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Brachiopod Metabolism and Enzymes

C. S. HAMMEN

Department of Zoology, University of Rhode Island, Kingston, Rhode Island 02881

SYNOPSIS. Brachiopods consume oxygen at relatively low rates, and sometimes consume
none at all for hours. Specimens of Terebratulina septentrionalis survived total anoxia for 3.5
days at 3°C. Isolated tissues converted 14C-glucose into eight carboxylic acids at an average
rate of 1.5 x 10~10 mole/hr per g tissue. Carbon from labelled glucose flowed steadily into
citric acid and into an unknown acid for 2 hours under both aerobic and anaerobic
conditions. In the first hour, more label was found in malic acid after aerobic incubation,
and more label in succinic acid after anaerobic incubation, while the fraction in lactic acid
was the same. Terebratulina carried on a mixed fermentation both in the presence and in
the absence of oxygen.

The inarticulate Glottidia pyramidata has a succinate dehydrogenase with kinetic proper-
ties favoring succinate oxidation, while the Terebratulina enzyme is more likely to operate
in the reverse direction. Lactate metabolism is relatively unimportant in both species.

Information on nitrogen-compound metabolism is limited to the inarticulate Lingula
reevii, which is ammonotelic. Arginase and urease activities exceeded those of bivalve
mollusks, while aspartate and alanine aminotransferase rates were both much lower. Some
unique features of DNA, RNA and hemerythrin from Lingula have been discovered in the
last few years.

INTRODUCTION

The Brachiopoda have the oldest and
best fossil record of any phylum (Rudwick,
1970). All of the existing families have very
long histories, and one of them, the Lin-
gulacea, can be traced back to the lower
Cambrian. The possibility of discovering
unique features that contribute to the long
survival and slow evolution of Lingula has
stimulated much of the research on
metabolism of this genus. The purpose of
this review is to summarize the secondary
and specific modifications that are
superimposed on the common ground-
plan of metazoa, and to consider the possi-
ble adaptive value or phylogenetic mean-
ing of these modifications.

CARBOHYDRATE OXIDATION

Oxygen consumption

Energy for life processes is obtained by
all animals from carbohydrate oxidation,
which appears in whole-animal physiology
as oxygen consumption, carbon dioxide
production, and heat loss.

Digestion of complex carbohydrates to

simple sugars occurs before oxidation.
Various species of brachiopods have been
shown to contain amylase (Chuang, 1959),
cellulase (Yokoe and Yasumasu, 1964)
chitinase (Elyakova, 1972), and glycosidas-
es (Molodtsov et al., 1974). It is safe to
assume that all species have hydrolytic
enzymes adequate for digestion of their
usual diet. The next step is to characterize
these enzymes more fully, and to relate
properties to variations in nutrition.

Brachiopods have relatively low rates of
oxygen consumption, mostly in the range
2.3 to 4.4 fx moles Oj/hr per g tissue, as far
as now known (Table 1). Only the small,
active lingulid Glottidia pyramidata some-
times displayed rates in the same range as
larger, sessile pelecypods (Hammen,
1971).

Body proportions strongly influence cal-
culated rates of oxygen consumption. The
fraction of total body weight made up by
respiring tissue may be very small, often of
the order of ten percent. Shell fractions
are large, and vary with species. The ar-
ticulates that we have studied have shell
weights 40 to 52% of total weight, the two
lingulids only 15 to 20% (Fig. 1). All
bivalve mollusks examined have heavier
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TABLE 1. Oxygen consumption rates of brachiopods (n moles OJhr per g).

Species
Mean total
weight (g) • Number

Temp
QO 2

Whole Tissue
animal only

Lingula reevii
July 1959

Glottidia pyramidata
August 1963

May 1974

Terebratuhna septentrionalis
December 1965

1.512

0.681

25

15

1.52

0.31

4.28

0.161
0.331
0.166

1
1
9

25
25
20

2.85
2.12
1.10

11.13
8.28
4.40

2.32

shells than lingulids and several species
have heavier shells than the articulates (4
species, 53-73%).

There is a growing recognition that
periods of complete cessation- of oxygen
consumption are common in brachiopods.
In our experiments on Terebratulina, two
animals consumed no O2 at all for 5 hours.
They were alive and consuming oxygen
two days later. Instances of prolonged
valve closure, up to 22 hours in this
species, and 10 hours or more in Megerlina
pisum, have been reported (McCammon,
1971; Savage, 1972). We tested survival of
Terebratulina under nitrogen at 3°C and

FIG. 1. Fractions of total weight made up by shell,
tissue, and fluid (diagonal axis) components of
brachiopods. Initials stand for Glottidia, Lingula,
Notosaria, Terebratulina, and Waltonia. Crosses repre-
sent six species of North American marine lamelli-
branchs.

found all specimens alive to 72 hours, but
none at 96 hours. Survival of 2-5 days
anoxia is noteworthy but not unique
among marine invertebrates; some species
of bivalve mollusks live three to seven
weeks without oxygen at low temperature
(Theede, 1973).

Glucose degradation

Utilization of 14C-glucose by Terebratu-
lina septentrionalis was determined in
March, 1975, by W. R. Ellington in my
laboratory. Isolated tissues were incubated
for one and two hours with the labelled
substrate, with and without oxygen; details
are given in the legend of Figure 2.

The average rate of conversion of glu-
cose into carboxylic acids was 1.5 x 10~10

mole/hr per g tissue, with glucose present
at 6.10 x 10~4 M in the medium. The same
rate of glucose uptake, 1.5 X 10~10 mole/hr
per g tissue, was found in mantle and
lophophore of intact Terebratalia transversa
presented with 14C-glucose at 3.5 xlO~7 M
for 4 hours in aseptic medium (McCam-
mon and Reynolds, 1976). This agreement
in rate is a remarkable coincidence, since
the species and all conditions of incubation
were different. As only incorporation into
acids was determined, the total glucose
uptake by T. septentrionalis was probably
much greater than reported here.

The amount of labelling differed little
under aerobic and anaerobic conditions,
but patterns differed somewhat, as shown
in Figures 2 and 3. In one hour, under
aerobic conditions, six known acids and
two unknown acids were labelled, with the
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FIG. 2. Aerobic conversion of 14C-glucose into or-
ganic acids by isolated tissues of Terebratulina septen-
trionalis. In each experiment 0.226 to 0.256 g tissue
was incubated at 3° C with 2.0 ml filtered sea water
(salinity 32.5°/oo) containing 5 /xCi 14C-glucose at a
final concentration of 6.1 x 10~4 M. Tissue was
obtained from three animals of average total weight
0.946 g. Graph represents the fraction of total
radioactivity recovered that was found in each acid
after chromatography. Extracts were prepared, and
carboxylic acids were separated and identified by
co-chromatography on thin-layer plates. Radioactiv-
ity of the acids was determined by liquid-scintillation
counting.

largest fraction (22.4%) of the label in
malic acid (omitted for the sake of clarity).
Under anaerobic conditions, much the
same pattern was found, except that the
largest fraction (30.1%) was in succinic
acid. The fraction found in lactic acid was
nearly the same (15.7 and 14.9%) under
both conditions. In two hours, the major
feature of glucose conversion was a large
fraction of radioactivity (38.0 and 50.6%)
accumulated in an unknown carboxylic
acid, distinct from lactic acid and citric-
acid-cycle compounds. A secondary fea-
ture was the accumulation of label in citric
acid in a linear manner (22.6 and 26.1%)
under both conditions. All other acids con-
tained relatively less 14C after 2 hours.

The patterns of labelling indicated a
steady flow of carbon from glucose into
citric acid and into an unknown acid under
both aerobic and anaerobic conditions.
However, in the anoxic tissue, more
radioactivity appeared in succinic acid in
the first hour. These results suggest that a
characteristic type of glycolysis was carried
on regardless of oxygen tension, with only
a minor shift toward greater succinate
production when oxygen was excluded.
The latter process, involving net reversal
of a portion of the citric acid cycle, is now
well known in certain bivalve mollusks and
parasitic worms.

Enzymes and isoenzymes

In any animal that survives temporary
anaerobiosis, attention is ordinarily di-
rected to the enzyme lactate dehydrog-
enase (LDH). Although apparently of little
importance in a number of marine inver-
tebrates, LDH activity is always

50-
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FIG. 3. Anaerobic conversion of 14C-glucose into
organic acids by isolated tissues of Terebratulina septen-
tionalis. Conditions were identical to those in the
aerobic experiment, except that oxygen was removed
by bubbling with pure nitrogen.
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present, and has-an interesting substrate
specificity. In -the majority; of animal
species, including all vertebrates, LDH
(EC1.1.1.27) is specific'for L-lactate. The
original discovery that- LDH of some ani-
mals is specific for D-lactate was made by
Long and Kaplan (1968). This'specificity-
is, of course, genetically determined, ,and
there are hints of phylogenetic meaning in
the distribution; for example, D-lactate
specificity in all classes of mollusks,
L-lactate in all classes of echinoderms, D in
the subphylum Chelicerata and L in the
subphylum Mandibulata of the arthropods
(Long, 1976).

Among Brachiopoda, we reported that
Glottidia pyramidata LDH is specific for
L-lactate (Hammen, 1969). Since then,
only one report of LDH in a brachiopod
has appeared. Laqueus californicus, an ar-
ticulate, had very low pyruvate reductase
activity, and lactate oxidation at 40 mM
L-lactate and 100 mM D-lactate was not
detected, so the stereospecificity is still un-
known (Scheid and Awapara, 1972). We
have confirmed the Glottidia result, and
extended our observations to three articu-
lates, and present them here for the first
time (Table 2). These results were obtained
by using much higher substrate concentra-
tions, 300-800 mM lactate. Waltonia and
Notosaria came from New Zealand. Clear-
ly, all four species of brachiopods examined
so far have LDH specific for L-lactate,
except for Terebratulina, which oxidizes
both isomers. The echinoderms also have
LDH specific for L-lactate, with the excep-
tion of two species of urchins that appar-

ently have either two enzymes or a non-
specific LDH (Hammen and Lum, 1972).
So far, no animal has been shown to pos-
sess LDH active on both isomers, so it is
likely that a mutation from L to D, with
retention of L, has occurred in species
such as Terebratulina and the two
echinoderms. The trend in specificity
suggests a closer alliance of all brachiopods
with the "deuterostomes," the echino-
derms and chordates, than with the other
major branch of the animal kingdom con-
taining several groups that produce and
oxidize only D-lactate: mollusks,
polychaetes, arachnids. Of course, entero-
coelous mesoderm formation also sup-
ports affinity of brachiopods with the
deuterostome line.

The actual importance of LDH in
brachiopod metabolism appears to be
small, judging from the relatively minor
fraction of labelled glucose that entered
lactic acid (see above). This conclusion is
strengthened by results of study, not pre-
viously reported, of the kinetic properties
of lactate and succinate oxidoreductases of
Glottidia and Terebratulina (Table 3). The
methods used were the same as in a pub-
lished work on three species of bivalve
mollusks (Hammen, 1975). Apparent
Michaelis constants for pyruvate reduc-
tase, a name for LDH when it is catalyzing
lactate production, are 5 and 16 times
greater than that of Mytilus edulis, indicat-
ing relatively poor ability to produce lactic
acid (Figure 4). The Km values for lactate
oxidation are 2.4-3.4 times greater, indi-
cating relatively poor substrate affinity in

TABLE 2.

INARTICULATA
Glottidia pyramidata

January 1974
January 1969

Substrate specificity of brachiopod LDH (activity in

lactate cone.
(mM)

300
500

H- moles/min per g tissue).

D L

0 0.048*
0 0.173

DL

0.060
0.280

ARTICULATA
Rhynchonellacea

Notosaria nigncans

Terebratulacea
Waltonia inconspicua
Terebratulina septentrionalis

800

400
500

0
0.113

0.039*

0.026
0.116

0.049

0.034
0.147

* NAD+ in reaction mixture. All others determined with DCIP-PMS dye mixture.
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TABLE 3. Michaelis constants (Km) and maximum velocities (V) of oxidoreductases ofbrachiopods, compared with a marine
bivalve mollusk (Km in mM, V in fimolelmin per g tissue).

LACTATE DEHYDROGENASE (EC 1.1.1.27)
Km (PYR)
V
Km (LAC)
V

SUCCINATE DEHYDROGENASE (EC 1.3.99.1)
Km (FUM)
V
Km (SUC)
V

Glottidia

2.6
0.855

400
0.200

28
0.204

22
0.670

Terebratulina

8.9
0.031

290
0.422

26
0.127

200
0.152

Mytilus

0.54
1.250

118
0.389

30
0.286

40
0.279

the reverse direction also. Thus the
brachiopods display even less dependence
on lactate production and oxidation than
that found in the mollusks, and more
dependence on processes involving other
products of glycolysis.

We have also examined succinate de-
hydrogenase activity in two species of
brachiopods. In the direction of succinate
oxidation, this is an important component

FIG. 4. Velocity of the LDH reaction, pyruvate to
lactate, catalyzed by extracts of Terebratulina (T) and
Glottidia (G), in relation to pyruvate concentration.
Double-reciprocal plot indicates Km for pyruvate 8.9
and 2.6 mM, respectively (see Table 3).

of the citric acid cycle when it functions in
aerobic carbohydrate oxidation. Much
evidence now suggests that the reverse
reaction, which produces succinate by re-
duction of fumarate, is brought into play
by bivalve mollusks during anaerobic
periods. Here it not only causes succinate
accumulation but it also accomplishes a
phosphorylation of ADP to ATP (Ham-
men, 1975). The properties of brachiopod
SDH are very similar to those of mollusks
with respect to the fumarate reductase
direction, suggesting that the same proces-
ses occur. And while Glottidia SDH has an
apparent Km for succinate lower than
those of mollusks, that of Terebratulina has
an unusually high Km for succinate and a
low V, indicating very low activity in the
oxidative direction. Thus Terebratulina
would be expected to accumulate succinate
rapidly, much as the oyster Crassostrea vir-
ginica does. However, the X4C- glucose
experiment indicates that succinate is pro-
duced mainly in the first hour, and is
converted to some other acid, still un-
known, in the second hour. This mixed
fermentation with succinate exceeding lac-
tate, and a third acid exceeding both ulti-
mately, occurs in the presence of oxygen,
but is accentuated in its absence.

Enzymes of two species of articulate
brachiopods have been separated by starch
gel electrophoresis for the purpose of de-
termining genetic variability as revealed by
number of isoenzymes (Ayala, etal., 1975;
Valentine and Ayala, 1975). Six enzymes
of the classical scheme of glycolysis and
three enzymes associated with the citric
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acid cycle were detected in one or both
species, in accordance with the principle of
biochemical unity. The most noteworthy
result was that the rhynchonelloid Frieleia
halli from 1244 m depth off California,
considered a very stable environment, dis-
played abundant polymorphism at the en-
zyme level. The terebratelloid Lithothyrella
notorcadensis, from 17 m depth in Antarc-
tica, a less stable habitat, displayed less
variability than most invertebrate species
studied to date. These brachiopods ap-
peared to contradict the hypothesis that
genetic variation increases with environ-
mental instability, but more data on species
within the same family are needed before
any firm conclusions can be reached.

NUCLEIC ACID AND PROTEIN METABOLISM

Nitrogen excretion

The turnover of proteins and other
nitrogen-containing substances that is
characteristic of animal life in general re-
sults in a continual loss of excretory prod-
ucts to the environment. These are always
a mixture with varying fractions of particu-
lar end-products. In Lingula reevii a partial
analysis of "excretion water" revealed 94%
ammonia, 6% amino acids, and no urea
(Lum and Hammen, 1964). Rates of am-
monia excretion were similar to those
found in a bivalve of similar shell size, 3/n
moles/day per g tissue, but amino acid loss
was much lower.

Enzymes of amino acid metabolism

Both arginase and urease (E.C. 3.5.3.1
and 3.5.1.5) activities in Lingula reevii were
found to exceed those of bivalve mollusks
when measured under identical conditions
(Hammen, Hanlon, and Lum, 1962). This
suggests that arginine from hydrolysis of
food proteins is readily converted to or-
nithine and urea, and that urea does not
appear among excretory products because
it is degraded to carbon dioxide and am-
monia. No attempt has been made to de-
termine whether other enzymes of the
ornithine-urea cycle occur in any brach-
iopod.

Both alanine and aspartate aminotrans-
ferases (E.C. 2.6.1.2 and 2.6.1.1) in Lingula
have been determined in the direction of
formation of pyruvate and oxaloacetate
(Hammen, 1968). Total aminotransferase
activity was lower than any of seven species
of pelecypods, and was proportional to
rate of amino acid loss. The results favored
the hypothesis that amino acids are not
really excreted, but rather leak out across
epithelia at rates dependent on size and
consequent surface-volume ratios.
Aminotransferase activities are related to
size in the same way, which suggests that
one of their functions is to maintain amino
acid concentrations within cells in the face
of continual loss. Lingula apparently has
minimized the leakage, and thus has no
need for high aminotransferase activities.
Another possibility, which remains to be
tested, is that free amino acid concentra-
tions may be lower in Lingula tissues than
in mollusks.

Nucleic acids and proteins

Metabolism of these high-molecular-
weight compounds in the Brachiopoda is
virtually unknown. The compounds are
still being characterized. Features that set
Lingula anatina somewhat apart from
other animals include relatively low frac-
tion (35.0%) of the base pair guanine-.
cytosine in DNA, and the highest fraction
(2.2-3.3%) of inosine in transfer RNA of
any species studied so far (Shimizu and
Miura, 1971).

The hemerythrin of Lingula unguis has
proved to be an octomer of subunit
polypeptides with two atoms of iron each
and unit molecular weight of 13,500 (Joshi
and Sullivan, 1973). This makes it similar
to hemerythrins of sipunculids, but it dif-
fers in amino acid content by having more
methionine and glutamic acid, and less
isoleucine.

These isolated instances of studies on
macromolecules from Lingula make it
clear that much similar work on other
species of brachiopods is needed before
any evolutionary or phylogenetic conclu-
sions can be drawn. A most exciting and
valuable outcome of this symposium is the
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prospect of stimulating the search for
more comparative data.
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