi-site location of
regulatory peptides is well documented in the verte-
brates 28, it is possible to speculate that the gut peptides
reported here may be involved in the regulation of ecdys-
teroid production, and thus, secondarily, in the control
of lepidopteran molting and metamorphosis. However,
as in the vertebrates, gut peptides may have a different
function in gut than in the central nervous system *°. As
mentioned previously, there are reports of a proctodaeal
hormone, proctodone, that plays a role in stimulating
diapause larvae of O. nubilalis to pupate''. However,
this hormone purportedly stimulates the brain to release
PTTH. The proctodaeal factor(s) reported in the present
study is an ecdysiotropin that can act directly on the
prothoracic glands of L. dispar. Questions regarding its
structure and actual regulatory roles must now be ad-
dressed.
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