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l-Glutamate retrieved with the moulting fluid is processed by a
glutamine synthetase in the pupal midgut ofCalpodes ethlius
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Abstract

From apolysis until pupal ecdysis, the pharate pupa of the Brazilian Skipper (Calpodes ethlius) lies wrapped in a prepupal shell
composed of the larval cuticle and an ecdysial space (ES) filled with enzyme-rich moulting fluid (MF). In the 4 h before ecdysis
the pharate pupa drinks the moulting fluid through its mouth and anus, and transfers the cuticular degradation products to its midgut
(MG). At the same time, extra fluid passes across the body wall of the pharate pupa and flushes out the ES. The MF is recovered
at an overall rate of 70µl/h and reabsorbed across the pharate pupal midgut at about 26µl/h. l-Glutamate was found to be the
dominant amino acid in the moulting fluid. Total MF glutamate peaked at 850 nmol about 8 h before pupal ecdysis (P28), but by
ecdysis it had dropped to nearly zero as the MF became diluted with new fluid and was consumed. The drop in glutamate in the
ES coincided with a rise in the glutamine content of the fluid in the midgut lumen. The highest rate of glutamine synthesis occurred
in midguts isolated from pharate pupae actively drinking MF (P#24). The enzyme glutamine synthetase (GS) was found to be
active in glutamate metabolism in the pharate pupal midgut. Glutamine synthesis in the midgut wasl-glutamate-dependent and
inhibited by two selective competitive inhibitors of GS activity,l-methionine sulfoximine (MSO) and glufosinate ammonium (GLA).
Injection of GS inhibitors into the prepupal ES greatly reduced the glutamine content of the midgut epithelium by P+24. Although
a corresponding increase in midgut glutamate levels was not seen, midgut serine levels in treated animals rose, suggesting that GS
inhibitors shunted the MF-derived glutamate along an alternative metabolic pathway. GLA was much more toxic to pupae than
MSO. Midgut GS appears to play a central role in the recycling ofl-glutamate across the pupal MG epithelium at pupation.
2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In preparation for pupation, the epidermis retracts
from the larval cuticle (apolysis) and secretes a moulting
gel containing inactive hydrolytic enzymes into the
ecdysial space (reviewed in Reynolds and Samuels,
1996). Following the formation of the pupal cuticulin
layer (Locke, 1966), these proenzymes become active
(Brookhart and Kramer, 1990; Marcu and Locke, 1999)
and cuticular degradation products such as protein frag-
ments, amino acids (Jungreis 1974, 1978) andN-acetyl-
glucosamine begin to accumulate in the moulting fluid
(Passonneau and Williams, 1953). The activation of
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these enzymes coincides with a passive influx of water
into the ecdysial space, driven osmotically by the active
extrusion of K+ by the epidermis (Jungreis and Har-
vey, 1975).

In the pharate pupa ofManduca sexta, the bulk of the
fluid in the ecdysial space is recovered through the
mouth and anus shortly before ecdysis. This moulting
fluid is transferred to the pupal midgut along a channel
formed between the larval and pupal cuticular linings of
the foregut and hindgut epithelia (Cornell and Pan,
1983). Swallowing of moulting fluid, first observed in
the silkworm caterpillar (Wachter, 1930), also occurs in
the pharate adult ofManduca(Miles and Booker, 1998).
Anal drinking, however, has only been reported to occur
in the pharate pupa.

The fluid and cuticular breakdown products in the
moulting fluid (MF) are then presumably absorbed
across the midgut epithelium, a tissue designed for nutri-
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ent and fluid absorption (Reynolds and Samuels, 1996).
The process of moulting in Lepidoptera essentially
involves a form of extraorganismal digestion taking
place in the ecdysial space. In this process, the nutrient
content of the structural macromolecules of the old cuti-
cle is transferred from the moulting fluid to the midgut
and recycled.

How an insect retrieves and processes the organic sol-
utes dissolved in the MF during cuticle digestion is not
understood in detail. We present new findings on the
formation and retrieval of moulting fluid in the prepupa
of the Brazilian Skipper,Calpodes ethlius. The pro-
duction rate of moulting fluid in the prepupa increases
abruptly during the later stages of cuticle degradation.
This fluid rinses out the ecdysial space at the same time
the MF is being drunk back by the pharate pupa and
transferred to its midgut.l-Glutamate, sequestered in
large amounts in the ecdysial space, enters the pupal
midgut along with the moulting fluid where it is con-
verted to glutamine. Addition of glutamine synthetase
inhibitors to the moulting fluid partially inhibited gluta-
mine production, indicating that this enzyme is respon-
sible for converting glutamate to glutamine in the
midgut epithelium.

2. Materials and methods

2.1. Experimental animal

Calpodes ethliusStoll (Lepidoptera, Hesperiidae)
were reared onCannalily plants in a greenhouse under
long-day conditions at 22°C at high relative humidity.
Fifth instar caterpillars were transferred at the gut-emp-
tying stage to a 22°C incubator in a 12 h/12 h light/dark
cycle, and the moment of last pellet drop (LPD; 26±1.3 h
to pupal ecdysis; Locke, 1970) was noted. LPD was used
to estimate the subsequent stages of prepupal develop-
ment. During the last 8 h before pupal ecdysis, the devel-
opmental stage of each prepupa was more accurately
determined using a set of externally visible morphologi-
cal features, such as the extent of lenticle development
on the pupal cuticle, the swollen appearance of the larval
prolegs and thickness of the proleg cuticle. In prepupae
less than 4 h from eclosion, proleg collapse and cuticle
thinning (which increased the visibility of the pupal
lenticles) were used to stage the animals. The prepupae
used weighed between 0.8 g and 1.1 g.

2.2. Sample collection

Fluid samples were collected from the prepupal ecdys-
ial space (moulting fluid, MF) and the midgut lumen
(midgut fluid, MGF). Samples were taken using
micropipettes made from 1.5 mm/1.12 mm OD/ID boro-
silicate glass capillary tubing (TW 150-4, World Pre-

cision Instruments, Sarasota, FL) shaped into fine-tipped
pipettes with a two-stage vertical pipette puller (model
750, Kopf, Tujunga, CA). Volumes were measured after
transferring the fluid collected into a graduated capillary
tube. Moulting fluid was drained completely from the
ecdysial space and its volume [V in Eq. (1)] determined
at 12 different times during the 8 h preceding pupal
ecdysis. Each of these samples was collected by
inserting a micropipette into the ecdysial space (ES)
beneath the larval cuticle of each abdominal proleg and
around the abdominal tip of the pharate pupa. A separate
set of prepupae was used to determine changes in MGF
volume during this period. To do this, the midgut was
exposed by making a mid-dorsal incision through the
body wall and the body cavity rinsed withCalpodes
saline (10.7 mM NaCl, 25.8 mM KCl, 2.9 mM CaCl2,
20.0 mM MgCl2·6H2O, 90.0 mMd-glucose and 5.0 mM
Hepes, pH to 7.2 with 1 N NaOH). A ligature of cotton
thread was then placed around the midgut at its junction
with the foregut, and the pyloric region of the hindgut
clamped tightly with forceps. The intact midgut was then
excised and the MGF drained from the MG lumen.
Another set of samples was collected to determine the
amino acid and NH+4 concentrations in the MF during
the last 8 h before pupal ecdysis. These samples (5µl)
were taken by inserting a micropipette into the ES
beneath the third or fourth set of abdominal prolegs. The
developmental stage of the prepupa from which a sample
was removed was provisionally estimated from the time
of LPD and more precisely determined by the sub-
sequent pupation time. Removing 5µl volumes of MF
did not appear to alter the pupation time. Other samples
were collected to determine the corresponding changes
in these solutes in the MGF. The amino acid and NH+

4

contents of the MF and MGF were determined by
reverse-phase high-performance liquid chromatography
(RP-HPLC) after phenylisothiocyanate (PITC) derivatiz-
ation (see below) of 5µl aliquots of these fluids. Finally,
the total volume, total amino acid and NH+

4 contents of
MF and MGF collected from individual prepupae, at
either 6 h before ecdysis (P26, estimated from time of
LPD only) or at pupal ecdysis (P20), were compared.

2.3. MF fluxes

The absolute rates of fluid movement out of the ecdys-
ial space between P28 and P20 (rather than the steady-
state data obtained by the above method) were estimated
by applying cotton-thread ligatures around the neck and
tail at different times between P28 and P20. The head
ligature was placed directly behind the head capsule and
the tail ligature was situated between abdominal seg-
ments 8 and 9. The MF, including that in the head cap-
sule and around the abdomen tip, was later collected at
the predicted time of pupal ecdysis. This double-ligature
experiment gave an estimate of the total MF that
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accumulated in the ES in prepupae that were prevented
from drinking the MF from the time of ligation. It also
provided an estimate of the actual rates at which the
pharate pupa retrieves the MF from the ES [Qout in Eq.
(1)]. These two sets of MF volume data (V, Qout) were
used to predict the rate at which the concentration of a
solute (in this case, glutamate) in the MF would drop
prior to ecdysis, assuming that the new fluid entering the
ecdysial space was free of the solute. The general iterat-
ive equation for solute concentrationC (in mM) in vol-
umeV (in µl) at time k×T (in minutes) under these con-
ditions is:

C(k3T) (1)

5
M[(k−1)×T]−C[(k−1)×T]×Qout[(k−1)×T]×T
V[(k−1)×T]−V[(k−1)×T]−Qin[(k−1)×T])×T

wherek is an integer representing the number of time
incrementsT that have passed sinceC(0)=M(0)/V(0) at
time 0, Qin(k×T) and Qout(k×T) are the volumetric flow
rates (inµl/h) into and out of the ecdysial space at time
k×T, andM[(k21)×T] is the mass of the solute (in nmol)
in the space at (k21)×T. The values forQin used in the
model were predicted from the correspondingV andQout

values obtained experimentally at each time interval.
Rough estimates ofQin were also obtained directly. To
do this, prepupae were double-ligated as described above
and the MF immediately drained from the ES. The ani-
mals were then placed in humidified Petri dishes for 1 h.
The fluid produced during this period was then removed
from the ES between the two ligatures, the head capsule
and the abdomen tip, and its volume measured. This pro-
vided an estimate of the rate at which MF accumulated
in the ES in the hours leading to pupal ecdysis.

An estimate was made of how much of this moulting
fluid was secreted across the pupal integument and how
much resulted from fluid released by the cuticle during
its breakdown. Prepupae were double-ligated at P24 (to
prevent MF uptake) and placed in humidified Petri dis-
hes. At P21.5 the pharate pupae were removed from
inside the old larval cuticle and weighed. Other pharate
pupae were removed at P24 and weighed immediately.
A loss in pupal weight between P24 and P21.5 would
suggest that the pupal integument secretes moulting fluid
during this period. The fluid volume that the larval cuti-
cle contributes to the moulting fluid was estimated by
measuring the wet and dry weights of the whole larval
cuticle around the pharate pupae during the hours lead-
ing to pupation.

2.4. Determination of midgut glutamine synthetase
(GS) activity

Midguts were removed from prepupae at selected
times prior to ecdysis and rinsed with midgut saline
(MGS) (25.8 mM KCl, 2.0 mM MgSO4, 7.0 mM NH4Cl,

90.0 mM d-glucose, 50.0 mM Hepes, pH to 7.1 using
1 N KOH). The remnants of the larval MG enclosed
within the pupal MG were removed through a dorsal,
longitudinal incision along the entire length of the MG
and discarded. The pupal MG was then detached at its
junctions with the foregut and hindgut, and washed in
MGS for 30 s. Each midgut preparation was mopped
dry, weighed and immediately immersed in a 100µl
drop of control incubation saline [MGS containing
0.9 mM of adenosine triphosphate (ATP)] on a wax
square. The experimental saline contained 25 mMl-glu-
tamate in addition to 0.9 mM ATP. The wax squares
were placed on to moistened filter paper in 35 mm tissue
culture dishes to minimize droplet evaporation. The dis-
hes were transferred to an incubator at 28°C and the
reaction allowed to proceed for 1 or 2 h. At the end of
the incubation period, the droplets were gently agitated,
5 µl aliquots of bathing solution collected and the midgut
tissue then removed. The amino acid and NH+

4 contents
of the tissue, and the glutamine content of the droplet,
were determined by RP-HPLC (below). The amount of
glutamine in the tissue was added to that recovered from
the bathing solution to determine the total glutamine
present at the end of the incubation period. To assess
whether midgut GS is developmentally regulated,
midguts were excised from prepupae at P28, P26, P24,
P22, P21 and P20, and incubated in a saline with or
without addedl-glutamate (25 mM) for 2 h. Stereospec-
ificity of midgut GS was determined by incubating P24
midgut tissue in saline containing either 25 mMl-gluta-
mate, 25 mMd-glutamate or no added glutamate for 1
or 2 h, as described above.

2.5. Glutamine synthetase inhibition studies

l-Methionine sulfoximine (MSO) (Sigma M-5379)
and glufosinate ammonium (GLA) (Hoechst 039866
00ZB99 0006, kindly supplied by Agrevo, Regina,
Saskatchewan), both selective competitive inhibitors of
GS activity (Lea and Ridley, 1989), were injected
(2 µmol in 10µl Calpodessaline/pupa) into the ES of
prepupae 6 h before pupal ecdysis. Control animals were
similarly injected with 10µl saline. MG epithelium
samples were collected from experimental and control
animals at pupal ecdysis (P20) or 24 h after ecdysis
(P+24). Samples were analysed by RP-HPLC. To deter-
mine the acute pupal toxicity of both GLA and MSO,
10 µl volumes containing different amounts of these
inhibitors in Calpodessaline were injected into the ES
at P22. Animals were monitored daily to establish
whether the pupae died or emerged as adults, and the
day of either pupal death or adult emergence was
recorded. Pupal death was scored as the absence of con-
tractions of the dorsal blood vessel and the failure of the
tip of the abdomen to respond to a physical stimulus.
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The LD50 values were calculated by probit analysis
(Finney, 1971).

2.6. Chromatographic analysis

Samples were placed in tubes containing 90µl ace-
tone, 10µl of 0.1 N HCl and 10 nmol of the internal
standard, hydroxyproline (10µl of 1 mM hpro), and
dried under a stream of N2 gas. Sample preparation was
carried out according to the Waters Pico-Tag method
(Cohen and Strydom, 1988; Tomlin et al., 1993). For the
GS studies, the alkalinization step involving triethylam-
ine was omitted in order to prevent the volatization of
NH+

4 in the samples. The samples underwent a 20 min
precolumn derivatization at room temperature with phe-
nylisothiocyanate (Sigma P-1034) to form phenylthi-
ocarbamyl amino acid derivatives, detectable at 254 nm.
Samples were dried under a stream of N2 gas for 1 h and
redissolved in 1 ml sample diluent consisting of 5 mM
sodium phosphate dibasic and acetonitrile in Milli-Q
water, adjusted to pH 7.4 with 10% phosphoric acid.
Amino acids were analysed by reverse-phase high-per-
formance liquid chromatography using a Beckman Gold
HPLC system equipped with a programmable pump
module 126, programmable UV detector module 166 and
autosampler 506 as described in Tomlin et al. (1993).
Compounds were separated by a gradient flow of two
eluents through a C18 CSC-Sil 80A/ODS2 5µm column
at 40°C. A Hewlett-Packard 3994 integrator/chart
recorder integrated and recorded the areas under the
amino acid and NH+4 absorbance peaks. Standard curves
for the derivatization response of glutamate, glutamine
and NH+

4 were used to calculate the total amount of these
compounds in the samples. Amino acid levels in tissues
were adjusted for variations in derivatization efficiency
by including hydroxyproline as an internal standard in
all samples (Tomlin et al., 1993). Data were analysed
using a Student’st-Test.

3. Results

3.1. Dynamics of moulting fluid formation and
retrieval

In 1983, Cornell and Pan reported thatManduca sexta
prepupae were prevented from retrieving moulting fluid
after ligatures were applied to the neck and tail. InMan-
duca, the prepupal moulting fluid is normally “swal-
lowed” by both the mouth and anus, and accumulates in
the pupal midgut. Preliminary experiments confirmed
that pharate pupae ofC. ethlius, too, were prevented
from retrieving moulting fluid from the ecdysial space
when ligatures were applied to the neck and tail at the
time of last pellet drop. A smaller but substantial amount
of moulting fluid remained in the ecdysial space at pupal

ecdysis after applying a tail ligature at P226. In normal
and neck-ligated prepupae, the moulting fluid was com-
pletely removed from the ecdysial space by ecdysis.

The precise pattern of MF recovery by the pupal MG
was studied by measuring the fluid volumes in the ecdys-
ial space and midgut lumen during the final 8 h leading
to pupal ecdysis. The MF volume increased gradually
between P28 and P23.5 at a rate of 6.1µl/h, reaching
a peak volume of 118µl by P23.5 (Fig. 1). During the
remaining 3.5 h, the MF volume disappeared at a rate of
35 µl/h. By contrast, the fluid in the pupal MG increased
gradually at a rate of 4.8µl/h between P28 and P23.5
but then increased dramatically from P23.5 onwards at
a rate of 44µl/h. The volume of the MG fluid peaked
at 165µl at P20.5 and declined to 138µl at P20. The
inverse relationship between the loss of MF from the ES
and the accumulation of fluid in the MG after P23.5
(Fig. 1) is consistent with a mechanism of MF retrieval
that involves anal and oral drinking (Cornell and Pan,
1983).

This biphasic pattern of moulting fluid recovery
appears to be related to a change in the mode of drinking
by the pharate pupa. This was shown by placing ligatures
around the neck or tail of the prepupa at P28 and col-
lecting the volume of fluid in the midgut at P24. Neck
ligation reduced the normal volume of midgut fluid
found at P24 (29.0±8.9µl, Fig. 1) to 3.2±1.4µl (n=5).

Fig. 1. Net rates at which the MF and MGF volumes change before
pupal ecdysis. The MF (solid circles, dashed line) and MGF volumes
(solid squares, full line) were seen to increase initially at a slow rate (at
about 6µl/h and 5µl/h, respectively). At P23.5 the volumes changed
abruptly. The MF disappeared at a rate of about 35µl/h while at the
same time the MGF increased in volume at 44µl/h. By P20.5 the
ecdysial space was almost devoid of MF and the MGF volume had
peaked. The rates of volume change were determined from the two
sets of regression lines fitted to the data. One set was fitted to the
average volume data between P28 and P23.5, and the second set was
fitted to the average volume data between P23.5 and P20.5.
Mean±standard deviation (SD),n$3 for all data points.
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Tail ligation, on the other hand, did not prevent the
midgut from accumulating fluid, as 46.1±7.4µl was col-
lected at P24. Neck ligation at P24, however, had no
effect on the ability of a pharate pupa to transfer the
moulting fluid to its midgut by P20.5 (N. Sovran,
unpublished). The initial uptake of moulting fluid
between P28 and P24 appears to occur mainly through
the mouth, with the bulk of the remaining moulting fluid
retrieved through the anus between P23.5 and P20.5.

As the larval and pupal cuticles are transparent in this
skipper, the process of anal drinking could be observed
directly. Anal drinking involves a pair of lips lying on
either side of the anal aperture beneath the spine-like
pupal cremaster. The muscles associated with this anal
pump started contracting in a pulsatile manner at P24
at about 30 strokes/min and this pumping continues until
shortly after pupal ecdysis.

It is important to realize, however, that the rates
shown in Fig. 1 represent net rates, i.e., the difference
between the rates of production and fluid loss in the
ecdysial space, and of fluid accumulation and absorption
in the midgut. Estimates of the actual rates of MF pro-
duction were made by applying neck and tail ligatures
to prepupae at various times before ecdysis. Existing MF
was drained from the ES before applying the ligatures
and the new fluid produced was collected 1 h later. Fig.
2 (inset) shows that MF continues to accumulate in the
ES until shortly before pupation. The production rate

Fig. 2. Changes in total fluid content of the prepupal shell before
pupal ecdysis. The maximum amount of MF produced was obtained
by neck- and tail-ligating prepupae at different times to pupation and
collecting the MF at P20. This volume remained constant until P23,
and then dropped steadily until P20.5. The peak rate of fluid loss was
about 90µl/h at P22. Inset: experimental estimate of the rate at which
moulting fluid accumulates in the ecdysial space. These two sets of
data imply that between P28 and P20.5 moulting fluid is being pro-
duced and being recovered (mostly by anal drinking) at about the same
rate. Mean±SD, n$3 for all data points.

peaked at P22.5 at 40µl/h and remained above 15µl/h
until 30 min before pupal ecdysis. The rates shown are
probably slightly overestimated, since it was not possible
to drain the ES completely before applying the ligatures
without inflicting damage on the prepupae.

To estimate the actual rate at which MF is retrieved
by the pharate pupa, neck and tail ligatures were applied
to prepupae at different times prior to pupation. In this
instance the moulting fluid was not drained from the ES
before applying the ligatures. The total volume of this
fluid, which included both pre-existing fluid and fluid
produced after the ligatures were applied, was collected
at the predicted time of pupal ecdysis. The volume of
MF collected from prepupae ligated before P24 ranged
from 210 to 225µl (Fig. 2), nearly double the maximum
volume (120µl) normally present in the ES (Fig. 1). The
rate of MF recovery averaged about 70µl/h between
P23.0 and P20 (Fig. 2), and reached about 90µl/h
between P22.5 and 1.5. Between P23.0 and P20, the
average stroke volume of the anal pump was estimated
at 0.04µl (at a stroke rate of 30 strokes/min). Since fluid
was seen to accumulate in the MG at a rate of about
44 µl/h after P24 (Fig. 1), the rate of MF uptake sug-
gests that the internalized moulting fluid is reabsorbed
across the MG at about 26µl/h after P24.

An estimate was made of the relative contribution of
the pupal integument and the larval cuticle to the extra
moulting fluid produced during the period the MF is
recovered. Prepupae were double-ligated at P24 to pre-
vent the pharate pupae from drinking MF. The pupae
were removed from their digested larval cuticles at
P21.5 and weighed. Control pupae were excised at P24
and weighed immediately. The prepupal and pharate
pupal masses of these two sets of animals were then
compared. The mean weight of control prepupae (n=12)
was 0.95±0.09 g at P24 and the pupal mass inside was
0.75±0.08 g, a difference of 0.20 g. The double-ligated
prepupae (n=9) had a mean weight of 0.95±0.09 g at
P24, but the pupal mass had dropped to 0.72±0.08 g by
P21.5. The pharate pupae constituted 79.1±1.71% of the
prepupal mass at P24, but slightly less, 75.9±1.76%, in
double-ligated animals at P21.5. These data suggest that
the pupal integument adds at least 30µl to the moulting
fluid between P24 and P21.5 (MF at this time has a
density of 1.0). This rate is considerably slower than the
measured rates of MF production during this period (Fig.
2, inset). The wet weight of the larval cuticle dropped
from about 60 mg at P28 to 10 mg at P20 (n=19
cuticles), for a total of about 50 mg. This cuticle had a
moisture content of 73±3%, implying that up to 35µl of
cuticular fluid entered the ecdysial space during the 8 h
before pupal ecdysis (Fig. 2).

3.2. Amino acid content of the moulting fluid

The moulting fluid is rich in free amino acids. The
total concentration at P28 (27 mM) declines gradually
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Table 1
Amino acid concentrations in the moulting fluid decline prior to pupal
ecdysis. Values are expressed as mM±SD

Amino acid
P28 P24 P20.5

(AA)

Asp 0.7±0.1 0.6±0.1 0.1±0.0
Glu 7.7±1.1 5.1±2.2 0.3±0.1
Asn 0.6±0.1 0.3±0.1 0.0±0.0
Ser 1.1±0.2 0.4±0.1 0.1±0.0
Gln 1.5±0.4 1.5±0.3 0.4±0.2
Gly 1.0±0.2 0.3±0.1 0.1±0.0
βala 1.5±0.4 0.4±0.2 0.0±0.0
His 0.0±0.1 0.1±0.0 0.0±0.0
Thr 1.7±0.2 1.3±0.2 0.1±0.0
Arg 0.5±0.8 0.5±0.4 0.2±0.1
Ala 1.2±1.0 0.3±0.3 0.1±0.1
Pro 1.0±0.1 0.4±0.1 0.1±0.0
Tyr 0.1±0.0 0.2±0.1 0.1±0.1
Val 5.4±0.9 4.3±0.5 0.6±0.2
Met 0.0±0.0 0.1±0.1 0.0±0.0
Ileu 1.4±0.3 1.0±0.1 0.2±0.1
Leu 0.5±0.1 0.4±0.1 0.1±0.1
Phe 0.3±0.2 0.3±0.2 0.1±0.1
Trp 0.0±0.0 0.2±0.2 0.0±0.0
Lys 0.2±0.1 0.4±0.2 0.2±0.1
Total AA 26.8±3.4 17.5±2.2 2.6±0.6
NH+

4 1.6±0.3 2.2±0.8 0.6±0.3

until P24 (Table 1). After P24, the concentration of
amino acids drops rapidly, coinciding with the peak rate
of MF retrieval (Fig. 1). The secretion of fresh moulting
fluid and the release of fluid during larval cuticle break-
down probably account for the dilution of amino acids
during this period. The MF was found to be particularly
enriched in the dicarboxylic amino acid, glutamate
(Table 1, Fig. 3). Its concentration peaked at about 8 mM

Fig. 3. Changes in glutamate and glutamine levels in the moulting
fluid and midgut fluid prior to ecdysis. The concentration of glutamate
(Glu, solid circles) in the moulting fluid (MF, left panel) dropped prior
to ecdysis but there was no comparable rise in this amino acid in the
midgut fluid (MGF, right panel). Glutamine concentrations (Gln, open
squares) in the MF were consistently lower than in the MGF. The
dilution curve fitted to the changes in MF glutamate concentration was
based on MF flux data presented in Figs. 1 and 2, and applying the
volumetric model described in the Materials and methods section.
Mean±SD, n$5 for all data points.

between P28 and P27. The glutamate concentration
then declined to 0.3 mM by P20.5 at a rate consistent
with the measured fluid fluxes into and out of the ecdys-
ial space of fluid during this period (Fig. 3, solid line).
The concentrations of other amino acids detected in the
MF were significantly lower (,1.5 mM), with the
exception of valine which had a concentration of about
5 mM (Table 1).

No corresponding increase in the glutamate concen-
tration was seen in the pupal MGF during the time its
concentration in the MF dropped (Fig. 3). Glutamine
concentrations, on the other hand, were constantly low
in the MF (1.5 mM) but high in the MGF (.10 mM)
between P28 and P23 (Fig. 3).

The absolute amounts of these two amino acids in the
MF and MGF were then determined at two specific
times, P26 and P20. The glutamate (557±78 nmol),
glutamine (147±15 nmol) and NH+4 (283±86 nmol) con-
tents of the MF at P26 had disappeared by P20 (Fig.
4). The glutamate content of the MGF did not rise during
this time (P26=11±9 nmol and P20=25±35 nmol). The
disappearance of glutamate from the MF, however,
coincided with a significant elevation in the glutamine
content of the MGF from 203±45 nmol at P26 to
513±190 nmol at P20 (Fig. 4).

The large amount of glutamate present in the prepupal
MF is exclusivelyl-glutamate. This was confirmed by
incubating samples of MF with thel-enantiomer-selec-
tive enzyme glutamate decarboxylase (l-GDC) for
10 min (results not shown). The glutamate content of the
MF was completely converted to GABA, the amino acid
product of thel-GDC reaction. GABA was not synthe-
sized when the enzyme was incubated withd-glutamate.
l-Glutamate is the preferred substrate for the midgut glu-
tamine synthetase (see below).

Fig. 4. Comparison of the amount ofl-glutamate, glutamine and
ammonium in the moulting fluid and midgut fluid at 6 h before ecdysis
(P26) and at ecdysis (P20). These solutes had disappeared from the
moulting fluid (MF, left panel) by pupation. During this period the
glutamine (Gln) content of the midgut fluid (MGF, right panel)
climbed significantly, whereas glutamate (Glu) and ammonium (NH+

4)
levels did not change. Mean±SD, n=6 (MF) or n=11 (MGF). * indi-
cates that solute content in the MF or MGF at P26 is significantly
different from that at P20 (P,0.05).
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3.3. Processing of the moulting fluid by the pharate
pupal midgut

The amounts of glutamate and glutamine in the MF
at P26 appear to be the reciprocal of the amounts seen
in the MGF at P20 (Fig. 4), suggesting that glutamate
is taken up by the pupal MG epithelium and converted
to glutamine. To establish that glutamine synthetase is
active in the pupal midgut, and that the GS substrates
l-glutamate and NH+4 are taken up by the tissue, midguts
were removed from P28, P26, P24, P22 and P21 pre-
pupae, opened up to expose the luminal surface, and
incubated in saline with or without addedl-glutamate
(25 mM). After a 2 h incubation,l-glutamate had been
accumulated by midguts (Fig. 5, bottom panel) at levels
significantly greater (P,0.05) than endogenous levels
(Fig. 5, top panel). The accumulation of NH+

4 was
slightly (but not significantly) lower in midguts exposed
to l-glutamate. Glutamine levels in tissue exposed tol-
glutamate were significantly greater than in control

Fig. 5. In vitro glutamine synthesis by the pharate pupal midgut after
l-glutamate (Glu) and ammonium (NH+

4) uptake. Midgut tissue was
removed at the prepupal stages shown, sliced longitudinally, and incu-
bated for 2 h in NH+4-supplemented saline with (lower panel) or without
(upper panel) added glutamate. In tissue exposed to saline containing
25 mM l-glutamate, the level of this amino acid (solid bars) increased
up to 20 times and glutamine production (open bars) increased three-
to sixfold compared with control levels. Tissue NH+

4 levels (stippled
bars) were similar in both salines at all stages tested. The rate of gluta-
mine production was greatest at P24. Mean±SD, n$3 for all prepupal
stages examined. * indicates that the experimental levels of glutamine
and glutamate are significantly higher than the corresponding control
levels (P,0.05). ** indicates that glutamine in P24 midguts is sig-
nificantly higher than at P28, P26 and P21 (P,0.05).

tissue (Fig. 5), confirming that GS is indeed active in
the prepupal midgut.

This GS activity appears to be developmentally regu-
lated. The amount of glutamine synthesized was signifi-
cantly greater in midguts excised at P24
(16.8±3.8 nmol/mg midgut) than at P28
(8.2±1.8 nmol/mg midgut), P26 (10.2±1.7 nmol/mg
midgut) or at P21 (10.3±3.3 nmol/mg midgut) (Fig. 5).
The amount of glutamine synthesized at P22
(12.8±5.1 nmol/mg midgut) was not significantly differ-
ent from that synthesized at P24 (P.0.05). The midgut
GS is strongly stereoselective. More glutamine was pro-
duced by midguts in saline containingl-glutamate in 2 h
than ind-glutamate or in saline lacking glutamate (Table
2). The amount of glutamine present after 1 h of incu-
bation in l- or d-glutamate did not differ statistically
from control levels (Table 2).

3.4. Inhibitors of glutamine synthetase redirect
glutamate metabolism towards serine

That GS converts glutamate to glutamine in the pupal
MG epithelium was demonstrated by inhibiting gluta-
mine synthesis with two specific inhibitors of GS, glu-
fosinate ammonium (GLA) andl-methionineO-sulfoxi-
mine (MSO). One or the other inhibitor (2 mmol in
Calpodessaline) was injected into the ecdysial space of
prepupae at P26, the MG epithelium removed at P20
or at P+24, and its amino acid content determined.

Midgut epithelia exposed to MSO in vivo had reduced
glutamine levels (5.0±1.4 nmol/mg tissue) at P20 com-
pared with the midguts of saline-injected animals
(6.3±0.7 nmol/mg), although glutamate
(2.7±0.9 nmol/mg) and serine levels (2.2±1.3 nmol/mg)
were unaltered (Fig. 6, upper panel). The epithelium of
GLA-treated prepupae had reduced glutamate levels
(1.9±0.1 nmol/mg tissue) and higher serine levels
(2.3±0.6 nmol/mg) compared with that of saline-injected
prepupae (2.9±0.5 and 1.4±0.3 nmol/mg, respectively)

Table 2
Substrate selectivity of midgut GS

Glutamine content (nmol/mg midgut,
±SD) after incubation for

1 h 2 h

l-Glutamate added 4.8±2.8 17.4±1.7a,b

d-Glutamate added 3.2±0.8 4.9±1.0a

No added substrate 2.4±0.1 3.6±0.9a

a Glutamine content climbed significantly between 1 h and 2 h of
incubation (P,0.05).

b Glutamine content in tissue exposed for 2 hr tol-glutamate was
significantly greater than that exposed tod-glutamate or to neither GS
substrate (P,0.05).
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Fig. 6. Changes in amino acid levels in the pupal midgut epithelium
after treatment with GS inhibitors. MSO or GLA were injected into
the ecdysial space 6 h before pupal ecdysis, and the amino acid content
of the midgut epithelium was determined at ecdysis (P20, upper panel)
and 24 h after ecdysis (P+24, lower panel). The bars on the left show
that both GS inhibitors accumulated in the midgut over this period.
The level of MSO (Inhibitor, solid bar) declined between P20 and
P+24 while the level of GLA (Inhibitor, stippled bar) increased. Amino
acid levels were little changed by ecdysis, but glutamine and serine
levels were significantly altered 24 h later. Glutamate levels in the
tissue remained unchanged. Means±SD, n$3. * indicates that value is
significantly different from comparable control value (P,0.05).

(Fig. 6, upper panel). The glutamine levels
(7.1±1.6 nmol/mg tissue) were not altered.

The differences in tissue response at P20 may stem
from the relative rates at which these two inhibitors are
taken up by the midgut epithelium. Although MSO and
GLA levels in the midgut epithelium at P20 were simi-
lar (3.9±1.5 nmol/mg MSO and 4.3±0.8 nmol/mg GLA)
(Fig. 6), about 75% of the GLA injected still remained
in the midgut lumen at this time, whereas only 25% of
the MSO injected remained (data not shown). MSO, but
not GLA, was widely distributed throughout the body
by this time.

By P+24, however, the amount of GLA in the midgut
epithelium (9.4±0.9 nmol/mg tissue) had doubled while
that of MSO had dropped considerably
(0.5±0.2 nmol/mg) (Fig. 6). By this time the glutamine
content of midgut epithelium of both GLA- and MSO-
treated animals was significantly reduced (2.2±0.6 and
1.3±0.9 nmol/mg tissue, respectively) compared with
that of untreated animals (4.0±0.5 nmol/mg) (Fig. 6,
lower panel). Although glutamate levels were not sig-
nificantly different, serine levels had now risen after
GLA treatment (5.6±2.3 nmol/mg) and after MSO treat-
ment (4.2±1.4 nmol/mg) over control levels
(1.1±0.4 nmol/mg) (Fig. 6, lower panel).

These GS inhibitors were toxic in the longer term.

GLA and MSO were injected into the ES at P22 and
mortality assessed. The development of these animals
was arrested and they died as pupae six to 12 days after
injection. The acute toxicity of GLA (LD50=62 nmol or
12.3 mg/kg wet weight) was about seven times greater
than that of MSO (LD50=468 nmol or 84.3 mg/kg wet
weight).

4. Discussion

The process of metamorphosis from caterpillar to
chrysalis requires the secretion into the ecdysial space
of a proenzyme-rich fluid that on activation degrades the
larval endocuticle. The MF is completely removed from
the ES by the time the remnants of the cuticle are shed
at ecdysis. It has been claimed that the MF is resorbed
across the underlying pupal integument (Wigglesworth,
1933; Passonneau and Williams, 1953; Lensky et al.,
1970). By contrast, it has been shown more recently that
in the prepupa ofManduca sexta, the bulk of the MF is
drunk back through the mouth and anus and accumulates
in the midgut lumen (Cornell and Pan, 1983). InMand-
uca, the fluid enters the midgut via the space between
the larval and pupal cuticular linings of the foregut and
hindgut, although these authors did not exclude the
possibility that some of the MF may have been taken up
across the nascent pupal integument. InCalpodes, tail
and head/tail ligatures also prevented bulk retrieval of
MF by the pupa. We have shown here that anal drinking
is the dominant route of MF retrieval in the skipper pre-
pupa. In Lepidoptera, the transfer of MF to the midgut
via the anus along a channel formed by the remnants of
the larval and the new pupal cuticular linings of the
hindgut appears to be restricted to the larval–pupal ecdy-
sis. Cornell and Pan (1983) were unable to demonstrate
the retrieval of MF via the hindgut in fourth instarMand-
uca sexta, although it was taken up via the foregut, as
reported in the larvae ofBombyx mori by Wachter
(1930).

In general, our findings on moulting fluid movements
at larval–pupal ecdysis concur with those of Cornell and
Pan (1983). We are, however, able to add new details to
the dynamics of fluid recovery from the ecdysial space,
specifically: (1) that fluid is produced and retrieved sim-
ultaneously until moments before pupal ecdysis, and (2)
that the extra fluid moving outwards across the pupal
integument at this time flushes cuticular degradation pro-
ducts from the ecdysial space, assisting in their recovery.

4.1. Moulting fluid is flushed from the ecdysial space

The mechanism behind the secretion of moulting fluid
in the lepidopteran pharate pupa has been described by
Jungreis (1974, 1978). InCalpodes ethlius, a primary,
proenzyme-rich, fluid (less than 80µl in volume) is
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secreted into the ecdysial space by the pharate pupal epi-
dermis after P220. Enzymatic activity in the moulting
fluid is only detectable much later, at P27 (Marcu and
Locke 1998, 1999). From then onwards, and particularly
during the 4 h leading to pupal ecdysis, extra fluid is
added to the ecdysial space at same time as it is being
transferred to the pupal midgut through oral and anal
drinking. The possibility that some of the moulting fluid
secreted by the pupal epidermis is reabsorbed directly
across the pupal integument cannot be excluded, how-
ever. During the last 8 h before pupal ecdysis, the con-
centration of free amino acids in the ecdysial space
dropped steadily. Had the MF been simply consumed
by the pupa (assuming no extracellular metabolism took
place), this would not have occurred. We propose that
the nutrient-rich moulting fluid is diluted by a pulse of
fresh fluid secreted into the ecdysial space at about 3 h
before pupal ecdysis. Nevertheless, alternative sources
of fluid could dilute the MF at this time. One source is
the hydrated larval cuticle. The wet weight of the larval
cuticle in the late prepupa drops in a linear fashion from
about 60 mg at P28 to 10 mg at P20, while the dry
weight of the larval cuticle drops linearly from 18 mg
to 4 mg over the same period (S. Caveney, unpublished
observations). This loss in cuticular wet weight suggests
that as much as 50µl of cuticular fluid could be released
into the ecdysial space between P28 and P20. Never-
theless, it seems that the bulk of the fluid that accumu-
lates in the ecdysial space between P28 and P20 (and
particularly between P24 and P22) in neck- and tail-
ligated prepupae is discharged across the pupal integu-
ment. This late movement of fluid into the ecdysial space
may represent an osmotic leakage of water across the
pharate pupal integument driven either by a high concen-
tration of digestion solutes in the moulting fluid or by the
active pumping of K+ ions across the pupal epidermis
(Jungreis and Harvey, 1975), or a response to both gradi-
ents. The precise mechanism involved remains to be
shown.

The peak rate at which fluid was seen to enter the ES
coincided with the peak rate of fluid recovery by anal
drinking, namely between P23 and P20.5. The pharate
pupa, by rinsing out the ecdysial space towards the end
of larval cuticle dissolution and swallowing the moulting
fluid at the same time, also recovers organic solutes
(such as enzymes, peptide fragments, aminosugar poly-
mers, and possiblyl-glutamate) that are unable to cross
its nascent integument. The large amount of fluid mov-
ing outwards across the integument of the pharate pupa
moments before ecdysis may also explain why lepidop-
teran pupae retrieve the moulting fluid by swallowing it
(Cornell and Pan, 1983), rather than reabsorbing it across
the integument, as has been proposed for other insects
(Wigglesworth, 1933; Passonneau and Williams, 1953).
There may not be a sufficient driving force or time for

the water and ions in the moulting fluid to be the reab-
sorbed directly across the pupal integument.

4.2. Why is there so muchl-glutamate in the MF?

Among amino acids,l-glutamate has an unusually
low membrane permeability, and normally requires the
assistance of Na+-driven transport mechanisms to be
taken up by cells (McLean and Caveney, 1993; Donly
et al., 1997). This could explain why glutamate accumu-
lates in the MF while other amino acids produced during
cuticle breakdown are presumably reabsorbed across the
nascent pupal cuticle. In insects, wherel-glutamate
serves as a neurotransmitter at synapses both in the cen-
tral nervous system (CNS) and on muscle, the synaptic
and blood concentrations of glutamate are maintained at
micromolar levels (Tomlin et al., 1993). The ecdysial
space may protect the CNS from the excess amounts of
l-glutamate produced during cuticle turnover, but this
remains to be shown.

High levels ofl-glutamate are present in the moulting
fluid of many lepidopterans. Preliminary values for glut-
amate levels in the MF of several moth prepupae (listed
as species, glutamate concentration in mM, molar per-
cent of total amino acids present) are:Manduca sexta
(27 mM, 70%),Trichoplusia ni(36 mM, 66%),Lyman-
tria dispar (18 mM, 77%), and for butterfly prepupae
are: Limenitis archippus(7.7 mM, 62%) andPapilio
glaucus (3.9 mM, 32%). Aspartate, the other dicar-
boxylic amino acid found in proteins, does not accumu-
late to as high a level in the moulting fluid. Since aspart-
ate and glutamate have similar charge properties, the
accumulation of glutamate must be related to its specific
formation rather than its physical properties.

One possible explanation for the high levels of gluta-
mate in the MF is that glutamate may be incorporated
into cuticular proteins disproportionately to other amino
acids, and then liberated during digestion of the old cuti-
cle. Amino acid sequence data obtained from larval
cuticular proteins fromM. sexta, Bombyx moriandHyal-
ophora cecropiasuggest, however, that glutamate is not
a dominant amino acid in cuticular proteins (Andersen
et al., 1995).

Glutamate is also a by-product of chitin synthesis in
the epidermis, in which glucosaminephosphate iso-
merase transfers an amino group from glutamine to fruc-
tose-6-phosphate, producing glucosamine (which is then
acetylated to formN-acetylglucosamine) and glutamate
(Friedman, 1985). During endocuticle formation, some
of the glutamate produced during chitin synthesis could
plausibly be transported into the ES and stored there. A
pilot study involving the injection of radiolabelled gluta-
mine into prepupae at the time of pupal endocuticle syn-
thesis, however, did not result in a significant accumu-
lation of radiolabelled glutamate in the prepupal
moulting fluid (C. Yarema, unpublished). Its origin not-



1506 C. Yarema et al. / Journal of Insect Physiology 46 (2000) 1497–1507

withstanding, this amino acid must be either catabolized
(via ketoglutarate) or converted to glutamine in the pupal
midgut, in order for it to be recycled to other tissues in
the body.

4.3. Processing of thel-glutamate in the moulting
fluid

The pupal midgut is the final destination of the MF.
Although glutamate contained in the moulting fluid was
not seen to accumulate in the midgut lumen, there was
a significant increase in the glutamine content of the
luminal fluid before pupal ecdysis, suggesting that the
enzyme GS was active in the pupal midgut at this time.
This enzymatic conversion of glutamate to glutamine
most likely occurs in the midgut epithelium, as GS is
only active intracellularly (Derouiche, 1996). This would
require a glutamate transport system in the apical surface
of the epithelium. Glutamate uptake has been reported
in locust (Murdock and Koidl, 1972) andPhilosamia
cynthia midgut (Giordana et al., 1989).

Amino acid uptake by the pupal midgut has received
little attention. Nevertheless, the low glutamate levels in
the midgut lumen during MF reabsorption suggest that
glutamate can be taken up by the midgut at this time.
Our experimental data support this. Pupal midguts incu-
bated in saline containingl-glutamate accumulated a
significant amount of this amino acid over a 2 h period,
most of which was converted to glutamine by anl-gluta-
mate-selective midgut GS. Glutamine synthesis in the
pupal midgut may prevent glutamate, derived from the
moulting fluid, from becoming neuroactive after entering
the haemolymph. Glutamine synthesis in the midgut was
greatest at P24, which coincided with the period of
maximum uptake of moulting fluid.

In mammals, GS is a cytosolic enzyme found only
in the liver and the CNS. InDrosophila melanogaster,
cytoplasmic and mitochondrial isoforms have been
identified (Caizzi et al., 1990). GS activity is widespread
in caterpillar tissues. It has been found in the midgut,
fat body, Malpighian tubules and silk gland (Levenbook
and Kuhn, 1962; Sesachalam et al., 1992; Hirayama et
al., 1997; Kutlesa and Caveney, unpublished results).
This is, however, the first report of GS activity in the
pupal midgut.

4.4. GS inhibitors alter glutamate metabolism in the
pupal midgut

The injection of specific inhibitors of GS activity into
the ecdysial space redirected the midgut catabolism of
glutamate derived from the moulting fluid. Although
glutamate levels were not elevated in midgut epithelium
exposed to GS inhibitors, glutamine levels were signifi-
cantly reduced by P+24. There was, however, a signifi-
cant elevation in serine levels in the midgut. It appears

that when GS activity in the midgut was blocked, the
glutamate recovered in the moulting fluid was shunted
along a biosynthetic pathway leading to serine.

Although the large amounts of glutamate flowing into
the midgut may have been processed by this alternative
pathway, the pupae died after treatment with GS inhibi-
tors, presumably through glutamine deprivation (N. Kut-
lesa and S. Caveney, unpublished). In this skipper, GLA
is considerably more toxic to pupae (LD50=12.3 mg/kg)
than to caterpillars fed on GLA-coated leaves
(LD50=400 mg/kg) (N. Kutlesa and S. Caveney,
unpublished). Caterpillars ofSpodoptera littoralisalso
failed to pupate or emerge as adults after exposure to
GLA (El-Ghar, 1994). GLA toxicity in mammals (orally
applied to rats, mice and rabbits) ranged between 1500
and 2000 mg/kg (Ebert et al., 1990). GLA appears to be
a more potent inhibitor of GS in insects than in mam-
mals.

Our findings revealed that GLA is less membrane-per-
meable and less susceptible to metabolism than MSO in
pupae ofC. ethlius.GLA entered the midgut epithelium
from the lumen, and was transported out of the epi-
thelium, at a much slower rate than MSO. In algae, MSO
immediately blocked glutamine synthesis, but the action
of GLA was delayed, possibly because the de novo syn-
thesis of a membrane carrier was required (Altenburger
et al., 1995). MSO is a structural conformer of gluta-
mine, which crosses plasma membranes readily, whereas
GLA is a conformer of glutamate, which has a low mem-
brane permeability in insect cells (S. Caveney, per-
sonal observations).

The moulting fluid contains nutrients and water and
represents the only meal available to a pupa. Conse-
quently, the midgut of pharate and newly ecdysed pupae
is an active tissue, and not a “vestigial system in a non-
feeding pupa” (Judy and Gilbert, 1970). The midgut epi-
thelium plays an essential role in reclaiming the solutes
and water in the moulting fluid transferred to the midgut
lumen through anal and oral drinking. Water retention
is needed for successful pupal development (Jungreis et
al., 1982). Finally, it should be noted that anal drinking
in the lepidopteran pharate pupa is distinct from a com-
parable process reported in partially desiccated wood-
lice. Several woodlice species are capable of taking up
water droplets via the anus into the hindgut lumen
(Spencer and Edney, 1954). The hindgut lumen is not
part of the route in the pharate pupa. Instead, fluid is
transferred to the midgut via the ecdysial space formed
between the pupal integument of the hindgut and its shed
larval cuticular lining (Cornell and Pan, 1983). The
mechanisms that pump fluids back through the anus,
which may be common in arthropods, require further
study.
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