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MIDGUT-GLAND DEVELOPMENT DURING EARLY
LIFE-HISTORY STAGES OF THE AMERICAN LOBSTER
HOMARUS AMERICANUS

Patricia M. Biesiot and Judith E. McDowell

ABSTRACT

Currently there are at least 2 hypotheses regarding function of the different cell types in the
midgut gland of decapod crustaceans. Both agree that E-cells are undifferentiated cells which
mature into the other cell types. One hypothesis holds that F-cells synthesize digestive enzymes
and subsequently differentiate into B-cells, which, in turn, secrete the enzymes into the midgut-
gland lumen. R-cells are believed to function in the absorption of digested nutrients, intracellular
digestion, and storage of lipid and glycogen, among other roles. The alternate hypothesis states
that F-cells synthesize and secrete digestive enzymes and then take up partially digested material
to yield B-cells, which are involved in intracellular digestion. B-cells are later discharged into
the lumen; R-cells subsequently absorb nutrients from the gut lumen and store lipid and
glycogen. In the present study, the midgut glands of embryos, prelarvae, and stage I larvae of
the American lobster Homarus americanus were examined histologically. R-cells of all the early
developmental stages sampled had only 1 or 2 lipid vacuoles, presumably representing resorbed
yolk lipids, in contrast to the numerous lipid vacuoles in R-cells of adult lobsters. E-, R-, and
F-cells, but not B-cells, were present in embryos sampled approximately 3 days before their
siblings hatched as stage I larvae. B-cells had developed in prelarvae sampled approximately
12 h before their siblings hatched and also occurred in prelarvae sampled approximately 3 h
before hatching and in newly hatched stage I larvae. B-cell numbers increased by the time 'stage
1 larvae reached intermolt, regardless of whether they were fed or starved. Since embryos,
prelarvae, and newly hatched larvae have not ingested exogenous nutrients, the presence of
B-cells in these early developmental stages was triggered by something other than uptake of
partially digested food and is probably genetically programmed. These results provide indirect
evidence supporting 1 hypothesis regarding midgut-gland cell function: that F-cells mature into
B-cells before, rather than after, digestion has begun.

The midgut gland (also called the hepa-
topancreas or digestive gland) of decapod
crustaceans is responsible, among other
functions, for the synthesis and secretion of
digestive enzymes, for resorption of digest-
ed nutrients, and for storage of energy re-
serves (cf. review articles of Gibson and
Barker, 1979; Dall and Moriarty, 1983; Ice-
ly and Nott, 1992). Although considerable
information about various aspects of the
midgut gland exists, there is still some dis-
cussion about the roles played by the dif-
ferent types of cells that comprise the epi-
thelium of this organ. These cells include
E-cells (embryonic), F-cells (fibrillar), B-cells
(blister), and R-cells (originally, “the rest”
but later, resorptive) (Jacobs, 1928; Hirsch
and Jacobs, 1928). An additional cell type,
the M-cell (midget), has been described from
the shrimp Penaeus semisulcatus de Haan
(see Al-Mohanna et al., 1985b; Al-Mohan-
na and Nott, 1987a). M-cells do not, ap-
parently, occur in all decapods (Caceci et
al., 1988).

A current paradigm (Gibson and Barker,
1979; Dall and Moriarty, 1983; Icely and
Nott, 1992) about midgut-gland cell func-
tions holds that E-cells are produced con-
tinuously by mitosis at the distal, closed
ends of the tubules that make up the midgut
gland. As they grow away from the tubule
tips, E-cells differentiate into either R- or
F-cells. R-cells are the most abundant cell
type and function in the absorption of di-
gested nutrient molecules and in the storage
of both lipid and glycogen, among other
roles. These cells characteristically contain
large numbers of irregularly shaped lipid
vacuoles. F-cells synthesize digestive en-
zymes and store them in supranuclear vac-
uoles that enlarge by pinocytosis of fluids
from the tubule lumen. F-cells appear stri-
ated due to an extensive rough endoplasmic
reticulum; the cells are basophilic because
there are large numbers of ribosomes. B-cells
are considered to be mature F-cells; they
are the largest midgut-gland cell type and
contain a huge vacuole which is formed by
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continued enlargement and coalescence of
the F-cell vacuoles. B-cells function to se-
crete the digestive enzymes produced dur-
ing the F-cell stage.

An alternative hypothesis (Al-Mohanna
et al., 1985a), modified from the one de-
scribed above and based on work with the
shrimp Penaeus semisulcatus, states that
F-cells have two roles: they synthesize di-
gestive enzymes and later secrete those en-
zymes during the extracellular phase of di-
gestion. After enzyme secretion, F-cells
function in the uptake of partially digested
nutrients from the lumen of the gut; they
subsequently mature into B-cells, which, in
turn, are involved in intracellular digestion,
assimilation, and, finally, elimination of un-
digested materials (Al-Mohanna et al.,
1985a; Al-Mohanna and Nott, 1986, 1989).
The role of R-cells is to absorb soluble nu-
trients from the lumen of the gut and to
store lipid and glycogen; these reserves are
mobilized to sustain the organism during
periods of nonfeeding (Al-Mohanna and
Nott, 1987b, 1989).

It is the precise relationship between, and
function of, F- and B-cells that is at issue.
There is consensus that F-cells synthesize
digestive enzymes and many, but not all,
workers believe that B-cells are mature
F-cells. Vogt et al. (1985), for example, held
the opinion that all cell types in the midgut
gland, including B-cells, derive from E-cells.
The fundamental difference between the two
main hypotheses regarding F- and B-cell
function is whether F-cells differentiate into
B-cells before (null hypothesis) or after (al-
ternate hypothesis) secretion of the diges-
tive enzymes.

Most of what is known or suspected about
the morphology and function of midgut-
gland cells has been based on studies and
observations using adult decapods. Onto-
genetic changes in the digestive tract have
been described for larval stages of a few
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species of decapod crustaceans, including
the white shrimp Penaeus setiferus (L.) (see
Lovett and Felder, 1989), the grass shrimp
Palaemonetes varians (Leach) (see Le Roux,
1971a, b), the American lobster Homarus
americanus Milne Edwards (see Herrick,
1911; Williams, 1907; Hinton and Corey,
1979; Factor, 1981), and the stone crab
Menippe mercenaria (Say) (see Factor,
1982). These studies included cursory men-
tion of morphological changes in the midgut
gland and none specifically addressed the
different cell types comprising the midgut
gland. Sasaki et al. (1986) briefly described
morphological changes occurring in the
midgut gland during both embryogenesis
and larval development of H. americanus.
In this paper we discuss morphological
changes occurring in the midgut gland of
early developmental stages of the American
lobster H. americanus that should be con-
sidered in the interpretation of F- and B-cell
structure and function.

MATERIALS AND METHODS

Ovigerous female lobsters, Homarus americanus,
were obtained offshore from New Bedford, Massachu-
setts, U.S.A., and were maintained in the laboratory
in separate flow-through aquaria at 22°C and ambient
salinity (30-31 ppt); the sea water was passed through
a 10-um filter before entering the aquaria to exclude
larger plankton and detritus.

Newly extruded lobster eggs are dark green, but soon
become black. The black color persists until about a
month prior to hatching when the eggs take on a golden
color. A final color change to pale blue signals initiation
of the hatching process; the eggs swell slightly and turn
blue approximately 1-2 days before free-swimming
larvae are released. Near the end of the blue-egg stage,
the outer egg envelope ruptures, although the prelarva
isretained within an inner egg envelope and can remain
attached to the female for hours. The prelarva is in-
capable of swimming, even if removed from the inner
egg envelope, until ecdysis occurs and the free-swim-
ming stage I larva is released. Details regarding egg
color and the hatching process in H. americanus are
given in Davis (1964).

Well-advanced gold eggs, blue eggs, prelarvae, and
stage I larvae were examined in the present study. An

—

Figs. 1-3. Cell types comprising the midgut gland of the American lobster. Fig. 1. The adult. Numerous heavily
vacuolated R-cells (R), several striated, dark-staining F-cells (F), and one mature B-cell (B) are shown. Scale
bar = 5 um. Fig. 2. The advanced gold-egg stage (sampled three days prior to hatching of sibling stage I larvae).
There are primarily R-cells (R) and a few F-cells (F). R-cells differ from those of adult lobsters in having only
one or two large lipid vacuoles. F-cells are not very well developed. Scale bar = 5 um. Fig. 3. The blue-egg stage
(sampled approximately 12 h prior to hatching of sibling larvae). Mature B-cells (B) are present, along with

R-cells (R) and F-cells (F). Scale bar = 5 um.
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Figs. 4, 5. Cell types comprising the midgut gland of Homarus americanus. Fig. 4. The newly hatched (molt
stage A) stage I larva. Tissue was postfixed with osmium tetroxide to demonstrate the presence of lipid vacuoles
(small round black vacuoles) in the R-cells (R). B-cells (B) and F-cells (F) are also present. Scale bar = 5 gm.
Fig. 5. The intermolt (molt stage C) stage I larva. B-cells (B), F-cells (F), and R-cells (R) are similar to those of
earlier developmental stages. Scale bar = 5 um.



BIESIOT AND McDOWELL: MIDGUT-GLAND DEVELOPMENT OF AMERICAN LOBSTER

aliquot of gold-colored embryos was sampled 3 days
before siblings in the same brood hatched. Blue eggs
were collected at 12 h and again at 3 h prior to hatching
of their siblings. Prelarvae are defined as late-stage em-
bryos which are in the process of molting to the stage
1 larva; they were obtained from blue-colored eggs. All
eggs were examined for viability using a binocular dis-
secting microscope and only those embryos having a
strong heart beat were used for this study. Prelarvae
were either netted from the bottom of the aquaria,
where they sometimes dropped from the egg mass be-
fore molting to the stage I larva, or they were removed
directly from the egg mass using small forceps. Newly-
hatched stage I larvae (molt stage A) were netted from
the aquarium.

Larvae from one brood were segregated into indi-
vidual containers within 15 min of hatching. These
larvae were maintained in flowing, 1-um filtered sea
water for approximately 30 h until the larvae were in
intermolt (molt stage C); they were not fed during this
time. Other larvae were collected within 1-2 h of hatch-
ing and were reared communally in 40-1 plankton kreis-
als (Hughes et al., 1974); these larvae were fed adult
brine shrimp, Artemia sp., ad libitum until attaining
intermolt. Molt-staging was accomplished according to
the method of Sasaki (1984).

‘Whole embryos and prelarvae and the midgut glands
dissected from stage I larvae were used. For compar-
ison, we also sampled midgut-gland tissue from an
adult female lobster which had been starved for 3 days
prior to sacrifice. All tissues were fixed in separate vials
with 3% glutaraldehyde in 0.1 M phosphate buffer, pH
7.2, for 1.5-2.0 h at 7°C. The tissues were subsequently
washed in cold buffer, dehydrated in ethanol at room
temperature, and infiltrated and embedded in plastic
embedding medium, either Sorvall or JB-4, according
to the manufacturers’ specifications. Tissues were sec-
tioned at 2 or 3 um on a Sorvall JB-4 microtome with
% inch-wide glass knives and mounted on clean glass
microscope slides. The sections were stained with Lee’s
methylene blue-basic fuchsin (Bennett er al., 1976),
which gives results similar to hematoxylin and eosin.

Newly hatched (molt stage A), unfed, stage I lobster
larvae were used in experiments to demonstrate the
presence of lipid vacuoles in putative R-cells. These
larvae were fixed with 3% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4, with 0.75 g/ml sucrose for
1-2 h on ice. After fixation, the midgut gland was dis-
sected out, washed in buffer, and stored in the final
buffer wash at 7°C for a maximum of 2 days. The tissues
were postfixed for 2 h on ice with 1% osmium tetroxide
in 0.1 M phosphate buffer, pH 7.4, with 0.75 g/ml
sucrose and then washed in cold buffer. The tissues
were dehydrated, infiltrated, embedded in plastic, and
sectioned as described above. We tried to examine late-
stage gold embryos after similar osmium tetroxide
treatment, but they were too brittle to section properly;
the yolk remnants in and around the midgut gland were
more extensive than in the stage I larvae.

RESULTS

Morphology of the midgut-gland cells of
adult American lobsters (Fig. 1) fits the
characteristic description for each cell type
(cf. Gibson and Barker, 1979; Dall and
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Moriarty, 1983; Icely and Nott, 1992).
B-cells have one huge vacuole; the nucleus
is compressed against the proximal cell bor-
der and an apical complex comprised of an
accumulation of numerous small vacuoles
and pinocytotic vesicles is found at the dis-
tal end of the cell, next to the midgut-gland
lumen. The F-cells are smaller, striated, and
darkly stained. R-cells are the most abun-
dant cell type and contain numerous irreg-
ularly shaped lipid vacuoles. The terminal
web, an area nearly free of intracellular or-
ganelles, is located just beneath the brush
border of each R-cell. E-cells occur at the
distal tips of the midgut-gland tubules (data
not shown).

The midgut gland of late gold embryos
(sampled three days before free-swimming
sibling larvae were released from the brood
mass) is composed primarily of R-cells (Fig.
2); E-cells occur at the distal tips of the tu-
bules (data not shown). F-cells, although rare
and not very darkly stained, are also present
during this stage. R-cells in the embryonic
lobster midgut gland have an unusual fea-
ture. They lack the numerous, irregular lipid
vacuoles seen in adults; sections through
these cells show only a few round or oval
vacuoles, located at the proximal end of the
cell. However, these cells do have an or-
ganelle-free terminal web immediately be-
low the brush border and they are the most
numerous cell type, both of which are classic
characteristics of R-cells (Gibson and Bar-
ker, 1979; Dall and Moriarty, 1983; Icely
and Nott, 1992). Since F-cells do not have
a terminal web, they can be distinguished
from R-cells of the gold embryos by that
lack.

By the latter part of the blue-egg stage,
approximately 12 h before free-swimming
stage I larvae were released, B-cells have
appeared in the midgut gland (Fig. 3). They
are similar in appearance to those of the
adult lobster. B-cells are also present in the
prelarvae sampled approximately 3 h before
hatching (data not shown). F-cells of em-
bryos in the blue-egg stage are more darkly
stained than those of the gold-egg stage and
thus appear more like those of the adult.
R-cells are similar in appearance to those
of the gold-egg stage.

Midgut-gland morphology of the newly
hatched (molt stage A or postmolt) stage I
larvais shown in Fig. 4. This tissue had been
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postfixed in osmium tetroxide to confirm
the presence of lipid in the R-cells, primar-
ily because the morphology of R-cells from
embryos, prelarvae, and stage I larvae is so
different from that of adults. Black vacuoles,
indicating the formation of a lipid-osmium
complex, are present in the proximal end of
putative R-cells. Care was taken to collect
newly hatched larvae as soon as they hatched
and before they could have fed. It is there-
fore presumed that the lipid present in the
R-cells of this, and earlier developmental
stages, is derived from resorption of yolk
material. F-cells are faintly discernable after
osmium treatment and B-cells are classified
as such by the presence of the apical com-
plex and the large, unstained vacuole.

Cell types comprising the midgut gland
of intermolt (molt stage C) stage I larvae are
shown in Fig. 5. The diameter of the mid-
gut-gland lumen appears to have decreased
during the period between postmolt and in-
termolt. No obvious changes occur in F- or
R-cell morphology between postmolt and
intermolt. The number of B-cells in the
midgut gland of the intermolt stage I larva
increases, however, compared to those in
prelarvae and newly hatched stage I larvae;
this increase occurs among both fed and
starved stage I larvae (data not shown).

DiscussioN

Lobster larvae are planktotrophic and we
have observed them feeding as soon as 15-
30 min after molting from the prelarva to
the free-swimming stage I larva. The pres-
ence of F-cells in the midgut gland of em-
bryos in the well-advanced gold-egg stage
and of F- and B-cells in the hatching stages
(blue eggs and prelarvae) indicates the po-
tential for imminent digestive capabilities.
In another study (Biesiot and Capuzzo,
1990), we have shown an increase in total
activities of nonspecific protease and amy-
lase, but not lipase, during the hatching pro-
cess. Very low levels of enzyme activity
among late-stage gold eggs and blue eggs
increased to higher levels among newly
hatched and intermolt stage I lobster larvae,
even if the stage I larvae were starved. Hav-
ing functional digestive capability at the time
of hatching, but before feeding has occurred,
is an advantage. Larvae that are successful
in capturing and ingesting food particles are
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able to derive nutritional benefit from their
first meal.

We believe that the presence of B-cells in
the midgut gland of the hatching stages (blue
eggs and prelarvae) and the unfed stage I
larvae is evidence that B-cells develop their
distinctive morphology by increased syn-
thesis of digestive enzymes and not by re-
sorption of partially digested food. Embryos
are incapable of ingesting exogenous food
and the starved stage I larvae were reared
individually in filtered sea water specifically
to preclude their feeding on particulate or-
ganic matter. B-cell production could not
have been triggered by absorption of par-
tially digested food in either of these in-
stances. Thus, at least for the early devel-
opmental stages of the American lobster,
our results support the null hypothesis re-
garding B-cell function, that they secrete di-
gestive enzymes, rather than the alternate
hypothesis that B-cells resorb partially di-
gested food. B-cell production must be trig-
gered by some other cue and is probably
genetically programmed.

The present data may not, however, com-
pletely rule out the alternate hypothesis. Lit-
tle is known about the mechanism of yolk
resorption and utilization during crustacean
embryogenesis, including the role of the
midgut gland. We assume that R-cells ab-
sorb some material from the yolk as it is
degraded during embryogenesis, because the
embryonic R-cells contain one or more lipid
vacuoles. It is conceivable that the mech-
anism of nutrient resorption by cells in the
midgut gland could change from resorption
by R-cells to resorption by B-cells during
the ontogenetic shift from yolk resorption
to exogenous feeding. However, since it is
not a major change in function to progress
from resorbing yolk lipids to resorbing di-
gested exogenous nutrients, it is more likely
that R-cells would continue to function in
nutrient resorption.
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