Sodium Uptake by Puddling in a Moth

Scott R. Smedley* and Thomas Eisner

Male Lepidoptera commonly visit stands of water to drink, a behavior known as puddling.
Males of the notodontid moth Gluphisia septentrionis routinely puddle for hours, imbibing
hundreds of gut-loads and voiding the fluid as repetitive anal jets. Cationic analyses
showed puddling to lead to systemic sodium gain, a potential benefit to Gluphisia, whose
larval food plant is low in sodium. Male Gluphisia are specialized for puddling, possessing
a wide oral slit and a highly expanded enteric surface. The acquired sodium is transferred
to the female at mating, for eventual incorporation into the eggs. Sodium acquisition may
be the primary function of puddling in Lepidoptera.

When animals first emerged from the
oceans to colonize land, they faced a new
reality. Sodium, an essential ion (I, 2)
plentiful in the seas, was in short supply in
the new milieu. For terrestrial herbivores
the problem was particularly acute because
land plants typically contain little sodium
(3). Herbivorous vertebrates meet their so-
dium needs on land by resorting to salt licks
or feeding on foliage of higher sodium con-
tent (4). We here document how one in-
sect, the notodontid moth Gluphisia septen-
trionis, procures sodium by puddling (5).
Puddling is widely practiced by butter-
flies and moths. The behavior, restricted
almost exclusively to males, involves drink-
ing from stands of water or moist soil. It has
long been assumed that puddling serves for
procurement of sodium (6—8), but evidence
for uptake of the cation has never been
presented. We here demonstrate that pud-
dling does indeed lead to sodium uptake.
Gluphisia males exemplify puddling in its
extreme form. The moths imbibe prodigious
quantities of fluid, which they expel as quickly
paced anal jets while drinking (9-11) (Fig.
LA). Observations of male Gluphisia (n = 7)
drinking at natural puddles (12) revealed an
anal jet ejection rate of 18.4 + 2.2 per minute
(range 14.2 to 21.4 anal jets per minute), with
individual jets averaging 8.2 * 2.2 pl (range
6.2 to 11.3 ul), an equivalent of 12% of moth
body mass. The behavior (n = 8 moths) per-
sisted for long periods (80.3 = 63.1 min; range
8.5 to 201.9 min), resulting in the passage of
large total fluid volumes (13.9 * 13.9 ml;
range 1.1 to 38.4 ml) (13). The maximum
ejected volume was passed as 4325 jets in 3.4
hours and amounted to more than 600 times
the moth’s body mass (the human equivalent
would be 45,500 liters, passed at 3.8 liter/s).
A comparison of the cationic concentra-
tion (14) of imbibed and ejected fluids for
Gluphisia males drinking from two laborato-
ry solutions and from natural puddles re-
vealed that there was invariably sodium
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uptake (Fig. 2) (15, 16). With the laborato-
1y solutions there was also potassium loss
and minimal losses of magnesium and calci-
um (Fig. 2, A and B). However, with the
puddle fluid, where the samples did not nec-
essarily include a moth’s first ejections, gains
or losses of potassium, magnesium, and cal-
cium were insignificant (Fig. 2C). Separate
laboratory determinations (17) showed that
a disproportionately large quantity of potas-
sium is voided in the initial rather than later
ejections (I8). Early ejections, although
they composed only 8 * 3% of the total
fluid passed, accounted for 40 *+ 18% of the
total potassium loss, but for only 12 * 2% of
the total sodium gain. However, for the
entire puddling period, the net sodium gain

Fig. 1. Puddling behavior
and concomitant mor-
phology in Gluphisia. (A)
Male ejecting an anal
squirt while puddling. (B)
Male head, showing pro-
boscis. (C) Male probos-
cis, enlarged, showing
oral cleft and the sieve-
like arrangement of pro-
jections. (D) Male and fe-
male ileum (cross sec-
tion). Scale bars: (A) = 1
cm, (B = 0.5 mm, and
(Cyand (D) = 0.1 mm.

per moth was generally evenly matched, on
a molar basis, by the potassium loss (19).

Analysis of Gluphisia body parts provided
direct evidence that puddling leads to sodi-
um uptake (20). The sodium content, but
not the potassium content, of males that
had puddled exceeded that of controls for
all body parts (Fig. 3). In general, potassium
concentrations were substantially higher
than sodium concentrations, as is typical for
herbivorous insects (3). Whole body anal-
yses of a separate sample of puddlers (n =
28) revealed a sodium content of 19.0 = 5.8
g per moth (21). For a sample of nonpud-
dling controls (n = 10), the corresponding
value was 2.3 * 2.3 ug per moth. The
difference in these two values, representing
presumably the amount of sodium gained
through puddling, is clearly in line with the
value calculated for sodium uptake (16.8 =
9.9 pg per moth) from the imbibition data
(Fig. 2B).

Both the duration of puddling and the
total volume ejected were found to be in-
verse functions of the sodium concentration
in the imbibed fluid (Fig. 4). Moths drink-
ing a 0.01 mM Na solution puddled longer
and passed larger volumes than those im-
bibing 0.1 and 1.0 mM Na solutions. For
the latter two solutions the data did not
differ, indicating potential saturation of the
ionic uptake mechanism starting at a con-
centration between 0.01 and 0.1 mM Na.
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Gluphisia is structurally specialized for
puddling. The male, in lieu of the typical
elongate lepidopteran proboscis, has a short
recurved beak, opening frontally by way of
an oral cleft (Fig. 1, B and C). This gaping
orifice, ideally suited for ready fluid intake
. (22), is guarded by an interdigitating ar-
rangement of projections, forming a sieve
that could shield against uptake of poten-
tially occlusive particulate matter. A re-
duced proboscis is not uncommon for no-
todontid moths and appears to be charac-
teristic of species with short-lived, atrophic
adults (23). Of such species only G. septen-
trionis and two of its congeners (24), as well
as one other species (9), are known to
puddle, suggesting that facilitation of mas-
sive fluid intake may not be the primary
evolutionary justification of proboscis re-
duction in Notodontidae.

Male Gluphisia have intestinal special-
izations that set them apart from the non-
puddling female. The ileum (anterior hind-
gut) of the male is 1.65 times as long as and
2.00 times as wide as that of the female (25)
(Fig. 5); and it bears a dense inner packing
of villi, largely absent from the female (Fig.
1D). Because of these differences, the ileal
surface area of the male is 19 times that of
the female (26).-The ileum is in all likeli-
hood the site of sodium absorption in Glu-
phisia. The insect hindgut is thought to
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Fig. 3. Concentration of sodium (A) and potassi-
um (B) of body parts for male Gluphisia that pud-
dled (black bars) and their paired, nonpuddiing
controls (striped bars). Body parts: Repro = re-
productive parts; Gut = digestive system; C & G
= coremata and genitalia; Rems = remaining
parts. Eight pairs of all body parts were analyzed.
Paired t tests (*, 0.01 = P < 0.05; **, P < 0.01).
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Fig. 4. Puddling duration (A) and total fluid ejected
(B) as a function of the sodium concentration of
the imbibed solution (10 moths per solution). Col-
umns not sharing letters are significantly different
(experiment-wide a = 0.05, Tukey test) (37).

serve for ionic absorption (27). The two
congeners of G. septentrionis that also pud-
dle by massive fluid throughflow have en-
larged male ilea (24). Conversely, the ilea
" of two notodontids not reported to puddle
(Pheosia rimosa and Dasylophia thyatiroides)
are sexually monomorphic (24).

Sodium uptake may be a necessary pur-
suit for Gluphisia, given that its primary
larval foodplant, quaking aspen (Populus
tremuloides), contains foliar sodium concen-
trations [2.9 *+ 1.2 parts per million (ppm)
dry weight, n = 8 trees] (28) substantially
lower than average for trees (29). Animal
diets typically contain higher sodium con-
centrations (an average human meal in an
industrial society contains 5000 ppm of so-
dium) (30). Potassium, on the other hand,
which is plentiful in quaking aspen leaves
(8120 £ 990 ppm dry weight, n = 8 trees)
(28), as well as within the adult moth, is
unlikely to be a limiting resource for Glu-
phisia. The close correspondence between
sodium gain and potassium loss in the pud-
dling moth suggests that the mechanism of
sodium uptake involves a balanced ex-
change with potassium.

Elsewhereswe provide an answer to the
question of why puddling is restricted to
male Gluphisia. The female, potentially as
deficient as the male in sodium because her
larval diet is the same as the male’s, receives
supplemental sodium from the male at mat-
ing, with the sperm package (24). Such
copulatory transfer of sodium has been dem-
onstrated also for a butterfly (Thymelicus
lineola) (8). The female Gluphisia, however,
does not retain the acquired sodium herself,
but bestows it in large measure on the eggs,
thereby endowing the offspring with a first
dose of the valuable ion (24). Other pud-
dling Lepidoptera may similarly “salt their
eggs.”

Fig. 5. Digestive system of Gluphisia, showing
ileal sexual dimorphism (malpighian tubules
omitted).
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Evidence for Developmentally
Programmed Transdifferentiation
in Mouse Esophageal Muscle

Ardem Patapoutian,* Barbara J. Wold, Roger A. Wagner+

Transdifferentiation is a relatively rare phenomenon in which cells of one differentiated
type and function switch to a second discrete identity. In vertebrate embryos, smooth
muscle and skeletal muscle are distinct tissues that arise from separate compartments
of the mesoderm. The musculature of the mouse esophagus was found to undergo a
conversion from smooth muscle in the fetus to skeletal muscle during early postnatal
development. The switch from smooth to skeletal muscle features the transttory appear-
ance of individual cells expressing a mixed phenotype, which suggests that this con-
version is a result of programmed transdifferentiation.

Skeletal and smooth muscles of vertebrates
differ with respect to structure, innervation,
function, and developmental origin (1). For
example, skeletal muscle is composed of
fused multinucleate myotubes containing
striated fibers, whereas smooth muscle is
composed entirely of mononucleate, non-
striated cells. The musculature of the mam-
malian stomach and intestine is composed
exclusively of smooth muscle, but the
esophagus differs because it also contains
skeletal muscle. Although some muscle
genes are expressed in both smooth and
skeletal muscle tissues, others are strictly
specific.
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By monitoring the expression of such
highly specific smooth or skeletal muscle
markers [skeletal fast myosin heavy chain
(MHC) and smooth myosin light chain
(MLCK)], we found that during early de-
velopment, the mouse esophageal muscula-
ture is composed entirely of differentiated
smooth -muscle (Fig. 1, A and B) (2, 3).
Later, esophageal expression of smooth
muscle—specific genes declines and expres-
sion of skeletal muscle-specific genes in-
creases (Fig. 1, C through F). This transi-
tion from smooth to skeletal muscle type
occurs in a rostrocaudal progression that
begins in late fetal development and con-
tinues through the first 2 weeks of postnatal
development (Fig. 1, G and H). Smooth
muscle myosin heavy chain, another "
smooth muscle-specific marker, was also
expressed in the esophageal musculature at
prenatal time points, which confirmed the
smooth muscle phenotype of these cells (3,
4). The expression pattern of another skel-
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etal muscle-specific protein, a-actinin, was
the same as that of skeletal MHC protein
for all developmental time points (5).

The muscularis layer of diaphragm-level
esophagus expressed both skeletal and smooth
muscle proteins at postnatal day 3 (P3), which
revealed a time and place of transition at the
tissue level (Fig. 1C). Greater magnification
revealed coexpression of smooth MLCK and
skeletal MHC in the cytoplasm of individual
cells (Fig. 1D). This unanticipated coexpres-
sion of smooth and skeletal differentiation
markers within individual cells was observed
from embryonic day 16 (E16) in rostral sec-
tions to P8 in caudal sections (5). Coexpres-
sion on the single-cell level was verified by
partial - dissociation of P3 esophagus tissue
(Fig. 1, I through L). The progression from
smooth to skeletal tissue type, together with
the coexpression of smooth and skeletal
markers in individual cells, suggests that
functional, differentiated smooth muscle
cells in the esophagus switch directly to
differentiated skeletal myocytes. The pres-
ence of syncytial myofibers in dissociated
preparations provided additional cytologi-
cal evidence for the skeletal character of
the final muscle phenotype (5).

Expression of the skeletal muscle regula-
tory factors (MRFs) MyoD, myogenin, Myf-
5, and MRF4 marks commitment to the
skeletal muscle phenotype, but extensive
studies of their expression patterns have
never found these markers in smooth mus-
cle or its known progenitors. At least one of
the MRFs is expressed before transcription
of any muscle-specific structural gene in all
skeletal muscle (6). At E15 (Fig. 2, A and
B) and at birth (5), diaphragm-level esoph-
ageal musculature was consistent with this
pattern and did not stain with monoclonal
antibodies (mAbs) to MyoD or myogenin,





