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TRANSPORT OF WATER VAPOR BY TENEBRIONID BEETLES.

II. REGULATION OF THE OSMOLARITY AND

COMPOSITION OF THE HEMOLYMPH!
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Department of Zoology, University of California, Davis, California 95616
(Accepted 8/15/78)

Water content was determined for hydrated and dehydrated larvae of Onymacris
marginipennis. In addition, the volume and osmolarity of the hemolymph were
measured, as were the major components of the hemolymph: sodium, potassium,
magnesium, chloride ions, amino acids, and trehalose. There is a positive linear
relationship between the water content (mg H,O/mg dry weight) and the volume
of the hemolymph (ul/mg dry weight). The osmolarity of the hemolymph is regu-
lated between 320 and 450 mosmol/liter. The concentrations of the ions, amino
acids, and trehalose are relatively constant despite changes in the volume of the
hemolymph. The quantity of each of the major components increases as the volume
of the hemolymph increases. These increases account for the observed regulation
of the osmolarity of the hemolymph. All the major components of the hemolymph

participate in the regulation.

INTRODUCTION

Previous work (Coutchié and Crowe
1979) has shown that larvae of the
tenebrionid beetles Onymacris plana and
O. marginipennis absorb water vapor
from subsaturated atmospheres, increas-
ing their weight to 1409 of the original.
This could result in severe osmotic
stress. Marcuzzi (1955, 1956, 1957-38)
and Machin (1975) showed that larvae
of Tenebrio molitor regulate the osmo-
larity of the blood under similar condi-
tions. One purpose of the present in-
vestigation was to examine the possi-
bility that O. marginipennis possesses
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the capability to regulate the osmolarity
of its blood under conditions of different
water contents. A second purpose was
to attempt to account for the role of
major constituents of hemolymph as
osmotic effectors during osmoregulation.

The larvae of O. marginipennis proved
particularly useful for this study for
the following reasons. (1) One can easily
obtain animals possessing a large range
of water contents. (2) The animals are
quite large, reaching 6.0 cm in length
prior to pupation. (3) Hemolymph sam-
ples of 30—40 ul can be obtained from a
200-mg individual. Such a volume is
sufficient for multiple analyses. Conse-
quently, we have examined the body
water content, volume of the hemo-
lymph, osmotic pressure, and the con-
centrations of cations, chloride ion,
amino acids, and carbohydrates in the
hemolymph, with a view toward elucidat-
ing their roles in osmoregulation.

MATERIAL AND METHODS

Culture methods for Onymacris marg:-
nipennis have been described previously
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(Coutchié and Crowe 1979). Larvae
weighing 125-300 mg were selected from
the colony and weighed and placed in
individual glass vials, which were then
placed in a humidity chamber at 94.5%,
relative humidity (RH) or at 09, RH.
The respective humidities were main-
tained by a sulfuric acid and water
solution (Solomon 1951) or CaCl, (Drier-
ite). Individuals were weighed daily to
+0.1 mg, and fecal matter was weighed
after drying at 60 C for 24 h. Hemo-
lymph samples were taken on the fifth
day in dehydrated animals and on the
day after the maximal weight was
attained in hydrated animals (fourth to
sixth day). The cuticle was punctured
with an insect pin and the hemolymph
was collected in a 5 ul or 25 ul micro-
capillary tube (Drummond Scientific
Co.). A known volume was evacuated
into vials containing solutions appro-
priate for later analyses.

VOLUME OF HEMOLYMPH

The volume of the hemolymph in each
individual was determined by the meth-
od of Wall (1970). After all the hemo-
lymph samples were taken from each
animal, it was carefully and rapidly dis-
sected and the hemolymph was blotted
with fine strips of filter paper. The ani-
mal was reweighed immediately and the
hemolymph volume determined gravi-
metrically based on the difference be-
tween the final wet weight and the post-
dissection wet weight. The animal was
dried for 24 h at 60 C. From the final
wet weight, the final water content
was determined as follows: (final wet
weight — final dry weight)/dry weight
= mg H,O/mg dry weight.

OSMOLARITY
The osmotic pressure of the hemo-

lymph was measured immediately upon
collection. An 8-ul sample was pipetted

onto the paper disc of a Wescor vapor
pressure osmometer which had been
calibrated with factory-supplied NaCl
standards. After determining the osmotic
pressure, in those cases where the total
hemolymph available was low, this
disc was washed into another vial using
2-10 ul washes of glass distilled water
for an additional analysis.

INORGANIC IONS

A 10-pl sample of hemolymph was
used to measure chloride ions on a
Buchler-Cotlove chloridometer. A 5-ul
volume of hemolymph was placed in
glass distilled water containing 0.29
La, 500 ppm Cs, and 1.09, HNO; for
the analysis of sodium, potassium, and
magnesium, using an atomic absorption
spectrophotometer (Varian Techtron
Model 1200).

AMINO ACIDS

The 5 ul of hemolymph were placed
in 2 ml of 809, ETOH and centrifuged
at 4 C at 10,000 g for 30 min to precipi-
tate the protein. Fluorescamine (Roche
Diagnostics), which reacts with primary
amines, was added to an appropriate
volume of the ethanol extract to produce
a fluorescent product which was mea-
sured on a Turner Model 111 Fluorom-
eter calibrated with glycine standards
by the method of Udenfriend et al.
(1972). Proline was determined by the
isatin reaction (Boctor 1971). The con-
centration of the blue product formed
was measured on a spectrophotometer
calibrated with proline standards.

CARBOHYDRATES

The presence of glucose and trehalose
in the hemolymph was determined by
chromatographing on paper a volume of
the ethanol extract as prepared above.
The chromatograph was developed in a
solvent of composition 5 butanol:+4
ethanol:3 acetone:2 water (vol/vol) ac-
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cording to the method of Trevelyan,
Proctor, and Harrison (1950). The sugars
were detected by spraying the paper
with silver nitrate in sodium hydroxide
and R, values were compared with
those of standards run simultaneously.
Total carbohydrates were measured by
the anthrone method of Dimler et al.
(1952) on a 5-ul sample of hemolymph
in glass-distilled water.

RESULTS

VOLUME OF THE HEMOLYMPH

There is a positive linear relationship
between water content and volume of
the hemolymph (fig. 1). Water which is
not accounted for in the volume of the
hemolymph is presumed to be the tissue
water content. Most of the water ab-
sorbed appears to go directly into the
hemocoel. Nicolson et al. (1974) sug-
gested that there may be an overestima-
tion in determining the volume by this
method. However, in our procedures any
error seems constant. Therefore, the
line shown in figure 1 can be used to
predict the relative volume of the hemo-
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lymph for animals of known water
content. We used the equation of this
line to calculate such a volume for some
of the animals in the results described
below.

OSMOLARITY

Osmotic pressure seems to remain
relatively constant over a wide range of
water contents (fig. 2). The volume 1.77
ul/mg dry weight (ul/mg dw) was
chosen as an arbitrary reference point.
In animals having a volume of hemo-
lymph greater than 1.77 ul/mg dw, the
osmotic pressure remains constant at
about 320 milliosmoles/liter (mosmol/
liter). Considering the dilution which
would result from an increase in the
volume of the hemolymph from 1.77
ul/mg dw to 3.5 ul/dw (which we will
call hydrated), one would predict a
decrease in the osmolarity to 182
mosmol/liter if there were no regulation
(fig. 2, predicted line). However, no
such decrease was observed (fig. 2,
observed line). In animals with the
volumes of hemolymph less than 1.77
ul/mg dw, osmotic pressure increases
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F1c. 1.—Relationship between water content (mg H:O/mg dry weight) and the volume of the hemolymph

(ul/mg dry weight).

e




OSMOREGULATION OF THE HEMOLYMPH IN DESERT BEETLE LARVAE 91

6008

predicted

s00f ¢
s
<
@ 400
5
£ sserved eL e
% observe . A - ®, - et . B
= ce o o o ¢® ® *
300f »
> L4 e, .
= 0y T (]
% .............
-
S200F e
L L L 1
10 15 20 25 30 33

Hemolymph Volume

(pliters / mg dry weight)

Fic. 2.—Relationship between the hemolymph volume and osmolarity. The predicted line was generated
by assuming an arbitrary initial volume of 1.77 ul/mg dry weight with an initial osmolarity of 366 mosmol/
liter and changing the volume without changing the number of millimosmoles present. The solid line rep-
resents the osmolarity observed in individuals with the indicated volumes of hemolymph. Note the strong
regulation of the osmolarity in both dehydrated and hydrated animals.

slightly, but only to 500 mosmol/liter,
while 728 mosmol/liter is expected due
to solute concentration at a volume of
0.88 ul/mg dw (termed dehydrated), by
the same line of reasoning as above. We
conclude that osmotic pressure of the
hemolymph is strongly regulated by the
addition or removal of approximately
200 mosmol of solute.

INORGANIC IONS

In general, as many hemolymph com-
ponents as possible were measured for
each individual depending on the volume
of hemolymph available. For the pur-
poses of calculations, the results were
grouped by hemolymph volume in 0.5
ul/mg dw increments. Both the volumes
and the amount of each component were
then averaged, and the standard error
was determined for both parameters.

The concentration of the cations
varied somewhat over the range of
hemolymph volumes examined (fig. 3).

Sodium concentration was 117 mmol/
liter (mM) at 1.77 ul/mg dw. In animals
with half this volume the concentration
observed was 133 mM, while in the ab-
sence of regulation the expected concen-
tration would be 234 mM. At twice the
volume, the observed concentration was
75 mM and the predicted was 60 mM.
Potassium and magnesium were of ap-
proximately equal concentration: 20
mM. They were both strongly regulated
at 21 mM in dehydrated animals when
the predicted value was 39 mM. In
hydrated animals the observed concen-
tration was 14 mM when the predicted
value was 1 mM. All the cations seem
to be more strongly regulated in dehy-
drated animals than in the hydrated
ones.

Chloride concentration, like that of
sodium, varied somewhat over the range
of hemolymph volumes (fig. 4). In
dehydrated animals 232 mM was the
expected value, based on 116 mM for a
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volume of 1.77 ul/mg dw; 182 mM was
measured in these animals. In hydrated
animals 58 mM was predicted, but 104
mM was observed. Thus we conclude
that chloride concentration is also regu-
lated.

AMINO ACIDS

The concentration of both the primary
amino acids and of proline was very
constant despite changes in the volume
of the hemolymph (fig. 5). The concen-
tration ranged from 48 mM to 33 mM
for proline and from 57 mM to 45 mM

for the primary amino acids. However,
the predicted concentrations were 82
mM for proline and 105 mM for the
primary amino acids in dehydrated
animals, and 20 mM and 25 mM,
respectively, in hydrated animals. We
conclude that the concentration of amino
acids, like that of the other components,
is strongly regulated.

CARBOHYDRATES

Trehalose was the only low—molecular
weight carbohydrate detected in the
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F16. 3.—Relationship between the concentrations of sodium, potassium, and magnesium and the volume
of the hemolymph. For each curve the predicted line is generated by assuming the concentration present
at 1.77 ul/mg dry weight and varying the volume without any of the components entering or leaving the
hemolymph. Note that the concentration remains relatively constant despite the changes in the volume of
the hemolymph when compared to the predicted values which assume no regulation.
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F16. 4.—Relationship between the concentration of chloride ions and the volume of the hemolymph.
See legend to figure 3 for further explanation.

hemolymph. It ranged from 55§ mM in
dehydrated animals to 45 mM in hy-
drated ones (fig. 6). Predicted concen-
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tration was converted to an expression
for the total millimoles of any component
in the hemolymph/mg dw in the follow-
ing fashion: mmol/liter X ul hemo-
lymph/mg dw = mM/mg dw, and
mosmol/liter X ul hemolymph/mgdw =
mosmol/mg dw. The values obtained
were then grouped by blood volume at
0.5-ul increments. A regression line was
determined for the average values at
each of the averaged blood volumes. The
results are expressed in figures 7-10.
The quantity of each of the inorganic
ions increases with increasing volume of
the hemolymph, with sodium and chlo-
ride increasing more sharply than potas-
sium and magnesium (fig. 7). For
sodium, 0.18 X 10-® mM/mg dw in-
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Fi1c. 7.—Total mmol/mg dry weight of ions
plotted against the volume of the hemolymph. The
total quantity of each component increases as the
volume increases, which is the result expected if the

concentration remains constant as seen in figures
3-6.
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F1c. 8.—Total mmol/mg dry weight of amino
acids plotted against the volume of the hemolymph.
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F16. 10.—Summary graph expressing the relation-
ship between the measured components and the
volume of the hemolymph. From the measurement
of the osmotic pressure, the total milliosmoles
observed was calculated. The values for each of the
measured components were summed to obtain a
predicted value for the osmotic pressure (labeled
“estimated”), assuming all components have an
independent osmotic effect. Note that the slopes of
the observed and estimated lines for the osmotic
pressure are indistinguishable.

creases to 0.30 X 10-% mM/mg dw at
twice the volume, less than the 0.36 X
10-® mM/mg dw which would be ex-
pected if the sodium concentration were
perfectly regulated. A similar pattern
is seen in chloride ion where the quantity
increases from .21 X 10-* mM/mg dw to
only 0.35 X 10-® mM/mg dw at twice
the volume. While magnesium and
potassium also increase with blood vol-
ume, the contributions of these ions as
osmotic effectors are relatively minor.
The total mMoles of free amino acids

also show sharp increases while the
hemolymph volume increases (fig. 8).
The primary amino acids contribute
slightly more to the total than does
proline. The total quantity of amino
acids increases from .165 X 10-® mM/
mg dw to .31 X 10-®* mM/mg dw.
Trehalose does not increase as sharply
as the other constituents do when the
volume of hemolymph increases (fig. 9),
rising from 0.1 X 10-% mM/mg dw to
0.15 X 10~ mM/mg dw.

The total mosmol/mg dw increased
with the increasing blood volume (fig.
10). This result is expected if the osmotic
pressure is to remain constant in the
face of an increased volume of hemo-
lymph. From the blood volume of 1.77
ul/mg dw the number of milliosmoles
nearly doubles from 0.68 X 10—% mosmol/
mg dw to 1.28 X 10-% mosmol/mg dw, a
value which is close to the 1.36 X 10-°
mosmol/mg dw needed to maintain a
constant total solute concentration at
twice the blood volume.

Figure 10 is a summary of the relative
contributions of these major compo-
nents. The values obtained from the
regression lines for each component
have been summed at appropriate hemo-
lymph volumes in order to obtain the
dotted line. Assuming complete ioniza-
tion of the ions and independent and
equal osmotic activity of each molecule
of amino acid or carbohydrate, this
dotted line represents an estimation of
the osmotic pressure that would be
observed. Any molecular interactions
would decrease the actual osmotic pres-
sure produced by the concentrations
measured. Therefore, it is not surprising
that the sum of the amounts of solutes
detected in the hemolymph is actually
greater than that calculated from the
measured osmolarity. However, the slope
of the dotted line is identical to that
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obtained for the regression line for the
osmolarity.

For cations, amino acids, and chloride,
the slopes of the regression lines are
about equal, as are the amounts of each
of the solutes at any given volume of
hemolymph. Each of these groups of
components contributes approximately
259%, to the total observed osmolarity,
given the assumptions above regarding
their activity in solution.

DISCUSSION

The linear relationship which exists
between water content and the volume
of the hemolymph suggests that water
absorbed from the air is stored in the
hemocoel. We tentatively suggest that
water is transferred to body tissues at
the expense of the hemolymph volume
when the animal is under stress due to
dehydration. We have also found in the
course of these studies that animals
with decreased water content appear
flat and flaccid, while animals of high
water content were rounded in appear-
ance. In fact, when the hydrated animals
were punctured in order to obtain the
hemolymph sample, the hemolymph
literally spurted several centimeters into
the air. Okasha (1971, 1972) has pre-
viously suggested that the uptake of
water vapor from subsaturated air by
Thermobia may constitute a mechanism
for the regulation of the volume of the
hemolymph. Coutchié and Crowe (1979)
showed that in Onymacris water uptake
ceases after a point, when an animal has
reached an apparent maximal water
content (or hemolymph volume). It
seems likely that the control may be
determined by the animal’s volume and,
from what is known concerning the role
of abdominal stretch receptors in the
volume regulation in insectslike Rhodnius
(Wigglesworth 1964), we suspect that

this control could be mediated by
stretch receptors.

Data have been accumulated over the
past decade by a number of workers
which demonstrate that terrestrial in-
sects are capable of strongly regulating
the osmolarity of their hemolymph. For
example, Broza, Borut, and Pener (1976)
noted that the adult tenebrionid T'rachy-
derma philistina controlled the osmo-
larity of its hemolymph between 385
and 528 mosmol/liter as do adult Eleodes
hispilabris (Riddle, Crawford, and Zei-
tone 1976). Machin (1975) noted that
Tenebrio which had increased their water
content by 25%,-309, showed a decrease
in the concentration of their hemolymph
from 575 to 433 mosmol/liter. Marcuzzi
(1955) reported an osmotic pressure for
“normal” Tenebriolarvae of 356 mosmol/
liter. Although Marcuzzi saw a relatively
constant osmotic pressure, there were
no data on the volume changes, so the
extent of the osmoregulation cannot be
fully determined. In the present study,
we found that osmoregulation in Onyma-
cris is between 320 and 480 mosmol/liter.
Other insects, such as lepidopterans, are
known to osmoregulate between 200 and
300 mosmol/liter (Fyhn and Saether
1970). The orthopterans which have
been studied also osmoregulate in similar
ranges: Arenivaga and Periplaneta, 407—
470 mosmol/liter (Edney 1966, 1968;
Wall 1970); Leucophaea, 326-333 mos-
mol/liter (Laird and Winston 1975); and
Chortoicetes, 200-250 mosmol/liter (Dja-
jakusumah and Miles 1966). In general
the terrestrial insects studied seem to be
able to regulate the osmolarity of their
hemolymph within a range of 100-150
mosmol/liter.

Even though the regulation is be-
coming well documented, the mechanism
by which it is accomplished is not yet
clear. Edney (1966) suggested that the
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removal of chloride ions might contribute
to the osmoregulation he observed in
Arenivaga and Okasha (1973) reported
relatively constant concentration of chlo-
ride in Thermobia of different water
contents, as did Tucker (1977a, 1977¢,
1977d) for Periplaneta. Broza et al.
(1976) stated that although chloride ion
contributed to the osmoregulation they
observed in Trachyderma, the inorganic
ions were not as important as the organic
molecule as osmotic effectors. However,
when we examined their data closely, it
became apparent that chloride ion con-
tributed nearly 509, of the osmotically
active substances they reported. In
addition, the total osmolarity that would
be generated by the substances they
measured (chloride ion and free amino
acids), represented only about 509, of
the osmotically active substances in the
hemolymph.

Cations have been suggested as osmot-
ic effectors by a few workers. In milli-
pedes, the combination of sodium, chlo-
ride, potassium, and amino acids to-
gether accounted for two-thirds of the
observed osmotic pressure (Woodring
1974). Wall (1970) observed a strong
regulation of the concentrations of potas-
sium and sodium in dehydrated Peri-
planeta, and Okasha (1973) described
rather constant concentrations of so-
dium, potassium, and chloride in T /ermo-
bia of varied water contents. Results of
the present study suggest that sodium,
potassium, and magnesium constitute
about 259, of the osmotically active
substances in the hemolymph, and chlo-
ride a further 259,. This contribution is
constant with variations in the volume
of the hemolymph. Thus the inorganic
ions account for 509, of the osmotic
effectors.

The potential involvement of free
amino acids as osmotic effectors in the

hemolymph has been suggested by a
number of workers including Sutcliffe
(1963), Florkin and Jeuniaux (1974),
and Laird and Winston (1973), based
on the observation that coleopterans
possess high levels of free amino acids in
the hemolymph, and on the work of
Djajakusumah and Miles (1966) who
proposed that in Chortoicetes (a locust)
an interplay of nonprotein nitrogenous
substances and protein might account
for the observed osmoregulation. The
amino acids in Chortoicetes are 159, of
the total osmoles present, but the amino
acids represent 309, of the milliosmoles
added back to the hemolymph when the
dehydrated animal was allowed to drink
water and replenish the hemolymph
volume (Djajakusumah and Miles 1966).
From our results in the present study
and those of Broza et al. (1976), which
clearly demonstrate the involvement of
free amino acids as osmotic effectors in
the hemolymph of insects, it appears
that free amino acids comprise about
259, of the total osmotically active
substances. Thus the inorganic ions and
free amino acids constitute about 759
of the osmotically active substances.
The remaining 259, of the total must
be accounted for by still other solutes in
the hemolymph. While there are a
variety of other inorganic ions, such as
calcium ions, phosphate ions, sulfate
ions efc., their contributions are rela-
tively minor. The carbohydrate trehalose
is probably the most important to con-
sider with respect to potential osmotic
contribution. There have been many
measurements of the carbohydrate levels
in insect hemolymph (see review by
Florkin and Jeuniaux 1974; Jungreis
1976). However, there have been few
attempts to estimate the osmotic con-
tribution or to make any correlation
with osmoregulation. Trehalose is at a
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high concentration in the hemolymph
and cannot be without some effect on
the osmotic pressure. In fact, according
to this study, the level of trehalose in
the hemolymph represents the final 259,
of the osmotic contribution by solutes.
Thus, all the major constituents of the
hemolymph—cations, free amino acids,
chloride ions, and trehalose—contribute
to the observed osmotic pressure in about
equal proportions. Moreover, the rela-
tive contributions do not appear to be
altered significantly, despite drastic
changes in the volume of the hemo-
lymph. All these components remain at
approximately constant concentrations,
meaning, of course, that the total
amount of each constituent in the hemo-
lymph must increase with the volume
of the hemolymph.

Although the quantity of solute which
must be added to the hemolymph at
increased hemolymph volumes during
osmoregulation is supplied by these
major components, little is known con-
cerning the mechanism of storage of
these solutes during dehydration or how
they might be mobilized during hydra-
tion. Only a few suggestions concerning
how this might be accomplished exist
in the literature. Evidence for a storage
site for inorganic ions is found in the
work of Jungreis and Tojo (1973) who
showed that potassium, although of
integumental origin, accumulated in the
fat body, and Tucker (1977d) showed
that chloride may be stored in the hind-
gut. Mullins and Cochran (1974) sug-
gested that sodium and potassium could
be stored as urate salts in the fat body,
a proposition that is supported by the
recent work of Tucker (1977a, 19775,
1977¢, 1977d). Given the current study
indicating the importance of the inor-
ganic ions in the regulation of the
osmolarity of the hemolymph, more

work is needed to identify the source of
the ions. We should emphasize that the
immediate source for these ions is not
dietary; the animals were starved during
the course of our experiments. Just as
the only source of water was from the
water vapor of the air, the only source
of solutes was within the body of each
individual.

The possible sources of free amino
acids and trehalose are less difficult to
discern. Djajakusumah and Miles (1966)
have suggested that the amino acids
may be polymerized into proteins or
polypetides during dehydration and
broken into free amino acids during
subsequent rehydration. Collett (1976)
has suggested that a peptidase can
mediate the storage of amino acids in
Calliphora. An alternative suggestion
might be that amino acids may be
metabolized during dehydration and
resynthesized during rehydration. Such
a possibility is being considered by
several workers involved in the area of
osmoregulation in euryhaline organisms
(Baginski and Pierce 1975). The prob-
lem incurred in applying this mechanism
to insects is the necessity for a source of
NH; for the resynthesis pathway. In
preliminary studies we have found that
the level of ammonia is low in the hemo-
lymph. Work on bacterial symbionts in
the fat body of cockroaches has sug-
gested that these symbionts may be
involved in the nitrogen metabolism of
the host, providing various metabolites
as well as ammonia from the uric acid of
the fat body (Donnellan and Kilby
1967; Henry and Block 1962). It is not
known if there are similar symbionts in
Onymacris. However, such a pathway
would prove of interest, particularly in
view of the possible association of the
inorganic ions with urate in dehydrated
animals. Currently, we are attempting




OSMOREGULATION OF THE HEMOLYMPH IN DESERT BEETLE LARVAE 99

to determine the fate of the free amino
acids in dehydrated animals and their
source in hydrated ones.

Trehalose, a disaccharide of glucose,
can be converted into glycogen or
metabolized by normal oxidative path-
ways. If trehalose is broken down during

dehydration, it could be resynthesized
from the subunits of glycogen when the
animal became rehydrated. Or, if the
glyoxalate pathway exists in insects
(Skye and Van Handel 1974), trehalose
could be synthesized from fatty acid
precursors.
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