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ABSTRACT.

'lhe symbiosis between the parthenopid crab, Echinoecus pentagorms.

and its host in Hawaii, the diadematid see. urchin, Ecbinothrix

calamaris, was studied to show how physiological, behavioral, 8.1'ld

morphological adaptations are involved in the establishment of a

dynamic equilibrium between the partners.

Males and juvenile females live on the host's peristome. Adult

females are confined to the rectum, where caloification of the peri­

proct. produced a gall-like structure. The carapace and rostrum of

adult females become curvoo. and rounded, apparently as a result of

living in the rectum. It appears that the rectum of two other

diadematids is not suffioiently large to accomodato the adult females ..

Feeding habits and nutrition of the symbiont were investigated

by analyzing feeding behavior, stomach contents, and the ingestion

and assimilation of host material by use of tracer techniques. The

crab can be considered as a parasite since 1t is metabolically

dependent on the host. The males and juvenile females meet their

energy requirements by iJ'l..gesting aptthelial tissue and tube feet

from the peristomial region. '!he resulting damage, however, is

rapidly repaired as the result of the remarkable regenerating capaci­

ties of the host. Adult females ingest coelomocytes and material

from the fecal pellets of the host.

Host coelomocytes, mostly pigmented eleocytes, migra'te across

the imler epithelium of the rectum and accumulate in the lumen.

They appear to be involved in the deposition of pigments in the

normally unexposed tissue. Tb.e feca.l pellets are composed primarily



of sediment, but there is a relative~ large amount of partial~

digested algae and encrusting organisms, as well as ciliates,

nematodes, and bacteria. Typical samples of dry feces contain

O.5l~ lipid, O.20~ alcohol- and TeA-soluble carbohydrates, and

0.10~ protein. Organic material £'rom the feces 1s selectively

removed. by the modified maxillipeds of the crab. The ini~uction

of large females outside the rectum results in severe d~ge and

eventually causes the death of the host.

Estimates of the energy budget of sea urchins experimentally

fed with algae indicate that 39.5~ (431.8 calories/day) of the

energy input is retained. Min1ma.l energy requirements of males are

supplied by a relatively small amount of epithelial tissue (3.95 mgt
day); whereas, almost three times this amount (10.29 mg/day) is

required for adult females placed outside the rectum. caloric

values for the coelomocyte aggregations are almost twice as high

as those for epithelial tissue.

larvae of the crab were reared in the labora.tory. Development

was completed after three zoeal and one megalopal stages. Positive

orientation to gravity and a negative response to light coupled

with a chemical attraction to host material provide the behavioral

mechanism which enables the megalopa to find a host artd thereby

establish the association.

v.
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SECTION I

INTRODUCTION

Symbioses may be defined as heterospeoific associations during

which a number of adaptations enable the pQ1"tners to live in close

contact or to interact in ways other than predation. A s,ymbiotio

association involves the establishment of a dynamic equilibrium as

a result of adaptive interaotion betw9'9n the me!4bers. AD a consequence,

relative benefit or harm (both ant.hr-opomorphic concepts that cannot

always be defined) result. '!he aim of this study is to reveal how

physiological, behavioral, and morphological adaptations are involved

in the establishment of the dynamio equilibrium during the association

of the brachyuran orab, Echinoeous pentagonus, and its host in Hawaii,

the eohinoid, Echinothrix calamaris.

Symbiotic forms are connnon among the decapod. crustaceans (Balss,

1956; Patton, 1967a). Work has been carried out on the life history

and habits of some of the pinnotherid crabs (see review by Chang, 1967)

and in the gall crab, Hapalocarcinus (Potts, 1915; MacNamee, 1961).

Some behavioral aspects of the symbioses between hermit crabs and sea

anemones have been investigated (see review by !maa, 1967). Surprisingly

little is known on the remaining forms, generally referred as "commensals. It



SECTION II

THE SYMBIONT

INTRODUCTION

Echinoecus E!!!C&gonus (A. Milne miwards) is a member of the

subfamily Emnedon1na.e of the family Parthenopidaa (Brachyura,

Oxyrhyncha). Nine genera, with a total of 25 species, are placed

in this subfamily (Serene, Duc and Illom, 1958; Serene and Romimoh­

tarto, 1963). All the known species assigned to the Emnedoninae

appear to be associated with crinoids and echinoids except one species,

Rhabdonotus pictus A. Mllne IDiwards, which has been reported from

crinoids as well 8S from the pennatulacean Virgulari!. (Serene and

Romimohtarto, 1963). The subfamily is known only from the Indo-West

Pacific region. All other parthenopids are free-livingo

In Hawaii the adult fe:ms.les of the symbiont are found 11ving in

the rectum of Ec1'.1nothrix calamaris (Pallas) a diadematid sea urchin.

Males and small females live on the host's peristome but move freely

on the surface of the test. Males may also be found in the rectum.

TAXONOMY

'!he systematic position and nomenclature of !:. pentagonus was

in a state of confusion until the revision by Serene at ale (1958).

Fbur generic designations and a total of 13 combinations have been

used to designate it. 1he complete list of synonyms and references

is given. below.

Ebmedon pentagonus A.. MLlna miwards, 1879. Bull. Soc. Philomath.
Paris, 3:104.

Echinoecus pentagonus M. Rathbun, 1894. Proco U. S. Nat. Mus. II

17:66.



Ehmedon convietor Bouvier and Seurat, 1905. C. R. Hebel. Seano.
Acad. Sci., Paris, 140 :629.

Ech1noecus pentagonus. Rathbun, 1906. &11. U. S. nsh Camm.,
23:880, text fig. 37.

Id.omedon pentagonus nunzinger, 1906. Krabben Roten Meeres,
57, pl. 2, fig. 11.

Ehmedon connctor Nobili, 1907. Mem. Accad. Sci. Torino,
57:382.

Ehmeclorms oonvictor laurie, 1915. J. Linn. Soc. london, Zool.,
31:411.

Filmedonus petiti Gravier, 1922. Bu.11. Mls. Rist. Nat. Paris,
28:484.

l!hmedonus pentagonus Ba1ss, 1922. Arch. Naturgesch., 88A:137.

Ehmedorm.s pentagonus Balss, 1924. Arche Naturgesoh., 90A:70.

Filmedonus pentagonus F.lipse, 1930. S100ga EKped., 390(2):
80, 90.

EUmedonus pentagonus Sakai, 1936. Crabs of Japan, 113, pl. 30,
fig. 2.

Ehmedonus pentagonus Miya..'lte, 1937. Biogeogl'aphica, 2:29, fig. 3.

Ehmedorms pentagonus ~nod, 1938. Mem. mst. Egypte, 37 :112.

EbmedOntlS pentagonus Saka.1, 1938. studies Crabs Jap., 3 :349,
360, pl. 33, fig. 3.

Echinoecus pentagonus Mlyake, 1939. Annat. Zool. Jap., 18 :84.

Echinoecus rathbunae MLyake, 1939. Annot. Zool. Jap., 18 :84,
88, figs. lA, 2A, 3A.

Echinoecus rathbunae convictor Miyake, 1939. Annot. Zool. Jap.,
18:84.

Ech1noecus petiti Miyake, 1939. J\..nnot. Zool. Jap., 18 :85.

Echinoecus peti;y'" nipponicus Mlyake, 1939. Annot. Zool. Jap.,
18:86, 90, figs. lB, 2B, 3B.

Ech1noecus klunzingeri Miyake, 1939. Annot. Zool. Jap~ 18 :85.

Ebmedon convietor l-brtensen, 1940. Monogra> Echinoidea 3(1) :171,294.



4.

Echinoecus petiti .1'aponicus Mortensen, 1943. Monogr. Echinoidea,
3(3):334.

nee EUmedonus pentagorms Buitendijk, 1950. auJ.. Raffles Mus.,
21:71.

lbnedon convictor Caullery, 1952. Parasitism and Symbiosis, 5.

Emnedonus convictor Ho1thuis, 1953. Atoll Res. Bull., 24 :6.

Ehmed.onus aonvicter (s~c) Morrison, 19.54. Atoll Res. Bull.,
34:6.

Ehmedon convietor 1J3man, 1955. '!he Invertebrates IV, 588.

Echinoecus rathbunae Balss, 1956. Bronn's Kl. Ordno Tierre1chs,
7:1415.

Echinoecus rathbunae convictor Ba1ss, 19.560 Bronn's Kl. Orcin.
Tierreichs, 7 :1415.

Ehmedon convictor Dales, 1957. Memo Geo1. Soc. Amer., 67(1):407.

Echinoecus pentagorms Serene et a1., 1958. Treubia, 24:152,
figs. II, 2, 3; plate IV, fig. Ao

Emnedon convictor Green, 1961. Biology of Crustacea, 102.

Ebmed.on convictor Cheng, 1964. Biology of Animal Parasites, 40

Echinoecus pentagonus Saka.i, 1965. Crabs Saga.m1 Bay, 102,
plate 43, fig. 3.

A. Milne Eliwards (1879) described the speoies in question as

Emnedon convictor, the name "Ehmedon" probably being the French trans-

1a.tion of Ehmedorms. 'Ibis germs was ostablished bY' H. Milne EH:wards

(1834) for a species (E:,. niger) that has not been found since then.

Miers (1879) used this name for his definition of the subfamily.

After four additional species had been described, Gravier (1922)

proposed a modification to the diagnosis of the germs, giving it a

broader def'inition. It was also recognized that the species of E'wnedonus

could be separated into two different groups under this definition: (1)



5.

a group with a bifurcated rostrum and a spine between the antero­

lateral and posterolateral borders, and (2) a group with an entire or

slightly emarginated rostrum and rounded anterolateral borders.

Serene et ale (1958) restricted the name Ebmedonus to the first group

and proposed the use of Ech1noecus Rathbun for the secord. tis last

arr-cmgement was based on the premise that "dans l' impossibilite d'

etablir une diagnose theorique exacts et valaha pour tous les specimens

de l' espece, celle de Rathbun (1894) parait la plus valable. It It is

noted that this step had been suggested earlier by Barnard (19.54).

Ward (1934) indirectly supported this separation by reestablishing the

genus Echinoecus. '!his interpretation was later recognized by Miyake

(1939) and Barnard (1954). The genus Eohinoecus was established by

Rathbun (1894) with Echinoacus pentagonus as the genotypee

Nobili (1907) was the first to suggest the identical nature of

Ellmedon convictor Bouvier and Seurat, Echinoecus pentagonus Rathbun,

and I1omedon pentagonus Iaunzinger. This was later supported by

other workers with the exception of Miyake (1939) who reviewed the

genus Echinoecus and divided it into four species (including a new

name for I1om~on pentagonus Iaunzinger and Echinoecus pentagonus

Rathbun) and two subspeciesg Serene at ale (1958) concludod that this

was an artificial separation, being based on individual variations and

juvenile characters. That this is the case is readily appreciated by

examining Miyake' B illuBtrations. Serene's modification has been

accepted by Miyake (perBonal coD'lllIWrl.oation) and 1s employed in the

most recent taxonomic treat.ment of the species (Sakai, 1965).
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EXTERNAL MORPHOlOGY

Echinoeous pentagorms is characterized. by a smooth subpentagonal

carapace and by the absmlce of spines on the anterolateral angles of

the carapace (Figure l). The carapace is convex in the anteroposterior

direction. The rostrum is triangular and flattened and its tip is

slight4r indented. The lower surface of the carapace and the e.xternal

surface of the third maxillipeds are st!"ong4r punctate. The eyes are

smallfl The circular orbits are bordered below by the small and narrow

basal antennal segment. The antennae are very ~"'ll, being coverGd by

the rostrum. '.Ille chelipeds are short and punctate. The ischiu.m has

a short tooth on the inner margin while the merus is armed with two

strong teeth on opposite sides of the distal and. The carpus bears

two strong teeth on the inner margin and the propodus has a. conspicuous

tooth at the upper margin and a finger armed ldth small, blunt teeth

along the prehensile edge. The dactylus is sharp and provided with an

oMulating prehensile edge. '!he ambulatory legs are slender, punctated

and are all approximate4r of the same size. They are not armed with

spines but the outer distal end of the merus ends in a sharp angle

that resembles a tooth. The dactylus of each leg has rmmerous short

hairs along the inner edge. All the legs end in a very sharp

dactylus. 1he fifth pair is inserted dorsally in relation to the

fourth pair. The abdomen, composed of seven segments, is much expanded

in the females. The morphology of the mouthparts will be discussed

in Section V.

Adult females are much larger than the males. Carapace width

(measured across the anterior angles) of 86 females varies from 5.7



FIGURE 1. ADULT FEMALE OF ECHINOECUS PENTAGONUS. (X3.5)

FIGURE 2. LATERAL VIlLW OF 1L FEMALE AND 11. :t-iALE OF
ECHINOECUS PENTAGONUS. (SCALE IN CENTIMETERS)
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to 17.0 Dml; that of 35 males from 2.8 to 9.9 Dml. '!be carapace is

c::onspicuously inflated and the rostrum is less pronounced and a

little more deflexed in the large females than in the males and small

females (Figure 2). '!he anterolateral angles of the carapace are

pointed and the eyes are v1sibl~ from above the carapace is small

individuals whereas in the large females the angles are rounded and

the eyes are usual1.y' not visible from above. No differences 'Were

found in the serrations of the chelipeds and in the width of the

posterior end ot the carapace as reported. by Serene et aJ. (1958).

It seems safe to attribute morpholog:tca1 differences to size

rather than sex. However, when the largest males were compared with

females of the same size, it was apparent that in females the carapace

was broader anteriorly, the rostrum was less pronounced and more

curvoo, and the eyes were barely visible from above the carap9.oe.

Thus, it appears that these morphological changes oocur at a faster

rate in females.

Specimens collected in the Hawaiian Ielands were always of a dark

reddish-brown color. Some males and a small female (the only maab

found living on Eohinothrix diadems.) l1ad a broad, white line along

the anterior margin of the cara.pace and rostrum. A somewhat lighter

border was also observed in some males and small females. Small

patches of caloareous material and even small growths of the green

alga .y!!!. were commonly observed on the dorsal surface of the carapace

of females 11ring in the rectum.

Specimens have been described in the 11terature as dark violet

(BoUvier and Seurat, 1905), dark violet with light spots across the
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carapace (Klunzinger, 1906), violet with colorless bands on each side

of the posterior half ot the carapace and rostrum (Graner, 1922), and

purplish with a pair of elongated white flecks on the carapace (Sakai,

1938). Dark violet crabs, some ornamented. with "whitish peculiar

patterns" and with a stripe on the anterior border and two longitudinal

bands on the posterior halt of the carapace, and a female with a pale

brown ventral surface with a br~1m stripe running transversely on each

segment were described by Miyake (1939). '!he color plates presented

by Sakai (1936, 1938, 1965) portray a female TNith a purple body and a

somewhat lighter stripe along the anterior borde:r of the carapace as

well as an elongated spot on each side of the carapaca as described

a.bove. A similar pattern is shown in an illustration given by Miyak0

(1937). Serene et ale (1958) described the crabs as reddish brown­

violet in color ("rouge brun violett.) with pinkish-white bands along

the anterior border and posterior p,ortion of the carapace. Similar

bands were observed on the chelipeds and walking legs.

It is apparent that some of the morphological characters of the

species are related to its symbioti<, existence. Serene et al. (1958)

and Serene (1961) have pointed out that several morphological features

that seem to be in common to all members of the subfamily I!innedoninae

(insertion of the fif'th pair ot legs dorsal to that of the fourth,

hook-like arrangement of the dactylopropodal articulation of the walking

legs, and strong bristles along the inner edge of the dactylus of the

walking legs) are adaptations that permit strong anchorage of the crabs

to their hosts. '!he presence of a very sharp dactylus in each of the

walking legs of Eahinoecus pentagonus is another adaptation of this

nature.
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'!he rounded outlines and the smooth, convex surfaces of the

carapaoe and rostrum of large females (which live in the rectum)

contrasts sharply with the less rounded and convex character of the

same parts in the males and small females. A condition similar to

that of the females !fJ found in the crabs ot the family Pinnotheridae

Where the round to oval carapace is smooth and broad dorsally and

its outlines are conspicuously rounded. All pinnotherids are symbiotic.

One particular species, finnaxodes chilensis (A. Milne Eliwards),

lives in association with sea urchins, with temales and males tound

tree on the test (sea Sectio~l 1Y). '!his situation is identical to

the habit of Echinoecus pentagonus. '!he softening of the surface

and outlines of the carapace in both groups can be suggested as having

some adapt!ve significance by decreasing mechanical antation to the

host in those cases where t.he symbiont is in direct contact with the

host's soft tis~es.

The adaptive value of homochromism in a symbiont is obvious.

'1he primary spines of adult Echinothrix calAwans are almost black

but the secondary spines, test epithelium, ami podia are of a dark

reddish-brown color that matches closely that of the crabs. In many

cases the primary spines bear dark brown horizontal bands. '!he

exposed inner epithelium of the rectum ,~s bright reddish-brown.

Juvenile sea urchins have a greenish test and their spines are libite

with green horizontal bands.

Purple crabs have been reported in the 11terature from dark

purple Anthocidaris crassispina (A. Agassiz) and. Phyllacanthus

dubius Brandt, irridescent blue Echinot~diadems lalIil., and 11k.

calmnaris. Only the crabs collected from !to calamaris and Diadema spa
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in Viet Nam (Serene et al. Sl 1958) were of a brownish color similar to

that of the HaWtrl.ian specimens.

'!he color of EchinothriJ,£ calamaris appears to va:ry with its

geographical distribution. All the individuals that I collected

or observed in the Eh1wetok Atoll, Marshall IslaDis, were more

reddish in color than those from Hawaii. Mortensen (1940) commented

on the "extraordinary variation in the colour of the spines" of the

species (''from almost pure white to almost wholly black, but genera.lly

distinctly banded, with greenish, brownish, purplish, or even reddish

bands i ').

'!he strikingly small size of the eyes, antennules, and antennae

of the symbiont can be suggested as a product of a decrease in the

adaptive value of sensory structures in forms which spend their

entire postlarval life 11terally anchored. to a single environment.

In males and small females the eyes are relatively bigger and not

hidden below the anterior border of the carapace. Males can be found

in the rectum but usually move freely on the test, being even able

to move between sea urchins through the spines.

A review of' the adaptations in symbiotic crustaceans is given by

Rioja (1950) and Patton (1967a). Pearce (1962) has discussed the

adaptations in pinnotherids.

DISTRIBUTION

Accurate information on the habitat and general biology of .L.

pentagonus is generally lacking. Emphasis has been placed on its

systematic position. Much subjectivity is found in the few efforts

made to understand the nature of its association with sea 1.tl"chins.



In the description of the species, A. Milne Eliwards (1879) did

not give any information othel" than the external morphology and geo­

graphical lo~tion of the crab. Rathbun (1894) described an adult

female from the "anal em of the intestinal canal" of .L. ea1 smaris

collected from the Bonin Islands. She observed that the crab 'Iwi,th

its smooth broad carapace and short legs is adapted for commensalism,

and resembles superficially certain of the Pinnotheridae of similar

babita. " Bouvier and Seurat (1905) reported this crab from a sea

urchin "provisionally" identified from a &'Pine as Echinothrix

turcarum. (= L. diadema). Females were found 11ving in large "anal

pockets" produced by "an invagination of tegumentary lining." Males

were never collected but it was concluded. that they were free living

or at least never living with the females. In the atoll of the

fuamotu Archipelago ~mere they were collected, only four sea urchins

from the lagoon were found to harbor the symbiont, whereas those from

the"exterior reef" never were associated with crabs. '!he association

was described as "close commensalism" since the absence of a connec­

tion with the "cavity of the sea urchin" did not fit their definition

of parasitismu '!he morphological adaptations of the crab 'were presented

as evidence for this "close association."

In the first and only published record from the Hawaiian Islands

Rathbun (1906) reported a male collected from a depth of 48 meters

in the vicinity of Moku Manu, a small island near Kaneohe Bay, Oahu.

No other information was given. It seems safe to assume that the

specimen, obviously collected from dredged material, became separated

from a sea urchin in the process.
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IO.unzinger (1906) gave no information on the habitat of a single

female he colleoted in the Red Sea. Gravier (1922) reported on the

colleotion from another worker with a male and. a female crab living

"around the mouth, over the peristomial membrane" of a diadematid sea

urchin in Madagascar. According to Gravier, the crabs "circulated

and concealed themselves between the spines that bordered the membl"ane."

FUrthermore, they' ''did not appear to leave this regior!, and ••• their

color is absolutely the same as that of the spines of the urohin."

These two crabs (described as Ebmedonus petiti) were seen as an inter..

mediate state between Elunedonus pentagonus A. Milne Eliwards (suggested

as a "loose commensal") and Elnned.onus convictor Bouvier and Seurat

(also defined as a "close commensal"). All of these forms were later

shown to represent the same species (Serene at al., 1958). Balss (1922)

collected the crab living "commensally" with an unidentified species of

Echinothrix in the Bonin Islands. Nobill (1907), F.l1pse (1930) and

Monod (1938) reviewed some of the literature and only dealt with

taxonomy. laurie (1915) and Ba1ss (1924) only included the species

in faunal check lists~

The symbiont was first reported from Japan in association with

the echinometrid sea urchin, Anthocidaris crassiseina (Sakai, 1936).

Miyake (1937) reported. it from the Danjo Islands, southwest of Kyushu,

Japan. No information on its habitat was given but in a later paper

(Miyake, 1939) the same author referred to the crabs collected at

this location as "found free-swimming at rocky shores." Sakai (1938)

listed the species as a "commensal" of At. crassispina. Miyake (1939)

racordGd tho finding of a female in the ttan41 region" of the cidaroid
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Phyllacanthus dubius taken from a depth of about 100 fathoms in the

Bonin Islands. A ''bag" was formed. where the crab wes living (Miyake,

personal communication). Another :female was collected. from the "anal

tube" of ~ oa1&maris. at the same location. 'ihese two females, desig­

nated as Echinoecus rathbunae, were considered by him as "commensals, It

being ''well supplied with food through the activities o:f their host. fI

Males were reported to "swim freely. n Four small individuals, three

:females and one male!t were reported to be :found "free-swimming at

rocky shores" at Qkino, an island between Korea and the west'3rn tip

o:f Honshu Island, Japan.. Those were identified (under the name Echinoe-

S!.§. petit1:. nipponicus) as being identical to those collected by Sakai

(1936, 1938) on !:. crassispina. They were referred as "commensalsIt

b1~t "in such an extent that the crabs only obtain the benefit or

shelter. " Sakai (1965) reported males and females :found' flconnnensally

living among the spines close by the mouth region" o:f &.. cre.ssispin&

in shallow water at Sagami Bay, ~astern Honshu, Japan. M1.yake

(personal communication.) recently observed a sea urchin (identi:fied

as ''probably!&. calamaris fl ) from the southern part of Kyushu, Japan,

which had a ''bag in its intestinal tube" probably produced by the

symbiont, although he did not observe the symbiont, in association

with E. diadema, a :form which "can easily be round" in Kyushu.

A single crab was recorded by Mortensen (1940) from the rectum

o:f a specimen of ~ diadema collected in Mauritius. It produced Itsome

deformation to the apical system" of the host. Holthuis (1953) listed

the crab as a "oommensal on anal plate region" of .L. _di..ad.....e..m-.B from the

1\1amotu Archipelago. '!he sea urchins, described as banded and o:f "good
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size" "'Tere probably !L calamr.ris. 'Ibis record is apparently the one

given from the same location by l-brrison (1954).

Serene et al. (19.58) found the symbiont living on !L cal.amaris

and Dl.a.dema sp. From about 70 sea urchins of both species, a total

of five males and one young female were collected from separate

individuals. Two males were obtained from the "anal region" of

Diadems. and til. me.le and the single female from the same region of

!:.. ...c.al..a..rn_a..r ...i ...s.. A small male was collected from the peristome of an

unidentified sea urchin. No information was given on the habitat of

the remaim.ng male. Some specimens of Diadems. were reported with

"pulled-out spines" but no crabs were found on them. Commenting on

the variety of habitats reported in the literature, they concluded

that Vlno matter the type of habitat on the host, free or invaginated

in a pocket (natural or artificial) commensalism s~ems to us the normal

way of l1:fe of the species and the genus 00. but it is not absolute

and it can be temporarily interrupted." Howevar, they favored Bouvier

and. Seurat's "close commensalism" as shown by the morphological

adaptations of the crab rather than the "cross" between a free

living existence and "commensalism" proposed by Gravier.

Johnson (l962) included the species in a list of the "commensal

and semi-paras!tic" decapod crustaceans of Singapor3. It was reported

a9 being a "not uncommon commensal at Singapore" (Johnaon, personal

communication). R. U. Gooding (personal communication) has found the

crab on ~ calamaris, occurring "up to 2.5% in some places" from the

islands off the coast of Malaya, but the same sea urchin, although

found in Singapore waters, according to Gooding, does not seem to be

infected. He has found. both sexes in the "anal cone 0.. always only
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one to each urchin." L. Eldredge (personal communication) has observed

the symbiont living in the rectum of D1adema ap. in Guam.

Caullery (1952), Hyman (1955) and Balss (1956) briefly mentioned

the association. Dales (1957) referred to the "gall-forming" ability

of the crab. Green (1961) mentioned that the crab ftcauses the host's

shell to fold back to form a sort of gall. It Cheng (1964) explained that

Itresting in this nest, the commensal does net have to exert any

energy in continuously sw:l.mming around the h023t, yet it is on hand to

share the food of the sea urchin and enjoy its protection." Hine­

gardner (1961) stated that a 'iballoon or bulb-like structure surround­

ing the anus of !&. calamaris [is] not present ••• when the anus contains

a parasitic crab that is present in rare cases. It His specimens were

collected from shallow wai:.er in Kaneohe Bayt Oahu, Hawaii.

It seems safe to conclude from this information that !:. pentagonus

is an obligate symbiont of sea urchins. Only Miyake (1937, 1939) has

reported free-living crabs. He could have very easily been dealing

with individuals dislodged from sea urchins during their collection.

The omission of the habitat in some of tho records does not imply that

the crabs were found in a free living condition. Unfortunately, this

is the interpretation that has been given by some authors.

Five species of sea urchins have been recorded 4S hosts: the

diadematids Echinothrix calamaris, !:.. diadema, and Diadema sp.;

the echinometrid Anthocidaris crassispina, and the cidaroid Phylla­

canthus dubius. In Hawaii I have consistently ~ound the symbiont in .

association with !L ca] smaris. Only a small female (carapace breadth

of 6.0 mm) was found living on the test of ~ diadema (see Section IV).



Crabs have been reported from the l"9ctum or "anal region" ot I!.

calan!aris. !s. diadema, D1.adema sp., and ~ dubius. as well as from

the periproct or oral spines ot At.. crassiseina and an unidentified

diadematid. Known host records and location of the symbiont in the

host are summarized. in Table I.

L. pentagorms. like all members of the subfamily Ehmedoninae,

is restricted to the Indo-West Pacific faunal region. It has been

reported from the Red Sea (nunzinger, 1906; laurie, 1915), Madagascar

(Gravier, 1922), Mauritius (Milne IDiwards, 1879; Mortensen, 1940),

Singapore (Johnson, 1962), Malay Peninsula (R. U. Gooding, personal

communication), Viet Nam (Serene et al., 1958), New Guinea (Bouvier

and Seurat, 1905), Bonin Islands (Rathbun, 1894; Balss, 1922, 1924;

Miyake, 1939), Japan (Sakai, 1936, 1938, 1965; MiYake, 1937, 1939),

Cham (Eldredge, personal communication), 'fuamotu Archipelago (Bouvier

and Seurat, 1905; Nobili, 1907; Ho1thuis, 1953; Morrison, 1954) and

Hawaii (Rathbun, 1906).
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Echinothrix calamaris

Echinothrix diadema

Echinothrix sp.

Diadema sp.

unidentified diadematid

Anthocidaris crassispina

Phyllacanthus dubius

TABLE I. RECORDED HOSTS AND MICROHABITATS
OF ECHINOECUS PENTAGONUS

LOCATION

famale in "anal end of intestinal canal"
female in "anal tube"
male and female in "anal region"
males and females in rectum

female in rectum (host
"provisionally identified")

rectum
"anal plate region" (host probablY'

!:. calamaris)

not given

males in "anal region"
rectWl

male and female on periproct

not given
males and females on oral spines

"anal region"

REFERENCE

Rathbun (1897)
MiY'ake (1939)
Serene et ale (1958)
Gooding (p6~soDa1

cOJDIDunication)

Bouyier and Seurat
(1905)

Mortensen (1940)

Ho1thuis (1953)

Balss (1922

Serene et ale (1958)
Eldredge (personal

communication)

Gravier (1922)

Sakai (1936, 1938)
Sakai (1939)

Miyake (1939)

....
eX>
•



SECTION III

THE HOST

INTRODUCTION

Echinothrix calamar1s 1s one of the two species representing

the Indo-Pacific genus Echinothrix Peters of the family madematidae

(Echinoidea, madematoida). A discussion of the general morphology

and. taxonomy of the species, including a list of synonyms and references,

has been g1ven by M>rtensen (1940).

Several morphological characters distinguish it :trom .&. diadema

which is a close form often found living in the same habitat. In

!t. calamaris the primary spines have elongated, blade-like scales which

have their free ends pointing toward the tip of the spine (see figure

in Alender, 1966). 1h1s makes them hard to rub from tip to base.

'lhe lumen of these spines is larger in diameter than the thickness

of their walls. In!L diadema the primary spines are armed with small,

rounded seales arranged in long!tudinal rows usually visible with the

naked eye. 'lb.e lumen of the spines is smaller than the thickness of

their walls. The ambulacra of a calamaris are raised abora]~y,

leaving a naked and sunken interambulacral region. This comition

does not occur in !:.. diadema. 'lhe periproct is large and conspicuous

in l&.. ca.lamaris. It is expanded. to reveal llUlderous white plates

(Figure 12). The periproct is small in §.i. d:!.adema. .~ calamaris can

also be identified by its la.rg6r size.

A great deal of confusion has been created by the use of colors

in distinguishing between the two species. '!he primary spines are

banded (with alternating bands of dark and light shades of green) in
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the juveniles of both speoies. ,-lhis charaoter, however, is more

conspicuous and persists muoh longer in ~ calamaris. A brilliant

green line running along the aboral interambulacra is characteristic

of juvenile .L. calamaris. Mortensen (1940) has indicated that color

varies geographically in both speoies. In Hawaii, the test and podia

of !:.. calamaris are dark reddish-brown and the spines dark brown to

black. White spines have been observed in a few adult individuals.

The spines of adult.!:.. ...di..ad;;,;;;;,;;;e_ma.. are dnrk irr1desoent bl.ue.

A similar species, Dladema pauc1spinum A. Agassiz, can be dis-

t1ngu1shed from Echinothrix by the presence of black: primary spines

which are longer than the height of the test. !he spines are reddish

and unbanded in the juveniles. The species is the only representative

in Hawaii of the oiraumtropical genus Diadem.a Gray (= Centreahinus

Jackson).

DISTRIBUTION

E.:.. calamaris has been recorded in the literature from littoral

waters to depths of 90 meters (Mortensen, 1940). In Hawaii, I have

collected it £rom depths of 1.5 to 30 meters.

The species was first reported from Hawaii by Agassiz (1872).

It was later recorded by Agaasiz and Clark (1907, 1908) £rom Puako

Bay, Hawaii, and Penguin Bank, west of Molokai, from depths of 28 to

29 fathoms (around 51.5 meters). Only juvenile specimens were col­

leoted. EHmondson (1946) considered the species as ttnot widely dis­

tributed about the islands,1O giving only two records which appear to

be those of Agassiz and Clark. Hinegardner (1961) found the species

to be abundant in depths of approximately tl.'O to five meters (about
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six ••• to fifteen feet") in Kaneohe Bay, Oahu, Hawaii.

Most of the specimens studied during this investigstion were

collected trom Kaneohe Bay (Figure 3). oth9r collections were made

from additional locations in the islands of Oahu, Maui, Hawaii

(Figtlre 4), and in Ehiwetok in the Marshall Islands.

'!he species is found living in two general types of substrates.

It typically is found in relatively large numbers among col·al (mostly

Pocilloporn meandrina Verrill) and in ledges at depths starting at

approximately 4 meters (Figure 5). Some individuals can be found in

shallower water in some locations. Sea urchins have been collected

or observed living under these conditions in all locations except

in the shallow water reefs of Kaneohe Bay. Individuals are found here

in depths of 2 to 3 meters along the upper edge of the dense colonies

of the coral Pori.tes compressa Dana. growing along the seaward side

of some reefs (locations designated as 1 and 2 in Figure J). The

populations are small in size. Se!i. urchins occupy the relatively few

bare spaces that are available between the coral colonies and the

massive growths of the green alga Diet:yosphaeria cavernos!. (Figure 6).

Individuals can also be found in isolated patches of Porites compressa,

f:. lobata Dana, and Pocillopora meandrina (locations 4) and in some

bare sections of reefs where algae are abundant (locations 3).

Several juveniles have been dredged from the sandy bottom of the bay.

Patches of algae and coral rubble are characteristic of the area.

Im-ge populations are found in deeper wat~ at the entrance of the

bay (locations 5 and 6).

In Ehiwetok, sea urchins have been found living in a shallow
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FIGURE 3. MAP OF THE EASTERN PORTION OF KANEXlHE BAY,
OAHU, HAWAII, SHOWING IDCATIONS WHmE DIADDfATm

SEA URCHINS WERE COLLECTED OR OBSERVED..
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FIGURE 4. MAP OF THE HAWAIIAN ISLANDS SHOWING LOCATIONS WHERE
DIADEMATID SEA URCHINS WERE COLLECTED OR OBSERVED.

1. Hauula 9. Polta! Bay
2. Kaneohe Bay 10. Makua
3. Moku .~nu Island 11. Mokuleia
4. Kalona Blowhole and 12. Pupukea

Koko Crater area 13. Puu Okai Beach
5. Hanauma Bay 14. Paako
6. Kavaihoa Point 15. Puako
7. Diamond Head Beach 16. Kealakekua Bay
8. Kewa10 Basin 17. Honaunau Ba7

I\>
.;:-
•



e12
e 11 ~

~

e 10s:-'"

)r~4ee

eer t'seG
7e~eg

e Ech in othrix calamaris

Q Ech in othrix diad ema

D Diad ema paucispinum

20 miles

\) ~MAUI~
e 13,

U~~e

N

HAWAII



FIGURE 5. TYPICAL DEliP WATER HABI'1'AT OF ECHINOTHRIX CALAMARIS.

FIGURE 6. SHALIOW WATER HABITAT OF ECHINOTHRIX CALAMARI'S
IN K.ANEX>HE BAY.



water quarry at a depth of approxirrw.tely 2 meters. !t.. diadema,

Dladema setosum (Leske), and .!2L savignyi Michelin were also present.

Specimens from the shallow water populations in Kaneohe Bay and

Ehiwetok show some differences when compared to those from the typical

offshore situation. Sea urchins found in shallow water are conspicuous­

ly larger (F.igure 7). A more striking dL..L'fQ"ence is the alml.>st com­

plete absence of Echinoecus pentagonus in the shallow water individuals.

The symbiont or the calcified. periproct resulting from its presence

was observed in almost all of the sea urchins collected from water

deeper than 5 meters. Only three shallow water sea urchins (all

collected from location 1) showed evidence of the presence of the

symbiont: a small female in the rectum of one and the calcified peri­

procts (but no crabs) of the remaining two. No crabs or calcified

periproots were found in any of the sea urchins examined at Eniwetok.

General morphological characters appear to be identical in the two

size variants. Shallow water sea urchins are rapidly occupied by

crabs under laboratory conditions.

This apparent variation in size was analyzed by taking measurements

of specimens collected from representative localities. Shallow water

sea urchins were obtained from a depth of three meters in location 1.

Those from deeper water were taken from depths of 5 to 7 meters in

location 5. The follotdng measurements were taken after most of the

spines were removed.: test diameter (across ambitUB from the madreporite

interambulacrum to the opposite ~mbu1acrum), test height (through the

madreporite interambulacrum) peristome diameter (across an a!nbulacrum

to the opposite interambulacrum), and periproot diameter (across from



FIGURE 7. CLEANED TESTS OF ECHINOTHRIX CALAMARIS SHOWING
VARIA'l'J."ON IN SIZE. SPECIMEN ON THE LEFT IS FROM A
TYPICAL 1D8 WATER lOCATION, SPECIMEN ON THE RIGHT

FROM A SHALIOW WATER REEF IN ItA.Nl!X)HE BAY.
BOTH SHOW CALCIFIED PIRIPROCTS.

(SCALE IN CEN'l'DIJETERS)
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the madreporite to the opposite side). All measurements were made

with a Vernier caliper.

General oolor pattern (an approximate indica'M.on of age), condition

of the periproct, and measurements are given in Tables II (shallow

water sea urchins) and III (deep wat9l" sea. urchins). 'Ihe regression

of test height and peristome diameter on test diameter in both popula­

tions is depicted in F.l.gure 8. 'lhe deformation of the periproct

resulting from the presence of the crab in almost all of the deep

water sea. urchins did not permit the use of periproct diameters in

comparing the two populations.

The regression of the available teat measurements suggests that

the shape of the test is similar in both populations and that the only

obvious significant difference is in its size, those of shallow water

individuals being larger. Juvenile characters observed in medium­

sized, shallow water individuals (banded spines, green line along the

aboral interambulacra) were not found in deep water forms of the same

size range. '!he smallest individuals had identical coloration in both

populations. or the 25 shallow water sea urchins that were measured,

calcified periprocts, including one with a crab living in ,- it, were

found in three individuals. On the other hand, only three of the

33 sea urchins collected at the entrance of the bay showed normal

periprocts. No cra.bs were found in their tests or peristomes when

the measurements were taken.

Test mea.surements of sea urchins obtained from 9.dditional collec­

tions showed a similar condition. Test diameter or 20 sea urchins

collected from she.llow water in Kaneohe Bay (location 1) ranged £:rom

60.0 to 1l1.4 mm (x =96.2 :I: 12.2 mm). Seven sea urchins, also col-
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TABLE II. TEST MEASUREm:NTS (IN MM), COlORATION OF THE SPINES, AND
CONDITION OF THE PERIPROCT IN SPECIMENS OF ECHINOTHRIX CALAMARIS

COu.ECTED FROM AN INNER, SHALIDW WATER REEF IN
KANEDHE BAY, OAHU, HAWAII

SPECIMEN SPINE PERIPROCT TEST PERISTO~m: PERIPROCT
NUMBER COWR CONDITION DIAMETER HEIGHT DIAMETER DIAMETER

1 banded normal 61.9 24.4 24.1 10.6

2 bar.ded normal 78.6 32.7 28.9 U.8

3 banded normal 81.6 34.7 34.7 14.1

4 dark normal 84.0 32.6 32.5 13.2

5 banded normal 84.6 31.9 31.7 U.2

6 banded normal 87.8 35.3 34.5 14.4
,.., banded normal 90.0 35.0 35.6 ll.9t

8 dark normal 96.3 43.7 39 0 0 17.5

9 dark banded normal 98.0 44.0 39.7 16.0

10 dark banded calcified 98.4 44Ql 5 39.3 18.8
(with crab)

II dark banded normal 98.7 42.7 37.6 18.3

12 dark normal 98.7 43.2 41.9 19.1

13 dark calcified 99.2 47.8 42.0 15.5

14 dark caloified 99.6 47.0 39.9 20.1

15 dark normal 102.1 47.5 39.7 18.5

16 dark normal 104.0 46.3 40.8 21.6

17 da:rk normal 104.0 49.3 42.7 19.0

18 dark normal 104.9 51.7 40.5 17.8

19 dark normal 105.5 46.5 43.5 16.4

20 dark normal 107.2 49.5 41.2 19.0

21 dark normal 108.7 48.1 43.6 19.0

22 dark normal 111.0 47.8 40.6 20.7

23 dark normal 111.9 50.5 44.5 19.9

24 dark normal 116.3 .54.3 4l"-3 20.4

25 dark normal. 121.7 2Q.d 42,1 ~

Mean (i) 98.2 43.2 38.6 17.2
standard Deviation (S.D.) 13.1 7.6 5.1 3.7
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TABLE III. TEST MEASUREMENTS (IN MM)s COWRATIONOFTHESPlNES, AND
CONDITION OF THE PERIPROCT IN SPECIMENS OF ECHINOTHRIX CALAlJ1ARIS

COLLECTED FROM A DEEP WATER REEF AT THE ENTRANCE OF
K:ANEl)HE BAY, OAHU, HAWAII

SPECIMEN SPINE PERIPROCT TEST PERISTOME PERIPROCT
NUMBER COlOR CONDITION DIAMETER HEIGHT DIAMETlm DI4WER-

1 banded ca1c1.f'1ed 61.2 24.0 248 0 10.9

2 dark calcified 70.5 34.2 30.5 12.2

3 dark banded calcified 75.0 37.8 33.5 17.0

4 dark normal 77.0 37.9 34.3 10.7

.5 dark calcified 79.0 33.9 35.5 14.5

6 dark calcified 79.0 38.2 34.4 15.6

7 dark calcified 79.4 38.4 33.2 17.8

8 dark normal 81.6 39.1 32.0 n.8

9 dark calcified 81.6 42.9 35.1 24,,6

10 dark calcified 82.1 34.3 34.1 1j.0

11 dark calcified 82.4 35.6 33.5 11.7

12 dark calcified 83.0 31.6 33.9 17.5

13 dark normal 83.7 39.0 33.5 15.6

14 dark calcified 84.6 32.8 36.5 16.9

15 dark ca1c1fied 85.9 38.8 35.6 16.2

16 dark calc1t1ed 86.0 38.0 35.6 20.3

17 dark calc1fied 86.6 38.7 34.6 17.8

18 dark calcified 86.8 41.5 35.7 21.5

19 dark calaified 87.8 39.8 35.1 18.8

20 dark calcified 88.4 42.1 35.6 22.3

21 dark calcified 88.4 47.2 35.4 22.7

22 dark calcified 89.0 42.9 35.5 12.2

(continued)
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TABLE III•. ( Continued ) TEST MEASUREMENTS (IN MM), COLORATION OF THE
SPINES,. AND CONDITION OF THE PERIPROCT m SPECIMEbE OF i9HINOTBRIX

2£\LAMARIS COLLECTED FROM A DEEP WATER REEF AT THE ENTRANCE OF
KANEDHE BAY, OAHU, HAWAII

SPECIMEN.. SPINE. PERIPROCT .TEST PEMS'1'OME PERIPROCT
NUMBER COIDR CONDITION DIAMETER HEIGHT DIAMETER DIAMETER

23 dark calcified 39.4 47.9 39.5 16.0

24 dark calcified 91.0 40.0 36.2 15.7

25 dark calcified 91.0 ~.6 36.9 14.8

26 dark calcified 92.5 44.2 37.6 21.8

27 dark calcified 92.6 44.3 34.0 22.1

28 dark calcified 92.9 40.0 37.6 29.0

29 dark calcified 94.0 47.3 36.8 22.0

30 dark calcified 94.3 43.0 38.7 21.0

31 dark calcified 94.8 43.0 37.0 18.0

32 dark calcified 95.1 ~.7 38.3 25.0

33 dark calcified ~ 45.0 41.0 ~-
Mean (x) 85.5 39.9 35.2 17.9

Standard deviation (S. D. ) 7.7 4.9 2.9 4.5



FIGURE 8. VARIATION IN TEST MEASUREMENTS FOR INDIVIDUALS OF
ECHINOTHRIX CALAMARIS COLLECTED FROM AN INNER, SHALLOW

WATER REEF AND AN OUTER, DEEPER WATER REEF IN KANEOHE BAY,
OAHU, HAWAII.
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1eoted from shallow water (location 4), had test diameters that ranged

from 90.0 to 1l0.0 mm (x = 95.6 ! 6.7 111m). No crabs or calcitied peri-

procts were observed. Poolad test diameters ot 50 deep water soa

urchins (location 5) ranged from 79.5 to 97.4 mm (x =87.5 1" 5.1 mm).

Four showed normal periprocts. Collections were also made from two

locations at depths ot 30 meters (locations 6). A total e,t ~6 indi­

viduals had test diameters that ranged from .54.2 to 98.9 mm (x =
82.7 ± 1l.9 mm). Thirteen ot these had a mean height ot 36.6 ± 8.3 ram

and a mean peristome diameter of 31.1 :!: 5.3 mm. All sea urchins, in­

cluding juveniles, were occupied by crabs.

There are no available data on the test measurements of sea urchins

collected from locations other than Kaneohe Bay. Hot-mver, the obviously

larger size shown by the shallow water individuals of Kaneohe Bay

has not been observed in sea urchins from any other locations in the

HawaUan Islands, even when tOWld living in relatively shallow water,

as in the case ot Pokai Bay, Oahu and Kealskekua Bay, Hawaii.

Overall size of individuals collected. at Ehiwetok was similar to

those from the shallow water reats of Kaneohe Bay. Test diameters

given by M:>rtensen (1940) tor 15 specimens trom unknown locations

ranged from 5 to 130 mm.

It may be suggested that variations in size are the results of

differences in growth rates. nds is based purely on speculation

since there is no available data on growth rates per!!.. Such

phenomenon has been previously described in several other species or

sea urchins. The subject has been reviewed by Swann (1966), with more

recent examples given by liUji (1967), McPherson (1968a), and Ebert



(1969). In the case of L.. calamaris. this variation could be due to

one or more possibilities: the presence of Ecb1noeC1ls pentagonus.

environmental differences, or genetic factors.

'!he presence or absence of the symbiotic crab does not seem to

have any influence in the size of sea urchins. '!he only shallow

water irdividual that was fol:J'd with a crab and the other two that

apparent~ harbored the symbiont at one time were not smaller than the

other members of the same population. '!he dimensions of their tests

were actually greater than the average (specimen Hos. 10, 13, and 14

of Table II). The opposite situation (deep water sea urchins with

normal periprocts) was observed in seven out of the 83 individuals from

location .5 that were measured (specimen los. 4, 8, and 13 of Table

III and an additional four with test diameters of 79.6, 86.8, 87..1,

and 9.500 mm). or these, the last three were larger than the mean

value for the 83 individuals (83.7 mm) but still smaller than the

aVGrage shallow water individual. Nevertheless, it i8 still possible

that small crabs were living on their tests. '!he available data indicate

two points: (1) sea urchins belonging to heavily infected populations

do not show an,y abnormal increase in size l\!ben arabs are not found

11ving on them and (2) sea urchins of populations that normally do

not harbor the symbiont do not show a smaller size when crabs (or

calcified periprocts) are present. Larger samples are necessary to

test for statistiC&l significance.

A possible higher growth rate in the shallow water populations

can be correlated with a higher availability of food in this habitat.

!&. eaJamaris feeds mostly on algae. but considerable amounts of encrust­

ing organisms, sand, and detritus are also ingested (see Section V)o



Diet can be determined by examining .fecal pellets. The green alga,

Dlatyosphaer1a cavernosa. that grows in large aggregations along the

reef's o.f Kaneohe Bay is the most important food source for the sea.

urchins living in this substrate. Sargassum is common in the other

shallow water areas of Kaneohe Bay. large algae are usually absent

in the offshore substrate. Fecal pellets from t1?-es~ sea urchins are

mostly composed of sand, calcareous fragments, and filamentous algae.

There is no d.irect correlation between size varis.tions and depth.

Even when differences in depth have been used to distinguish between

the typical offshore areas and the Kaneohe Bay reefs, sea urchi.ns from

the .former can be found in depths equal to those of Kaneohe Bay.

Parameters such as temperature, predation, and wave action do not seem

to differ to the extent of being directly involvedo lbwever, dif­

ferences of the substrate in Kaneohe Bay can be traced to such factors

as depth, t-mve action, circulation, etc.

'lhe possibility of variations in size or growth rates being

determined or influenced by genetic differences could only be

answered by carrying out rearing experiments.

OTHER SnIBIONTS

In addition to !t.. pentagonus. other organisms have been found

living in close association with .m,. calam.aris. Sea urchins, like most

echinoderms, can be considered as "advantageous" habitats for

symbionts (Davenport., 1966)0 '!heir large surface areas are covered,

at least in part, by a ciliated epithelium, offering a clean, well

aerated environment. '!he spines, sometimes toxic, give protection

against predators. Echinothrix appears to have few predators.



Several fish, a spiny lobster, and a large gastropod are known 'to

prey on madema antillarum Philippi in the West Indies (Randall et

al., 1964). Hiatt -and strasburg (1960) ·1ist some wrasses and trigger

fish as feeding on sea urchins in the Marshall Islands.

Two organisms have been found living on the spines of a calamaris.

large numbers of the platyctenean ctenophore, poeloplana willert

Abbott, are commonly found on the primary and secondary spines of

both species of Echinothrix. This, and at least two related species

have been recorded from other sea urchins (Abbott, 1902; l{yman, 1955).

Q.. willeR was first recorded from Hawaii by Matthews and. Townsley

(1964)•. The animal extends its flattened, reddish-brown body along

the sea urchin's spines. A retractile tentacle, expanding as long

60S 12 em, is located at each end.

stegopontonia commense.lis l\bbili, a "pontoniid shrimp (family

Palaemonidae, subf&m:l.1y Pontoniinae), is occasionally found clinging

to the spines of Echinothrix and lllademao '!he shrimps are relatively

large, 15 to 35 mm in total length. A conspicuous white line runs

along each side of the dark purple body. It can also be identified

by its broad and dorBov~~trally flattened rostrum. 1hese shrimps

are usually found in pairs. 'lhe species has been previously recorded

in association with Indo-Pacific diadematids (Nobill, 1907; Mortensen,

1940) but its presence in Hawaii is not recorded in the literature.

Another pontoniid shrimp, 'fu1eario~..mholthuipi Hi.peau-Jacquotte,

has been found living on the spines of L. diadema in Kaneohe Bay (Castro,

1966). This shrimp, also found in pairs, is black but its color

changes to red at night. Its laterally compressed rostrum is armed
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with six to eight dorsal teeth. Bruce (1967) has reported it living

on the diadematid Astropyga radiata (Leske) in Hawaii. It may also

be associated with .L.. calamaris.

A large, reddish-brown turbellarian was once observed crawling on

the test of a specimen of !:. calamar1s. It is not known if this form

is norma.ll.;r associated with the sea. urchin. Several turbellarians

have been recorded as internal or external symbionts of sea urchins

(1\Vman, 1955).

Parasitic gastropods of the families stilif"eridae and Ehlimidae

have been reported from Echinothrix and Diadems (Mortensen, 1940;

Flimondson, 1946; Tinker, 1958). 1b.ree individuals, t,entatively

identified as Stilifer m1ttrei Petit, were found attached to the test

of a specimen of a diadema. 'lheir proboscis has perforated the test

of the sea urchin and reached the perivisceral cavity just above a

gonad. None was found on !&. cal smaris.

Fhdosymbiotic ciliates and bacteria are :found in large numbers

in the gut ot the sea urchin. '!hey are especially common in fecal

pellets (see Section V).



SECTION IV

THE ASSOCIATION: ECOWGICAL ASPECTS

INTRODUCTION

This section deals wi.th what can be termed the ecological aspeots

of the association, i.e. the distribution of the symbiont in the host

and its microhabitat. The question of why the symbiont is associated

with a particular species of sea urchin has been partially answered

by analyzing its micro-habitat. The question was posed as to what

"advantages" are offered by the host species in comparison with other

similar species. The host's morphological responses to the presence

of the symbiont have also been investigated. Elnphasis has been placed

on the adaptive significance of these responses rather than on the

degree of pathology involved.

11ATERIALS AND METHODS

Sea urchins were collected from various locations in Oahu, Maui,

and Hawaii (Figures 3 and 4). SCUBA equipment was generally used

during collecting. Sea urchins and crabs stayed alive for considerable

time only when kept in large tanks provided with running sea water.

The sea urchins were rapidly killed by stagnant ~nditions or by

changes in temperature brought about by dir~Jt SUllllght. Most of this

investigation was carried out at the Hawaii Institute of Marine

Biology on Coconut Island, Kaneohe Bay, Oahu. Collecting areas near

the island permitted transfer of sea urchins precluding any adverse

conditions. Mortality was especially high among deep we..ter individuals

as they had to be crowded together in collecting bags during transport.

The crabs vrere less delicate but died if left in contact with dead sea
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urchins. Collecting conditiona did not parmit keeping the sea urchins

separate !'rom each other. Sea urchins kept in the laboratory were

fed with algae, mostly Iaurenc1a ap.

For the general histology of the periproct, reotum, and peristome,

tissues were fixed in 70% ethyl alcohol or 10~ neutral formalin.

Decalcification of periproct and peristome tissues was accomplished. by

immersion in Decal (Decal Chemical Corp., Pomona, New York) for 10 to

12 hours, or in a 10% aqueous solution of disodium ethylenedismino­

tetraacetic acid (EDTA) adjusted to pH 7.0 with sodium hydrcx:1de, for

at least 24 hours. The tissues wGre embedded in paraffi1'1 and sectioned

a.t 5 to 10 microns. Frozen sections of some decalcified tissues were

made on a cryostat (International I!l:luipment 00. model CTD). Serial

sections were stained with Harris' hmnatoxyl1n counter-stained with

eosin, Mallory's triple connective tissue stain, or Milligan's trichrome

stain, all as given by Humason (1967). The stained sections were

mounted in Permount.

m.stochem1ca1 determinations ot polysaccharides and related

compounds was carried out by using the periodic ac1d""Schitf stain

(PAS) reaction (Huma80n, 1967). Glycogen was removed by treating the

sections with O.l~ diastase solution maintained at 37°0 for one hour

prior to exposure to the periodic acid solution ot the PAS staining

procedure (Thompson, 1966).. '!he presence of acid mucopolysacoharides

was investigated by staining EDT.A,.decalcified sections with pH 3

alc1an blue-yellow (Parker and mboll, 1966). Frozen sections were

stained with Sudan black B for the determination of lipids (lfumason,

1967 ). Glycerol jelly was used as the mounting medium.

In order to get some insight into the question of host-specificity,
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the orientation and general behavior of crabs were analyzed in indi­

viduals plaoed in contact with abnormal hosts. Crabs were removed

from their host and placed in 40 gallon tarlks with individual

specimens of Echinothrix diadema and DLadema paucispinum.

RESULTS

Distribution of the Symbiont in the Host.

The rare occurrence of crabs in the shallow water populations of

L. oa1amaris in Kaneohe Bay has already been indicated in Section III.

Of a total of 65 shallow water individuals examined, one had a small

female living in its rectum and two revealed calcified periprocts

characteristic of sea urchins which harbor crabs. 'Ibis represents

an occupancy rate of 4.6%, a figure that does not include a considerable

number of individuals that were not recorded but that showed normal

periprocts.

It is difficult to estimate what percentage of deep water sea

urchins had crabs liring on them. Calcified periprocts were found in

almost all of the individuals collected or in those examined in their

natural environment; they, however, were not always occupied by

crabs. Empty calcified periprocts were apparently produced by males

who had moved out or by females that had died. The periproet cordition

of a total of 226 deep water individuals was recorded. Of these,

211 (9.3.3%) showed the calcified condition. Most of the individuals

with normal periprocts were juveniles, but juveniles with calcified

periprocts ware also encountered. Incidence of calcified periproets

was observed to be higher in the deepelit locations. !>bst of the

fully grown individuals with normal periproets were collected from a
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depth of' f'our to six meters at the entranoe of Kaneohe Bay (location 5,

Figure 3).

It was also difficult to determine the rmmber of crabs 11ving in

the rectum and free on the peristome and test of each sea urchin., Males

and small females tended to move £rom their original locations and

even to other sea urchins when these came in contact during collection.

Females or males living in the rectum usually moved out if the host

was injured. Small crabs were commonly overlooked and some even

escaped detection by moving into their hosts' intestine. Collecting

conditions did not permit keeping individual sea urchins isolated

from each other. Only the total number of crabs obtained from each

collection was recorded. Data trom nine locations on Oahu (except

inside Kaneohe Bay) and Maui are summarized in Table IV. 'lhese figures

do not show a significant difference in the occurrence of the symbiont

in the different locations. However, differences in the size of the

samples and in the time and effort spent in examining each sea urchin

do not justify making any conclusions.

Microhabitat,

Large, adult females with a carapace width of at least larger than

7 mm aro :restricted to the rectum of the host (Figure 9). '!hey only

move out when the host is badly injured or dead. The pocket-like

rectum is formed by an enlargement of' the distal end of the digestive

tube (Figure 13). It is surrounded by the periproct. The presence of

crabs in the rectum induces heavy calcification of the periproct,

leaving a relatively wide opening through which the rostrum and part

of the carapace of the crab can usually be seen (Figure 10). The



TABLE IV. FREQUENCY OF OCCURRENCE OF ECHINOECUS PENTAGONUS
IN DIFFEREIlT POPULATIONS OF ECHINOTHRIX CALAMARIS

SEA URCHINS SEA URCHINS CRABS PER
WITH CALCIFIED WITH NORMAL FEMALE MALE TOTAL NUMBER

LOCATION DEPTH PERIPROCTS PERIPROCTS CRABS CRABS OF SEA URCHINS

Koko Crater Area, Oahu 7-8 I!l 7 2 7 1 0.9

Helona Blowhole, Oahu 6-818 12 3 11 ? 1.2

Portlock, Oahu 6-88 19 3 14 6 0.9

Pokai Bay t Oahu 5 II 3 0 2 2 1.3

Kevalo Basin. Oahu , II 3 0 2 0 0.7

Pupukea, Oahu 6 • 1 0 1 0 1.0

Ahih1 Bay, Maui 5 II 1 0 1 0 1.0

Kaneohe Bay, Oahu
(location 5, Figure 3) 5-7m 38 3 24 (3)· 6 0.8

Off Kaneohe Bay, Oahu
(location 6, Figure 3> 30 m 13 0 5 (1)· 6 0.9- - -

TOTAL 97 11 67 (4)· 28 ]It = 0.9

.. Small females •

.&:"
0r:-
o



FIGURE 9. CALCIFIED PERIPROCT OF ECHINOTHRIX CALAMARIS
CUT OPEN m ONE SIDE TO SHOW A FEMALE ECHINOECUS

PENTAGONUS IN ITS NORMAL POSITION. (12.:3)

FIGURE 10. ABORAL VIEW OF A CALCIFIED PERIPROCT OF ECHINOTHRIX
CALAMARIS SHOWING A FEMALE ECHINOECUS PENTAGONUS INSIDE. (X2.:3)
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rectwm is normally oocupied by one female but males are sometimes found

in it, alone or aocompanying a female. Two females have been oocasional­

ly observed in reotums enclosed by a calcified periproct provided with

two openings. Mobility of the crabs in the rectum is rather limited,

especially in the case of larger females. The legs, with their sharp

daotyli, are used in attaohment.

lrbst males, as well as the postlarval and juvenile stages of both

sexes, live along the outer borders of the peristome. 'D1ey firmly

attach themselves to the soft tissues of the peristome, their anterior

ends oriented toward the mouth of the _host (Figure 11). Males e.otive4r

move on the test and even move across the spines to other sea urchins.

'!he periprocts of unoccupied sea urchins are rapidly dGstroyed

by crabs in the process of getting established in the rectum. '!he

degree of visible damage to the sea urchins varies, depending on the

size of the periproct as well as on that of the crabs involved. In

one case, the plates of the apical sYstem were left exposed. Normal

epithelial tissue was found to completely cover the whole area after

ten days. Whole seotions of damaged tissue are sometimes rejected.

Healthy, pigmented tissue starts appearing almost immediate4r.

Small females and males 11ving in the rectum have been observed

to move inside the intestine when efforts are made to capture them.

It is not known if this occurs under normal conditions. Large females

are not small enough to be able to enter into the intestine.

Morphology, Histology. and Histochemistry of the Periproot and. Rectum.

The periproot is a membrane that surrounds the rectum and con­

tai.ns the anal opening. It is located at the aboral pole in all regular



FIGURE 11. PERISTOME OF ECHINOTHRlX CALAMARIS
SHOWING TWO MALE ECHINOECUS PENl'AGONUS. (n.8)
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sea urchins. The periproct of &. calamaris is characterized by its

large size. Its surface is studded with a large number of small,

irregularly arranged endoskeletal plates (Figure 12). '!he anus

is always located in the center of the body disc. It is capable of

expanding when the fecal pellets are expelled. In juvenile individuals

the periproct is light green with brown spots radiating from the dark

brown anus. In older individuals the periproct is brown and not as

conspicuous, being contracted part of the time.

The apical system is composed of five large genital plates with

one occupied by the madreporite, and five t-erminal ocular plates

(Figure 19). A pore in each of the terminal plates indicates the

location of the terminal podium. A gonopore is located in each of the

genttal plates. All terminal plates are insert in relation to the

periproct. A varying number of small and irregular plates is located

along the inner margin of the periproct adjacent to the apical system.

The number and size of these plates increase as the membranous part

of the periproct decreases in size with age. The plates of the apical

system, as well as those around the base of the periproct, are pro­

vided with short~ secondary spines and tridenta.te pedicellariae.

In those large individuals where the periproctal membrane is reduced,

the spines of the periproctal plates cover the periproct when it is

contracted.

The rectum is the expanded terminal part of the intestine. In

& calamaris it is expanded into a large, pocket-like cavity (Figure 13).

It is completely encircled by the periproctal sinus which is a coelomic

cavity separa.ted from the perivisceral cavity by a thin, per:fora.ted



FIGURE 12. NORMAL PERIPROCT OF A JUVENILE
ECHINOTHRIX CALAMARIS •

.(n.8)

FIGURE 13. IDWER VIEW OF THE RECTUM OF ECHINOTHRIX CALA.MA.RIS
SHOWING THE PERFORATED PERIPROCTAL MESENTERY AND THE IDWER

SURFACE OF THE PIATES OF THE APICAL SYSTJ:}!.(X3.S)
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membrane, the periproctal mesentery. This mesentery is attached to

the lower surface of the rectum. Thin mesenteries connect the peri­

proct to the outer wall of the rectum across the periproctal sinus.

No evidence was found for the presence of a perianal sinus, a

coelomic cavi:ty around the anus (Hyman, 1955). The periproctal

mesentery is surrounded by the ring-shaped aboral or genital coelomic

sinus between the gonoducts and just below the genital and terminal

plates. The long intestine curves twice around the inner side of the

test before it enters into the rectum at the interambulacn-utn between

rays III and IV (D and E). The periproct is covered by a single­

layered external epithelium composed of columnar cells (Figure 14).

'!hese cells contain numerous pigment granules. No evidence of cilia­

tion has been observed. A dermis of connective tissue is found below

the outer epidermis. Its thickness varies from 80 to 270 microns.

Round to oval endoskeletal elements are arranged along its outer

margi.n. '!he dermis is composed of connectiva tissue fibers. These

are more compact and regularly arranged in layers, sometimes in a

wave-like pattern, around the endoskeletal granules and along the

inner and outer margins. Small coelomocytes, probably 4rmPhocytes,

are oommonly found among the conneotive fibers. Aggregations of

large coelomocytes, identified as eleocytes, are present in some

regions. Eleocytes, the so-called ''morula cells" of some authors, are

oval to spherical in shape. Their cytoplasm is filled with vacuoles.

The diameter of each cell varies from 8 to 9 microns. No spicules

have been observed between the loose fibers in undecalcified

sections. It seems that this spongy arrangement facilitates the



FIGURE 14. CROSS SECTION OF A NORMAL PERlPROCT (ABOVE) AND RECTUM
(BEIDW) OF ECHINOTHRDr CALAMARIS. THE SPACE LEFT BY A SKELETAL

PLATE CAN BE SEEN BELOW THE EXTERNAL EPITHELIUM (RIGHT).
THE PERIPROCTAL SINUS AN)) A MESENTERY CAN BE SEEN IN THE

CENTER. (MILLIGAN'S TRICHROME; X60)

FIGURE 15. CROSS SECTION OF A CALCIFIED PERlPROCT (ABOVE) AND
RECTUM (BEIDW) OF ECHINOTHRIX CAL.U1ARIS. THE PERIPROCTAL

SINUS AND A MESENTERY CAN BE SEEN m THE CENTER.
(MILLIGAN'S TRICHROME; X60 ~
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contraction and expansion of the periproct. Treatment of periproct

tissue with 2~ sodium hypoch1orite hae revealed that the round endo­

sk~l~t.~1 granules are composed of a fine meshwork of ring-shaped

spicules fused to each other in a tridimensional pattern. '!be

connective tissue layer is bordered along its inner surface by two

thin muscle layers; specifically, a layer of longitudinal muscles

followed by one of circular muscles, and by the coelomic epithelium

or peritoneum that lines the periproctal sinus. '!be coelomic

epithelium is composed of short cuboidal cells with large nuclei.

The thin mesenteries that connect the periproct with the rectum are

composed of connective tissue lined. with coelomic epithelium.

Their connectiva bands are continuous to those of the dermis of

the periproct and the connective tissue layer of the rectum. Mascle

layers seem to be absent.

'!he general histology of the rectum and the other regions of the

digestive tube of sea urch1rls has been described. by Hamann (1887),

Stott (1955), FUji (1961), and Iswis (1964). In!L oa1amsl"is, the

lumen of the rectum is lined with inner epithelium composed of tall

columnar cells (Figure 16). iheir nuclei are arranged in a central

position. ibis layer varies from 24 to 40 microns ill thickness. In

addition to the folding observed when the periproet is contraoted,

a secondary folding is observed along part of the surface of the inner

epithelium. ihere is no histological or histocllemical evidence for

the presence of gland cells in the rectum. The inner apithelium is

bounded along its inner edge by a thin basement membrane. Beneath

this membrane is a layer of loose connective tissue. This layer is



FIGURE 16. CROSS SECTION OF THE MEDIAL PORTION OF THE RECTUM OF
AN INDIVIDUAL OF ECHINOTHRlX CALAMARIS PREVIOUSLY OCCUPIED
BY A FEMALE ECHINOECUS ?IDJTAGONUS. ELEDCYTES CAN BE SEEN
MIGRATING Adfibss THE INNER EPITHELIUM. (PAS REACTION; X400)

FIGURE 170 CROSS SECTION OF THE INNER EPITHELIUM OF THE MEDIAL
PORTION OF THE RECTUM OF AN INDIVIDUAL O.F ECHINOTHRIX CALAMARIS

PREVIOUSLY OCCUPIED BY A FEMALE ECHINOECUS PENTAGONUS. TWO
ELEX>CYTES CAN BE SEEN MOVING BETWEEN EPITHELIAL CELLS

AND ONE JUST BELOW THE BASEMENT MEMBRANE.
(PAS REACTION; n,6oo)



thinner than that present in the periproct. '!he fibers are loosely

arranged ani there are no dense concentrations along the margins.

Coelomocytes, as well as concentrations of pigment granules, are

present between the fibers. The inner border of the rectum consists

of a thin layer of both circular and JLongitudinal muscles followed.

by the coelomic epithelium that lines the periproctal sinus and the

perivisceral cavity.

The periproctal mesentery is composed of the same coelomic

epithelium, muscle, and connective layers which are found bordering

the coelomic cavities.

'.lbe anal opening is no different from the rest of the periproot.

'.lbe periproctal sinus is contiguous with the anus, showing no

evidence of a separate perianal sinus. The anu.s is bordered. by a

thick layer of the same external epithelium that lines the periproct.

This cellular layer gradually fades as the inner epithelium of the

rectum appears below the opening. 'll1ere appeal's to be no specialized

mu.scle layers.

Glycogen, i.e. PAS-positive, diastase-negative material, has

been found to be present in the eleocytes and in intracellular granules

in the inner epithelium of the rectum. Boolootian and I.e.sker (1964)

have reported the histochemical determination of glycogen in eleo­

cytes of Strongylocentrotus purpuratus (Stimpson). Fuji (1961) has

reported no glycogen in the rectum C?f 2:. interD!edius (A. Agassiz)

but has demonstrated its presence in other parts of the gut.

Presence of glycogen in granules of gut cells in §.r. purpuratus and

M.d Dendraster, however, has been reported by Giese (1966).
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Lipids, i.e. Sudan black B positive material, have been found

accumulated in the inner apithelium of the rectum. storage of neutral

lipids in the gut has been shown to occur in .§:. purpuratus (Lawrence

et al., 1966), Dendraster ( Giese, 1966), and in three tropical Atlantic

sea urchins (IL:.wrence, 1967). FUji (1961) found lipids to be present

in the intestine of §.e. intermedius but not ii1 the rectum.

No acid or sulfated mucopolysaccharides occur in the rectum. The

absence of mucopolysaccharides or of gland cells in the rectum of

other sea urchins has been reported by stott (1955), FUji (1961), and

Holland and Nimitz (1964).

Presence of the symbiont in the rectum induces heavy calcification

of the periproct. A round to oval, cone-shaped structure replaces

the soft periproot (Figures 7 and 19). It is Composed of pentagonal

and hexagonal plates contiguous with those of the apical system. The

size of the plates gradually decreases from the proximal end.,

Secondary spines and tridentate ped1cellariae are usually present.

'!he total diameter of the calcified periproct in relation to the

size of test appears to 'l~~. 1his is probably due to differences

in the relative age of the cone. Large cones with two oper~ngs have

been found on several occasions. '!he anus is replaced by an

irregularly shaped opening which varies from 6 to 12 mm in diameter.

A fevr changes in the morphology of the apical system are observed

in sea urchins with large or oval-shaped calcified periproets. In

some casefJ one or two of the terminal plates are reduced or absent,

with the cone reaching the edge of the ambulacra (Figure 19). The

raising of part of the apical system, sometimes including the
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madreporite, and surrounding interambulacral plates has been observed

in a few individuals. Abnormalities in the genital plates have never

been observed.

At least five sea urchins presented the peculiarity of having

a regenera.ted periproctal membrlme inside a calcified. cone without a

crab. The periproct in these individuals was always thin, not expanded,

and dark brown. A large anal opening was observed in the center of

each. The small skeletal plates of normal periproets were usually

observed. '!he complete calcified periproct of one of these individu&ls

had been destroyed by a large female crab. A regenerated periproct

was observed in an individual that was released without crabs in the

shallow we.ter lagoon of Coconut Island. '!he date of its release

was not recorded but at least four months had elapsed before its

recapture.

The thick skeletal plates of calcified periprocts occupy most

of the connective tissue layere Decalcified sections have revealed thin

connective fibers around the large empty spaces previously occupied

by the plates (Figure 15). '!hese plates are composed of the same

meshwork of ring-shaped spicules which make up the round plates of

the normal periproctlll They are continuous to the test skeleton. A

reduction of the periproctal sinus is also evident but the thin

mesenteries which connect the inner wall of the periproct with the

rectum are still present. The secondar-.f folding of the inner epithelium

of the rectum is reduced or absent. No apparent change in the size or

morphology of these ct/lls is observed. There is no histological

evidence of any' mechanical damage to the inner epithelium.
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One signi..ficant differenoe betlreen abnormal and normal rectums

is the conspicuous abund8.nce of eleocytes in the inner epithelium of

the former. Coelomocytes have been observed. in the connective tissue

,layer and between the cells of the inner epithelium, apparently push­

ing their way to the lumen of the rectum (Figures 16 and 17). Small

coelomocytes, the so-called lymphocytes (Eildean, 1966) are also

abundant. Smears of the reddish,.mucous-like material that typically

lines the lumen of occupied rectums was found to be composed almost

completely of eleocytes (Figure 18). Some of. the cells appear to

have been disintegrating. Ex:amination of this material under a phase

microscope has revealed that pigmented as well as non-pigmented eleo­

cytes (the latter usually referred in the literature as "colorless

morula cells") were present. Non-pigmented epithelial tissue was also

obtained in the smears. The lumen of normal rectums do not include

any pigmented material. However, soma eleocytes have been found in

smears. Removal of the periproct from sea urchins not previously

occupied by the symbiont appears to induce the appearance of pigmented

material.

l'brphology and Histology of the Peristome.

The peristome is a soft but strong fleshy membrana that extends

from the edge of the oral border of the test to the mouth (Figure 11).

The mouth, surrounded by a fleshy lip, is located in its center. The

five teeth of the Aristotle's lantern can be seen protruding from the

Inr,uth. Fiv"e pairs of club-shaped buccal podia are located below the

lip. These modified podia are believed to have a chemoreceptive func­

tion (HJ!man, 1955). A large number of small oral plates are found



FIGURE 18. SMEAR OF THE COEIDMOCYTE AGGRmATIONS IN THE RECTUM OF
AN INDIVIDUAL OF ECHINOTBRIX CALAMARIS PREVIOUSLY OCCUPIED BY A

FEMALE ECHINOECUS PENTAGONUS. THE COEIDMOCYTFS ARE
PIGMENTED ELEDCYTFS. (X6oo)

FIGURE 19. ABORAL VIEW OF THE CALCIFIED PERlPROCT AND APICAL
SYSTEM OF THE CLEANED TEST OF AN INDIVIDUAL OF ECHINOTHRIX

CALAMARIS PREVIOUSLY OCCUPIED BY A FEMALE
ECHINOECUS PENTAGONUS. (X2.3)
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embeddoo. in the peristome and buccal lip. Plates along the ambulacral

axis are much bigger than the interambulacral oneSa The ambula.cral

plates immediately below the buccal podia bear short secondary spines.

others can bear ped1cellariae and short spinese Five pairs of

abDrescent gills are found on the edge of the peristome, one at each

of the junctions between the ambulacral and interambulacral regions.

The peristome, like the rest of the body, is covered by a heavily

pigmented apithelium. file skeletal plates are embedded in the connee­

tive tissue layer. This is followed by the coelomic apithelium that

lines the perivisceral cavity.

Host-Specif'icity

When placed in a. tank with !:. ~adem.a. male and female crabs

rapidly moved to the sea. urchins. Crabs, especially the large females"

produced visible damage to the sea urchins. The soft tissue at the

base of the spines and test epithelium were torn off' and ingested

(Figure 20). Spines and podia were removed, leaving large exposed

regions in the test~ No crabs ever moved inside the rectum. The

periproct was eaten or torn off' in several occasions but the rectum

was never occupied, even when small crabs were placed directly on the

periproct. Damage to sea urchins was always observed after an over­

night contact with crabs. Death usually followed, depending on the

size of the sea urchins and tho number of crabs present. On one

occasion, about ten small sea urchins were left in a tank where two

large females and several males and small females had been 11ving in

isolation for periods of six to eight days. After four days most of

the sea urchins had missing spines and torn-off tissue. All sea



FIGURE 20. ADULT FEMALE OF ECHINOECUS PENTAGONUS LEFT OVERNIGHT
ON THE TEST OF ECHINOTHRIX DIADEMA. (n.8 )

FIGURE 210 CLEAN TESTS OF ECHINOTHRIX DIADEMA (LEFT) AND OF A
JUVENILE ECHINOTHRIX CALAMARIS. (SCALE IN CENTIMETERS)
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urchins were dead after two days. Crabs established on ~ diadema

m.oved to al\V specimens of E. calamaris that were added to the tanks.

A large number of spines ware missing from the only individual

of L. diadema that served as host to the symbiont in nature. Its test

epithelium had been torn off. The sea urchin was recorded aa "dying."

Trials involving two individuals of Diadema paucispinum and soveral

crabs suggest an apparent incompatibility between the sea urchin and

the crab. '!he latter appears to show no aative attraction to the sea

urchin. Sea urchins reacted violently when crabs were placed in

contact with them. The rapid movement of the long primary spines

prevented the crabs from moving into the test. Crabs always moved

away from the sea urchins, even when left for as long as three days.

These crabs rapidly moved to either E. ca.lamaris or ~ diadema. if

present. The only exception was a small male which was placed directly

on the test of one sea urchin. After four days it had removed six

or seven primary spines, an undetermined number of secondary spines

and podia, and a large amount of epithelial tissue from an area in

the ambitus of the test. The crab was I"emoved after .four days.

Complete healing of the test epithelium was observed. after ten days.

,Epithelial tissue and tube feet of both ~ diadema and A

paucispinum loTere eaten by isolated crabs, including postlarval stages

reared in the laboratory.

Isolated crabs moved away when placed on the toxopnaustid sea

urchin Trlpneustes gratilla (Unn.), a large brownish form with short

spines.
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DIS(,'USSION

The distribution of the s;ymbiont in its host follows a pattern

observed in other symbiotic crust.aceans, i. e. adult females are

restricted to gall-like structures and males moving freely on the host.

This arrangement has an obvious adaptive value to both the symbiont

and its host. Pathological calcification produced by the host as a

defensive mechanism is at the same time exploited by the symbiont,

which utilizes it as a protective enclosure. Giard (1911) gave the

name "thalacies" to galls and similar tissue reactions produced as a

response to the presence of symbiontso

The calcification of the periproct is the most obvious response

of !t.. cala.maris to the presence of crabs in its rectum. 'Ibis response

can be considered as an example of pathological calcification, a

reaction of tissue to physical, chemical or living injury (Einstein"

et a1., 1960). Pathological calcification is seen as a defense

mechanism at the tissue level. Physical contact with the crabs

appears to be the main effector of calcification. A reduced, but

otherwise normal, periproctal membrane is regenerated when crabs are

removed, even when the calcified structure remains. In addition to

physical irritation (ir~estion of tissue, mechanical contact, respira­

tory currents), chemical factors can be involved in the inducation

of calcification. The process appears to be a continuation of the

calcification observed at the base of normal periprocts in large

sea urchins. The calcification process in echinoderms has been

reviewed by Raup (1966).

Calcification in the form of gall-like structures is a common
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phenomenon among echinoderms serving as hosts to a variety of symbionts.

At least :four species of copepods are known to induee the produotion

of galls in sea urchins. Pionodesmotes phormosomae Bonnier forms

spherical galls in the test of the eehinothurid sea urchin Hvgrosoma.

petersii (A. Agassiz) (Bonnier, 1898), Calvoeherea globosus (Hansen)

produoes galls in the primary oral spines of the eehinothurids

Calverisoma gracile (A. Agassiz) (Hansen, 1902), and Sperosoma

guineunciale de Meijere (Agassiz and Clark, 1909), and Calvocheres

oblongus (Stephensen) in the primary oral spines of Hygrosoma. petersii

(Stephensen, 1935). Galls in the test of the fossil sea urchin

Coll;yr1tes dorsalis have been attributed to a eopepod, Castex.ia

douvillei (Mercier, 1937). other copepoda form similar galls in

ophiuroids (caullery, 1952; lJ3man, 1955). Several symbiotic gastropods

induce gall production in numeraus asteroids and at least in one

echinoid (Caullery, 1952). ~ostomid annelids produce calcified

structures in crinoids (Clark, 1921).

Gall-producing habits are also observed among brachyuran crabs

of the family Hapalocarcinidae that are symbionts of madreporarian

corals (Potts, 1915). Females are imprisoned in galls produced by

the coral while the males are free-living on the host.

'!he symbiotic association between the pinnotherid crab Pinnaxodes

chilensis (Ae Milne Fliwards) and sea urchins presents a number of

similarities to that of Echinoecus pentagonuso It is fourd in

association with the eehinometrid Coenocentrotus gibbosus

(Valenciennes) and the echinid Ioxechinus albus (Molina), both

littoral forms found along the western coast of South America. This
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crab has been recorded from Ecuador to southern Chile (Garth, 1957).

Several female crabs (collected from ~ albus) and two sea urchins

were sent te' me through the courtesy of Mr. Marco A. Retamal,

omversidad de Concepcion, Chile. Females 11ve in the rectum, which

expands into a thin, sac-like structure that extends almost to the

oral surface of the host. The rectum is rich in a thick" pigmented

materi9.l (dark brown in the alcohol-preserved specimens) very similar

to the eleocyte aggregations of Echinothrix. Only a few algal fila­

ments could be identified under a microscope. It seems that this

material is composed of feces as well as cells or mucous from the host.

The exoskaleton of the females is soft. They closely resemble

Echinoecus in the general morphology of their carapace and che11peds.

The abdomen is much expanded. Carapace width of eight females varied

from 16.5 to 20.4 mm. According to Verrill (1867), who has given one

of the few accounts on the biology of this symbiont, males live

among the spines of the host. Photographs presented by Rathbun (1918)

show that the males have a less rounded carapace. She has indicated

that their carapace is hard. The crab appears to be very common in

both species of sea urchins, even when several authors have considered

it to be more common in Q,. gibbosus. Distortion of the shell seems to

be restricted to £.L gibbosus, a smaller form. Verrill has reported

that the test is "usually swollen on the sides over the cyst, and the

anal area is depressed and distorted." A reduction of the size of

the genital and terminal plates is seen in the drawings given by

Jackson (1912). No pathological calcification is apparent. An

,irregular and excentric' opening is' left in the periproot through which
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the legs of the crab can be seen. '!he gonopores seem to retain their

normal size. There are no apparent changes in the -morphology of the

apical system of h. albus. The periproct is very small and the pre­

sence of females in the rectum is not obvious from the outside.

Test dimensions for both species have been given by Mortensen (1943).

In ten specimens of 1:. albus, the test diameter varied from 13 to

98 mm and the diameter of the apicr.l system from 4 to 17 mm. Seven

specimens of £&.. gibbosus haa test diameters varying from 20 to 51 mm

and apical systems from 5.5 to 11 mm.

The rectum and the surrounding aboral surface of echinoderms

can be suggested as &n advantageous microhabitat for symbionts. The

feces of the host, usually rich in organic matter, possibly serve as a

food source. Additional protection from predators is provided for

those forms living inside the rectum or intestine.

The pontoniid shrimp, Tuleariooaris holthuisi Hipeau-Jacquotte,

is found living on the aboral spines of two sea urchins in Madagascar.

It has been suggested by Hipeau-Jacquotte (1965) that this shrimp

ingests feces. The portunid crab, ttssocarcinus orbicularis Dana,

is occasionally' found in the anus of ho1othuroids (Needham, 1966).

All seven species of the pinnotherid germs Dissodacty1us 11ve in

association with the oral and anal region of several species of the

sand dollars Me11ita and Encope in tropical North American waters

(Rathbun, 1918; Rioja, 1944). Hyman (1955) has suggested that the

crabs feed on the feces of the host. other examples among crustaceans

are given by Hyman (1955).

!t.. pentagonus is the only eumeclonid crab that is known to invade
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the rectum of its host. Yet, many of the 25 species that are included

in the subfamily are very rare, being known only from a few specimens

obtained £rom dredged material with no information on their specific

habitats.

Proechinoecus sculptus Ward was described from specimens collected

from the oral surface of the intertidal sea urchin (Q)lobocentrotus

atratus (tUm.) (Ward, 19.34). Zebrida adasi White has been reported

from three sea urchin~: the temnopleurid Salmac!! bicolor rarispina

1. Agassi~, Toxopneustes piloleuB (lamarck) (Serene et a1., 1958), and

Anthocidaris orassispina (Sakai, 1938). M:>rtensen (1904) has reported

it as "making a path" on the test and eating tube feet, ped.icellariae,

and spines in the first two hosts. Another species is known from one

specimen. '.IWo species of Ehmedonus have been reported from sea

urchins: E&. ~ebra Alcock from Goniocidaris biserialis (Doderlein)

(Saka.i, 1965) and .L. granulosus MacQ1.1christ (as !t.. ~ebra) from an

unidentified sea urchin (Ien~, 1905). Two other species are known

only from a few specimens with depth as the only information given.

Five out of sevell species of Hurona and four of the six species of

Ceratocarcinus are known to be associated with crinoids. One parti­

cular species, !!a. truncata Rathbun, is known from three specimens

dredged trom deep water in Hawaii (Rathbun, 1906; Flimondson, 1951).

Rhabdono~pictus A. Milne Eliwards has been recorded from ~1noids

and from the pennatule.cean Virgularia (Serene and Romimohtarto, 196:3).

The remaining genera, Gonatonotus (with two species) and Dantoxanthus

(with one species) are also known from a few dredged specimens.

The presence of L. pentagonus in the rectum raises the question

of hot'1 much injury it causes to its host. Males and small females,
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which ingest apithelial tissue and tube feet, appear to produce not

much visible damage to the peristome and test. FUrthermore, damaged

tissue is rapidly regenerated. In one case, the pigmented apithelium

regenerated three days after being completely removed with a. spatula,

leaving the white skeletal plates exposed. Heavy calcification of

the periproot is the most obvious effect. However, partial calcifica­

tion and reduction in the size of the periproct is observed in

large, unoccupied sea urchins. No specific function can be attributed

to the periproct other than to protect the rectum. Is.rge and conspicuous

periprocts are characteristic of some diadematids, especially in the

juveniles. A. respiratory function can be suggested but it is doubtful

due to the thickness of the ~ernal ap1thelium. It is noted that the

role of the rectum as a rmtrient storage organ has been suggested. by

Ia.Wl"ence et ale (1966).

No morphological changes appear to take place in the rectum.

Only an increase in the number of eleocytes in the inner epithelium

and lumen has been observed. Numerous functions have been attributed

to the considerable variety of coelomocytes that are ubiquitously

found in the coelomic fluid and tissues of echinoderms (Boolootian

and GLese, 1958; Ehdean, 1966). Eleocytes have been suggested as

having a role in the translocation of nutrients (Boolootian and lasker,

1964) tmd even in epidermal digestion and absorption (Pecquignat, 1966).

Echinochrome, a red naphthoquinone pigment characteristic of sea

urchins, has been found present in eleoCYtes (MacMmn, 1885). The

possibility of its \:onnection with the transport and storage of oxygen

has been refuted (Farmanfarmaian, 1966). Another orange-red pigment
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has been found in the eleocytes of Diadem antilla!'U11l (Millot, 1957).

The pigment, also found in colorless coelomocytes, changed to the red

form and even to black and brown melanin-like pigmen"Gs whell oxidilGed

on exposure to air. In addition, an orange-red naphthoquinone has

been found in the coelomocyte aggregations of !:. calamaris (see Section

V). The increase in the number of eleocytes in rectums occupied by

the symbiont can be associated with a deposition of pigment due to

the direct exposure of the tissue to light. Nevertheless, some

eleocytes have also been observed in the lumen of normal rectums.

An excretory function can also be suggested. Van der Heyde (1923)

has expressed the opinion that the intestine of echinoderms, especially

"the terminal parts", function as an "organ of excretion." On the

other hand, lewis (1967) has found that the excretion of ammonia

nitrogen in the rectum of 12:. antillarum averaged lower than any of

the five regions of the digest!ve tract studied by him. It is

significantly higher in the hind gut. A combination of the last two

possibilities has been proposed by Fbx (1953) by suggesting that the

naphthoquinone pigments act as excretory products.

Ingestion of external epithelium and podia by the males and small

females is offset by the remarkable regenerating abili.ties of the sea

urchin. 'lhese small individuals are found 1.."1 relatively small

numbers (see Table IV) and their mobility does not restrict them to a

single sea urchin. The large females live in the rectum, where

abundant, mucous-like eleocyte aggregations and fecal pellets are

utilized as a food source. 'lhere is no evidence for the ingestion

of inner epithelium. Perforation of the thin rectum results in the



loss of coelomic fluid. Serious damage i,9 produced only when large

females are placed outside the rectum (in individuals with the rectum

occupied by a female) or in an abnormal host, where the rectum is

not invaded. Test apithelium, podia, and the tissue at the base of

the spines are ingested (Figure 20).

It appears appropriate to conclude on the basis of morphological

changes that the normal functions of the periproct and rectum appear

not to be visibly impaired by the presence of the symbiont. Analysis

of the a.vailable data on size differences has shown no correlation

between this variation and the presence of cra.bs. There is also no

evidence for any morphological or physiological damage to the raproduo­

tive system.

The host's mechanisms of defense against the symbiont must also

be taken into consideration. Defense mechanisms may be classified as

behavioral (those involving the whole individual or specialized external

organs), tissue, or cellular. The activity of ped1cellariae is probably

the only effective behavioral defense mechanism, being involved in

capturing any small swimming organisms that come in contact with the

sea urchin. Their implication in the prevention of thl:l settling of

the symbiont's larvae will be discussed in Section VI. Calcification

of the periproct is considered here as e. defense mechanism at a tissue

level. Cellular mechanisms, phagocytosis by specialized. coelomocytes

in the case of echinoderms (Ehdean, 1966; Hilgard at al., 1967;

Johnson, 1969), are obviously not directly involved in any significant

reactions against the symbiont under consideration. NO amoebocytes

were observed in the coelomocyte aggregations of the rectum. Crabs

also appear not to be affected by the possible presence of enzymes
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in the rectum or fecal pellets, or by toxins in the tissue that is

ingested. Stages living free on the test are not big enough to be

mechanically injured by' the secondary spines which are known to

contain a pressor substance, probably noradrenaline, associated with a

sac-like structure at their tips (Alender, 1966).

Adult crabs are attracted to its host when removed from it.

Since they are restricted to the sea urchin, it is in the settling

larval stage (or in an early postlarval stage) that behavioral

patterns that are involved in their attraction to its normal host

or to the specific environment where the host is found, "..an be con­

sidered to hav~ any adaptive significance. Only the possible attack

on the sea. urchin by predators could. cause the symbiont to move out

of its host. In such situations it can be assumed that the symbiont

is also eaten. The re6Ponse to "attractants" or ''host factors" has

been investigated. in some symbionts (see Section VI).

An apparent incompatibility between the symbiont And &. diadems.

and p.&. paucispinum is suggested by' their behavior under laboratory

conditions. Isolated crabs appear to be attracted to l&. diademae

Nevertheless, heavy damage follows as a consequence of their presence

in both species of sea urchins. The dynamic equilibrium that exists

between the symbiont and its normal host in Hawaii is apparently never

established in the two other diadematids~ The presence in nature of a

crab 11ving on &. diadems. is probably accidental. Even w\ln the crab

was a small female, damage to the sea urchin was considerable.

Several possible answers can be suggested to the question of why

the symbiont is not normally found in .&. diadems. or Rt.. paucispinum.
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One obvious answer is the fact that the periproctal area in these two

speoies is not large enough to permit its occupation by' the symbiont.

This has also been suggested by Miyake (personal oomnnmication).

large females thus remain on the test, ingesting more tissue than

the host can reglMlerate. A comparison between the regression of peri­

proct diameter on test diameter in the three species is g1van in

Figure 22. A large periproct and a larger increase in periproct

diameter with size is shown by !:. calarnaris. The relativeq larger

size of its periproct in relation to that of 1&. diadema is shown in \

Figure 21.

Crabs have been reported three times from the rectum or ttanal

region" of &. diadema (provisionally identified. by Bouvier and Seurat,

1905; Mortensen, 1940; Holthuis, 1953), and from the "anal region"

of' unidentified speoies of Dladema (Serene at al., 1958; Eldredge,

personal communication) (see Table I). Bouvier and Seurat recorded

one female in a calcifiEd periproct, Mortensen observed "calcification

to the apical system," and Serene et ale recorded. two small males.

Some sea urchins have been described as having lost spines. The crabs

recorded by Holthuis were obtained _from the "anal plate region. tt

Their host appears to be .&. calamaris judging from the description.

No information was given on the size of' the hosts in any of these

records. '!he possibility exists that !L diadema attains a larger

size in other areas, a case similar to that of !L cal smaris in

Kaneohe Bay. Test diameter values given by Mortensen (1940) for non­

Hawaiian specimens of &. diadems. show that the largest individuals

are larger than those collected in Hawaii. Values of Mortensen's



FIGURE 22. RELATIONSHIP BETWEEN PERIPROCT OR APICAL SYSTEM DIAMETER
AND TEST DIAMETER IN JUVENILE AND ADULT SPECIMENS OF ECHINOTHRIX
CALAMARIS, E. DIADEMA, DIADEM! PAUCISPINUM, PHYLLACANTHUS DUBIUS,

-- AND ANTHOCIDARIS CRASSISPINA.
Data for P. dubius and A. craSSiSyina taken from

-- Mortensen <1928, 1943 •
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15 specimens Vary' from 6.5 to 94.0 mm (x =47.1 t 27.1 mm), whereas

those of 50 individuals collected from various locations in Kaneohe

Bay vs:r:y from 39.4 to 81.7 mm (i = 57.1 ;t 8.9 mm). The smaller mean

diameter observed in Mortensen's specimens is due to a greater spread

(standard deviation more than three times as large as that of the

Hawaii specimens). However, values of the periproct diameter in

Mortensen's largest specimens (9.0 to 13.5 mm) correspond to relatively

small, juvenile Echinothrix calamaris (test diameter of approximately

50 to 60 mm), forms lmose rectums are not normally occupied by crabs.

The symbiont is also found in two other sea urchins: Phylla­

canthus dubius, a West Pacific species in which the crab has been

reported as occupying the rectum, and Anthocidaris crassispina.

another Wast Pacific form in which the oral region is occupied instead.

The regression of apical system diameter on test diameter in these two

species is compared to the three Hawaii diadematids (Figtlre 22).

Only the diameter of the apical system (periproct plus apical plates)

was available for comparison, with the data taken from Mortensen

(1928, 1943). Judging from Mortensen's illustrations, Figtlres 23 and

24, the periproct proper is approximately half of the apical system

diameter in both species. Even if the values are not corrected by a

factor of two, P. dubius shows a situation similar to that of E.- -
calamaris. and A:. crassispina to that of the other tim diadematids.

f.L dubius (family Cidaridae) is a littoral form found only in the

Bonin Islands, southeast of Japan. The periproct is listed as "small"

by Mortensen (1928). '!he apical system is about 40~ of the test

diameter. Miyake (personal communication) reports that the symbiont



FIGURE 23. PERlPROCT (CENTER) AND THE PLA.TES OF THE
APICAL SYSTEM IN PHYLLACANTHUS DOOIUS.

(From Mortensen, 1928; X4.S)

FIGURE 24. PERIPROCT (CENTER) AND THE PLA.TES OF THE
APICAL SYSTEM IN ANTHOCIDARIS CRABSISPINA.

(From lvbrtensen, 1943; X~)
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makes "a bag ••• similar to the Hawe.1i· s case. II '!he symbiont is also

associated with .§:. calsmaris in the Bonin Islands (Rathbun, 1897;

Miyake, 1939).

AnthoCidarls (= Heliocidaris) crassispina (family Ech1nometridae)

is also a littoral form. It has been recorded from southern Japan

to Hong Kong. '!he apical system is approximately 20% of the test

diameter. '!he peristome is described as "rather naked," with small

plates and no spines (Mortensen, 1943). Its test is relatively

small. Twenty 1ndividuals examined by Mortensen f'rom various

loca.lities had test diameters that ranged from 6.0 to 71.0 nnn

(x =34.7 t 18.8 mm). It appears from the records in the literature

(Sakai, 1936; 1938; 1965) that in Japan the symbiont is normally

associated with the oral region of Anthocidaris. This would imply

that no serious damage is produced to the sea urchin. The presence

of smaller c:rabs in Japanese waters would explain such a situation.

Only Sakai (1938) gives the measurements of a crab collected from

the sea urchin, an individual of undetermined sex with a carapace

width of 6.5 mm. '!he female in his illustration has a carapace width

of approximately 7 mID. '!he ufree swimming" individuals recorded by

Miyake (1939) included three females with carapace widths of 5.4,

7.0 ,1 and 7.3 mm, respectively, and a male with a carapace width of

6.7 mm. The females are smaller than those collected in Hawaii

(x = 12.0 .t 2.2 mm; N =86) or in other areas of the Pacific.

'!his, of course, is only a suggestion based on extremely limited data.

Anthocidaris is also a host for the eumedonid Zebrida adamsi (Sakai,

1965).

mfferences observed in the habitat of the three species of
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Eohinothrix and madema in Hawaii are not significant enough to have

a.n:y effects on the distribution of the symbiont. .L. diadema typically

is found in crevices and similar protected areas in shallow waters

ranging from 1 to 3 meters, but large populations can be found. in

depths of 6 to 8 meters, a habitat typically occupied by I:. calamaris

(see Figures 3 and 4). ~ pauc1spinum has always been collected in

areas where Eo calamaris is common. Mortensen (1940) has recorded the- ----------.
species as "littoral down to 40 meters." All three species have been

found 11ving sympatrically in Kaneohe and Kealakelala Bays.

Nutritional requirements appear to be provided by all three

diadem.atids. Postlarval as well as the adult stages were fed on

tissue from all the sea urchins. Some postlarval crabs lived on ~

diadema for some tiIl'1e (see Section VI).



SECTION V

THE ASSOCIATION:~ NUTRITIONAL ASPECTS

INTRODUCTION

Physiological, behavioral, and morphological adaptations in

numerous symbiotic organisms enable them to utilize host material

in order to meet at least part of their nutritional requirements.

Metabolic dependency, being in the form of nutrients p enzymes, or

development-inducing factors (Cheng, 1967), can be considered as a

normal outcome of close symbioses. Development of metabolic dependency

by one or both partners implies that critical adjustments have taken

place in order th!lt the utilization of metabolites by one side be

in a dynamic equilibrium with its production and. utilization by the

other. In the case of the association of Echinoecus Eentagonus and

its host, the question of how ·such an equilibrium is in effect has

been partly answered by estimating the energy relationships between

both spec~es.

The nutritional relationships in symbioses have be~n studied

mostly in parasitic helminths (see review by Read, 1968) and in

endozoic algae and related symbioses (see review by Smith et al.,

1969). Most of the 'WOrk has been restricted to the determination of

nutritional requirements or th9 utilization of certain metabolites.

'lhe subject of energetic relationships in symbioses remains practically

untouched.



MATERIAIS AND MEl'HODS

Ingestion and Assimilation of HOst Tissues.

The stomach contents of numerous crabs were ana.1yzed in order to

determine their diet. Almost all individuals were removed f'rom sea

urchins which had been collected fx'om their normal. habitats a few

hours before. Stomach contents of crabs isolated from their host

were also analyzed. '!be weight and feeding habits of isolated crabs

were recorded in e. number of marked individuals placed in a 40 gallon

tank provided with sand, algae, dead coral, and detritus.

Qualitative determination of the ingestion of host tissue by the

symbiont was carried out by injecting uniformly labelled D-glucose-14C

(Volk Radiochemical Co., Burbank, California; specific activity of

210 mc/mM.) into the perivisceral coelom of sea urchins and determining

the amount of labelled material found present in the tissues of crabs

found living in the rectum, peristome, and test. Six sea urchins,

each with a female or male in the rectum and another crab on the peri­

stome or test, were injected through the peristomial membrane with

100 pc (0.1 ml, equivalent to 84.6 pg of D-glucose) of the glucose

solution using a disposable l~ 0 m1 syringe. '!he small amount of ethyl

alcohol present in the solution as a preservative (20~ per volume)

was found to produce no visible effects on sea urchins after a similar

non-labelled solution was injected into one individual. The injected

animals were kept in a 115 gallon Fiberglass tank provided with running

sea water. Two additional sea urchins, each with two crabs, were kept

in the same tank as controls. .All sea urchins had been starved for

two to three days and few or no fecal pellets were being voided. One

sea urchin was removed 3, 6, 12, 18, 24, and 48 hours after the injection
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of the glucose. A control sea urchin was removed 24 hours and the

second 48 hours after being in contact with labelled individuals.

Crabs werethoroughly washed with sea water and frozen. After weighing

(frozen dry weight), each crab was sonicated (using a Biosonik oscil­

lator) in 10~ methanolic trichloroacetic acid (TCA) over ice. The

samples were subsequently placed in a water bath-shaker at 480 0 for two

hours, centrifuged, and the supernatant adjusted to 4.0 ml with

anhydrous methyl alcohol before counting. 'lb the TCA,.insoluble material

4 ml of 2N methanolic potassium hydroxide were added, stirred, placed

in a water bath-shaker at 480 0 tor 18 hours, centrifuged, and the

supernatant similarly adjusted to 4.0 ml for countinglt '!be insoluble

material that remained was separated by centritugation into skeletal

fragments and a white precipitate that appeared to be insoluble protein.

Both residues were washed with absolute methyl alcohol and dissolved

in 4.0 ml concentrated perch10ric acid in an ice bath in order to slow

down the reaction. All samples were decolorized overnight with 5 to

10 drops of 30~ hydrogen peroxide under direct light. Samples were

counted in a Beckman LS-IOO liquid scintillator at appropriate preset

errors and counting times. Beckman's ttFluoralloylt (a mixture of

naphthalene, butyl POO, "Cab-C-Sil, It and PBBO) dissolved in distilled

dioxane was used as the sointilllUlt mixture. Background corrections

were made with reagent blanks. Quenohing corrections were made from a

quenoh ratio curve prepared for most of the digestions used throughout

the experiments: TeA, potassium hydroxide, and formic acid. Unlabelled

tissue was digested and decolorized as in the previous experiments.

A 14e-labe11ed bicarbonate solution was used as the external standard.
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The rate of translooation and deposition of labelled material in

the sea urchin was studied by injecting 100 l1c of the same labelled

glucose into each of two individuals, one with a previously occupied

rectum and the other with the periproct removed. Both had been starved

for approximately one week. At appropriate intervals, samples ware

taken from the coelomocyte aggregations along the walls of the rectum,

from the external epithelium of the peristome, and from the coelomic

fluid. The tissue samples were collected with small capillary tubes

and transferred into il'ldividual test tubes containing 0.5 ml absolute

methyl alcohol. i'he alcohol was evaporated in a water bath at 400 ­

450 C and the tissue dissolved at the same temperature in 1.0 ml lN

aqueous sodium hydroxide. Half of the solution (0.5 ml) was counted as

in the previous experiment and the remaining volume was used for the

determination of total protein nitrogen using the method of Lowry et

ale (1951). A standard protein curve was prepared by using frozen dry

bovine serum albumen dissolved in lN sodium hydroxide. The coelomic

fluid was sampled by removing 0.5 ml of fluid through the peristomial

membrane using 1.0 ml disposable syringes. An equal volume of lO~

aqueous disodium ethylenediaminetetraacetic acid (EDTA) at pH 8.0

was used. as the anticoagulant. To separate the coelomocytes from the

fluid, the samples were immediately centrifuged at 6,000 rpm in a

Servall refrigerated centrifuge for 30 to 45 minutes before being

frozen :for further analysis. The coelomocytes were transferred with

Pasteur pipettes, washed with 10,& EDTA, and idssolved in 1.0 ml of con..

centrated :formic aoid. The coelomocyte fraction and 0.1 ml of the

cell-free fluid were counted as the rest o:f the samples. Similar

coelomic :fluid samples were taken :from a third labelled sea urchin.
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Samples f'rom the rectum, gonads, esophagus, intestine, and. wal

complex of a sea urchin injected 48 hours before were digested in con­

centrated formic acid, decolorized with 30% hydrogen peroxide, and

counted. A 1.0 ml cell-f'ree sample of the coelomic fluid was treated

and counted as in the previous experiment. Analysis of the labelled

material in the rectum of another sea urchin injected 48 hours before

was also carried out. '!he tissue was first homogenized in cold 10%

aqueous TOA and centrifuged. '!he glycogen in the supernatant was

precipitated with 95% ethyl alcohol (Clark, 1964), isolated, dissolved

in concentrated formic acid, and oounted. The TCA,..alcohol f'raction was

decolorized and counted. The insoluble fraction was extracted with

1.0 ml IN aqueous sodium hydroxide and the remaining material digested

in concentrated formic acid. Both samples were decolorized and counted.

Coelomocyte aggregations from the rectum of an additional saa urchin

which had been inj ected 48 hours before were extracted in cold 10%

aqueous TOA. '!he supernatant was decolorized and one portion counted.

Two volumes of 95% ethyl alcohol were added to the remaining super­

natant for the precipitation of glycogen. '!he TeA-alcohol supernatant

was counted after centrifugation. The insoluble material was digested

in concentrated formic acid, decolorized, and counted. Corrections

for quenching were not made for sea urchin samples.

Autoradiographs were made of sections from the rectum of a sea

urchin which had been injected 24 hours before with labelled glucose.

Frozen sections 5-10 11 thick, of the tissue were made on a cryostat.

These were mounted on slides which had been previously cleaned and

immersed in a 0.5% gelatin-.05% chromium and potassium sulfate subbing
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solution (Gude, 1968). 7b.e mounted sections were stained with Harris

hematoxylin and eosin or a 0.251& solution of fast green (Humason,

1967), covered with a thin layer of celloidin and S'4~bbing solution,

and coated with Kodak Hlclear track liquid emulsion (type If'fP). '!be

prep~lrations were exposed for 62 days at 40 0, developed, and mounted

in Permount.

'!he distribution of labelled material in crabs was ~ed in

another set of experiments. In the first trial, four crabs, three

.females and one male, were kept for 48 huurs on a sea urchin injected

with labelled glucose as before. '!he stomach, hepatopancreas-gonads,

gills, and the remaining tissues (inclUding the skeletal parts) of

each crab were- individually digested in 1.0 ml concentrated. formic

acid, decolorized., and counted. '!he experiment was repeated with five

crabs, three females and one male, kept in contact tor 24 hours with a

sea ur";:hin i:njeeted with labelled glucose. The maxillipeds, maxillae,

mandibles, and the tip of the chelipeds were removed from two of the

females. mood was removed from each crab (utiliZing a calibrated

capillary tube) prior to the removal of the main organ systems. Feces

were also obtained from one individual. All samples were digested and

counted as before.

The possible accumulntion in the gymbiont of the naphthoquinone

pigments characteristic of sea urchins was also investigated. Pigments

were extracted from the peristome epithelium, coelomocyte aggregations,

tube feet, and spines of sea urchins, as well as from whole crabs with

their digestive tracts removed. Absolute methyl alcohol was used in

the extractions of the pigments. Acetic acid (5% of total volume) was
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added to the alcohol as a stabilizing agent (Spruit, 1949). Spectra

were determined in 1.0 em cells on a Beckman DB-G spectophotometer.

The excretion of dissolved. metabolites through the rectum was

investigated. by measuring the release of labelled materials from a

sea urchin injected with labelled glucose. An individual with its

rectum previously occupied by a crab was 1njected through the peristome

with 100 JlC of uniformly labelled lJucose-14C. It was kept in a 40

gallon tank provided with running sea water. A 1.0 ml sample of

water ~~s taken from inside the calcified periproct and from the surface

of the test ,at a point in the ambitus. A third sample was taken from

the surrounding water at the center of the tank. Samples were taken

at various intervals during a period of 48 hours. Levels of radio..

activity were measured by liquid scintillation as before.

Fecal Pellets.

The fecal pellets of the host were chemically analyzed in order

to estimate their nutritive value. samples were taken from individuals.

collected from different locations and from tho:!Je with pellets of

different appearance. Fet=es were obtained directly from the rectum

or after being voided. .All samples were kept frozen before analysis.

Alcohol-soluble carbohydrates were determined by extracting the

fecal samples three times with hot 80~ ethyl alcohol. After the

alcohol was evaporated under reduced. pressure, the residue was dis­

solved in distilled water and the sugars determined spectrophotometric­

ally by the phenol-sulfuric acid method of Ihbois et al. (1956).

TCA,.soluble carbohydrates in the alcohol-washed feces were extracted

by slowly heating the samples with 5~ aqueous TCA) centrifuging, and
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measuring the sugars by the phenol-sulfuric acid method as before. A

Beckman Speetronic 20 spectophotometer was used in both analyses.

Determinations were carried out in triplicates and tIL correction was

made for the presence of pigments. D-glucose standards were used.

Total protein was measured by extracting the alochol- anO. TCA,.

washed samples with hot 1.ON sodium hydroxide, centrifuging, and

analyzing triplicates of the supernatant for proteins by employing

the Folin-pheno1 method of IDwry et ale (1951). The reagents were

prepared using the modifications given by Price (1965). Standards

vTere prepared by precipitating a standard solution of crystalline

bovine serum (Armour Pharmaceutical Qm1pany) with 5~ TeA followed by

an extraction with hot 1.ON so:lium hydroxide. A Beckman Spectronic

20 spectrophotometer was used in the determinations.

Total lipid content of a different set of samples was determined

by the method of Mukerj ee (1956) as outlined by Strickland and

Parsons (1968). '!heir procedure was modified by the use of a small

water condenser attached to the test tubes during saponification. A

. Beckman DB- G spectrophotometer with 1.0 em cells was used in the

determinations.

The quantitative determination of organic carbon was carried out

using the acid dichromate digest.ion method of Johnson (1949) as

adapted to spectrophotometry by strickland and Parsons (1968). The

sodium sulfa.te washing suggested by these authors, however, was

omitted. Absorbance was determined in 1.0 em cells on a Beclanan DB-G

spectrophotometer.

For the histochemical analysis of the fecal pellets envelope

(peritrophic membrane), whole, undecalcified pellets were fixed in
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70f, ethyl alcohol, embedded in paraffin, and sectioned. Sections

were stained using the periodic acid-Schiff (PAS) stain reaction for

polysaccharides, followed by pH 2.6 aloian blue oounterstained with

metanil yellow, and Lillie's (1928) toluidine blue 0 technique as given

by Humason (1967). In order to maintain the metachromatic properties

of toluidine blue, the stained sections were not dehydrated. and gly­

cerin was used as the mounting medium" The last two reactions are

specific for acid mucopolysaccharides.

'!he presence of enzymes in the symbiont capable of breaking-down

algal polysaccharides was investigated by incubating sugar-free algal

homogenate with stomach and hepatopancreas extracts. Fresh~

fasciata, a shallow water green alga, was homogenized and repeatedly

washed in hot 80~ f~thyl alcohol and cold distilled water. The washed

tissues were dried in vacuum and 20.0 mg samples were incubated in

O.lN sodium phosphate buffer (pH 6.8) with filtered extracts of stomach

and hepatopancreas of individual crabs. The crab tissues were previously

washed in filtered sea water, homogenized. in cold buffer, and.

centrifuged. The pH of the digestive organs of several crabs varied

from 6.8 to 7.0. The crab's tissue-algae preparations, as well as

digestive system and algae controls, were kept in a water bath at

300 0. One drop of toluene was added to each test tube as bacterio­

static agent. The rate of release of reducing sugars in all of the

preparations was measured spectrophotometrically as assayed by the

3,.5-dinitrosal1cylate reduction (Clark, 1964). Absorbance wa.s

determined in a Beckman DB-G spectrophotometer.



Ehergetic Relationships.

The ene?gy budget of' the sea urchin was estimated by measuring

food intake, production or fecal pellets, oxygen consumption, and

excretion of dissolved organic matter in a number of' individuals.

Five medium-size sea urchins, including two with rectums previously

occupied by crabs, were f'irst kept f'or three weeks with the red alga
...

Laurencia sp. as the only tood source. After one dq of' starvation,

all sea urchins were placed in incl.ividual 10 gallon ta1:Iks provided

with air stones. The amount of' Ia.urencia ingested during the period

ot 24 hours was deternrl.ned by weighing (paper towel-dry weight) the

alga present in each tank at the beginning and end of thEI interval of

time. The fecal pellets voided during the same 24 hour period were

siphoned-out with a large volumetric pipette and immediately frozen.

Daily ingestion of food was recorded for each of the f'ive individuals

during a period of five days. Similar paper towel-dry samples of the

alga were dried in an oven, weigh, and a correction factor determined

in order to express the amounts of algae ingested in terms of dried

weights. Fecal pellets were dried in an oven and their dry weight

recorded. Even when the animals were starved for one day before

quantifying the food intake, feces from the food ingested prior to

the experiment were still being voided by at least two individuals.

As a consequence, no records were taken of feces voided during a period

of time equal to th~t during which feces were still produced after no

more food was provided at the end of the five day period. Caloric

values of' the alga and feces were determined by using a Phillipson

oxygen microbomb calorimeter (Phillipson, 1964) connected to a Beckman
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potentiometric recorder. Benzoic acid was used in the ca.l1bration of

the instrument.

Oxygen consumption in each of the five sea urchins was determined

by using an eight liter, wood and P1ex1gla.ss respirometer provided

with a stirrer and a lower compartment through which tap water flowed

to maintain constant temperature. The total volume of the respirometer

and the connecting tubes was approximately 8,478 rol. Absolute volumes,

i. e. total volume corrected for the volume of each sea urchin, varied

from 8,196 to 8,364 ml. '!he temperature of the ambient water varied

between 2& and 27°C. The oxygen content of the water in the respiro­

meter was measured at the beginning of the experiment (atter a 20 to 30

minute period. of acclimation in which running sea water was allowed

to flow through) and one hour after the chamber was sealed. Oxygen

concentrations were determined using the Winkler technique (Strickland

and Parsons, 1968). A control determination was carried out with an

empty respirometer and all values corrected for it.

Excretion in the form of dissolved organic carbon was determined.

in two of the sea urchins. Each individual was placed in a 3,000 m1

beaker with 2,000 ml of Mil1ipore-filtered sea water and each provided.

with an air stone. Water samples from these and a similar control

container were taken and analyzed for dissolved organic carbon according

to the method of Menzel and Vaccaro (1964) as modified by strickland

and Parsons (1968). The water used in each of the determinations

was filtered by using a syringe with a Millipore filter attachment.

All samples were analyzed in triplicates. The infrared absorption gas

analyzer (Beckman model 1&-215) was connected to a Beckman potentio­

metric l'ecordE/r and an integrator. ill. five individuals had been
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feeding on Iaurenc1a prior to the measurements of oxygen consumption

and release of dissolved organic carbon.

Oxygen consumption in the symbiont was measured in a respirometer

built from a 500 ml glass jar and a rubber stopper provided with two

sealable openings for the flowing of water. Absolute volume of the jar

and connecting tubes varied from 402 to 403 ml. '!he respirometer

was placed in a large pan with running tap water. '!he ambient tempera­

ture varied from 260 to 270 0. 1he Winkler technique was used to

measure the oxygen content of the water before and one hour after the

sealing of the jar. Each determination was preceded by a 20 to 30

minute period of accl1m1nation. A control run was carried out as in the

sea urchins.

Caloric values were obtained for a sample of coelomocyte aggrega­

tions taken from the rectum of three sea urchins and a similar sample

of peristome apithelium from four sea. urchins" A Phillipson oxygen

m1crobomb calorimeter was used in the determinations"

RESULTS

Stomach Contents of the S;ymbiont.

The stomach contents of male and female crabs removed from the

hosts' rectum consisted mostly or entirely of' host tissues. Partly

digested material takes the form of a reddish-brown, amorphous mass,

but spherical cells were observed occasionally (Figure 25 and 26).

These cells appear to be eleocytes, found in large mmbers in the

coelomocyte aggreea.tions that line the rec::tum. Algae were also present

in roughly 75~ of the individuals that were examined. Most of the

alga was in the form ()f empty and intact filaments, but relative4r



FIGURE 25. PORTION OF THE STOMACH CONTENTS OF A FEMALE ECHINOECUS
PENTAGONUS FOUND LIVING IN THE RECTUM OF ECHINOTHR1X CALAMARIS.

THE OVAL-SHAPED CELL APPEARS TO BE A PIGMENTED ELEX>CYTE
FROM THE HOST. (x600)

FIGURE 26. STOHACH CONTENTS OF A MALE ECHINOECUS PENTAGONUS
FOUND LIVING ON THE PERISTOME OF ECHINOTHRIX CALAMARIS.
THE MATERIAL IS COMPOSED OF PIGmNTED HOST TISSiJES. (X60)



large fragments were sometimes observed (Figure 27). Sand grains,

sponge spicules, diatom f"rustulae, am bristle-like skeletal fragments

were also frequently found. Small oil droplets were observed in at

least two individuals. A ciliate was once observed moving between

the stomach contents of one femR.le. '!he occurrence of bacteria was

not investigated. '!he regular oscillation of small particles in the

stomach fluids was probably due to Brownian movement. Results confirm

early observations of large females ingesting coelomocyte aggregations

as well as material from the host's feces (see analysis of fecal

pellets).

Contents of the stomach of juvenile female and. male crabs taken

from the peristome and test consists of partly digested host tissues

(Figure 26). Nevertheless, algal filaments and sponge spicules

similar to those present in crabs living in the rectum were found in

three males. 'lhese crabs could have previously been present in the

rectum or ingested material from fecal pellets discharged from it.

'!he stomachs of crabs found on dead sea urchins were empty. A

similar situation was generally observed in crabs isolated from sea

urchins. A male which had been isolated for 15 days in a tank con­

taining sand and algae had some unrecognizable detritus and algal

filaments in the stomach. A female isolated for an undetermined

period under similar conditions had some sponge spicules, a bristle­

like fragment, and a ciliate similar to the one previously recorded.

otherwise, the stomachs of isolated crabs were empty.

A reduction in the size of the hepatopancreas was observed in

isolated crabs. After dying, some even resembled exuviae. Dif­

ferences in weight of 14 individuals that wt;ra isolated at the same time



FIGURE 27. STOMACH CONTENTS OF A FEMALE ECHINOECUS PENTAGONUS
FOUND LIVING D1 THE RECTUM OF ECHINOTHRIX CALAMARIS.

THE MATERIAL IS COMPOSED OF PIGMENTED HOST TISSUES
AND AN ALGAL FRAGMENT OBTAINED FROM HOST' 5

FECAL PELLEl'S. (X40)
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is given in Table V. The final weight is that taken at least three

days before death. A significant increase in weight was observed in

only one individual. The hepatopancreas is considered as the primary

storage organ in crustaceans (Vonk, 1960).

Female crabs removed from the rectum remained motionless for long

periods of time. Even the antennae and mouthparts remained tightly

folded to the carapace. Yet, a strong thigmotactic orientation was

shown. Shelter below hard surfaces was generally sought. Males and

small females were much more active when removed from their normal

habitat. Strong thigmotactic orientation was also shown. All crabs

appeared to be more active at night. Cannibalism was never observed,

even when d.ead crabs were present.

Feeding Behlavior of the Symbiont.

Norm~l feeding behavior of large .female crabs was dif.ficult to

obsel~e due to their position inside the rectum and their relative

inactivity when removed from the host. "Scooping" in the form o.f

semicircular movements o.f the chelipeds are involved in gathering the

coelomoCYte aggregations that accumulate along the walls of the rectum.

The chel1peds are slowly moved to the mouth area, where the material

is removed by the maxill1peds. The endopodite o.f the third maxilli­

peds can be observed to vibrate repeatedly with the predominantly

vertical movement of the ma.xillipeds. The remaining two pairs of

maxillipeds are involved in the cleaning of the relatively long bristles

of the palps. Cleaning of the ambulatory appendages also takes place.

Tissue is similarly ingested by crabs living outside of the

rectum. EPithelial tissue and tube feet are scooped-out or torn-off
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TABLE V. WEIGHT IN GRAMS OF INDIVIDUAlS OF ECHINOECUS PENTAGONUS
ISOLATED FROM ECHINOTHRIX CALAMARIS

TIME WEIGHT ~ WEIGHT
CRAB ISOLATED INITIAL FINAL WST WST

NUMBER m (DAYS) WEIGHT WEIGHT (OR GAINED) (OR GAINED)

1 female 14 1.223 1.224 (0.001) (0.08 )

2 male 15 0.. 317 0.311 0.006 1.89

3 female 15 0.689 0.636 0.053 7.69

4 female 15 0.780 0.750 0.030 3.85

5 female 21 0.850 0.816 0.034 4.00

6 female 21 0.956 0.959 (0.003) (0.31)

7 female 26 1.005 0.928 0.077 7.66

8 female 31 0.633 0.664 (0.031) (4.89 )

9 female 31 0.971 0.902 0.069 7.ll

10 female 32 0.924 0.888 0.036 3.90

II female 33 0.604 0.558 0.046 7.62

12 female 35 0.602 0.594 0.008 1.33

13 female 35 0.948 0.904 0.044 4.64

14 female 36 0.824 0.783 0.041 4.98
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by the ohelipeds. Small crabs have been. observed to remove seoondary

spines, tube feet, and probably pedioellariae from relatively large

areas along the edge of their hosts' peristomes.

In crabs living in the reotum, the feoal pellets are handled by

the ohelipeds before they are moved to the mouth region. The third

ma.xi.llipeds break down the pellets. The bristles of the palps are

involved in sorting the particles, some of whioh oan be seen as they

are expelled from the region of the mouth. The resulting sediment

often acownulates in the rectum.

A female was onoe observed to ohase a large 11ving amphipod

that was plaoed on the aboral surfaoe of the host. The ohelipeds were

rapidly raised, but the amphipod l(aS not oaptured. Dead amphipods

and fragments of algae plaoed. in the reotum were oaptured with the

ohelipeds and eaten.

Buocal Appendages of the Symbiont.

The buocal appendages are similar in both sexes. The third

maxillipeds are characterized by a well developed palp, the three

distal articles of the endopodite, which bear relatively long, hair-like

setae (Figure 28). Two rows of short, tooth-like bristles are found

along the inner side of each setae. The si~e and shape of the bristles

vary according to their relative position, being blunt in the middle

setae and shorter e.t the end of each seta. Shorter setae are found

along the outer border of the merus and isohium of the endopodite.

'!he last three segments of the endopodite in the second maxilllpeds

form a conoave, spoon-like structure. A large number of strong setae

is found oriented tOl'1ard the inner surface in a brush-ll~e arrangement.
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FIGURE 28. INNER SURFACE OF A THIRD MAXILLIPED (A)
AND A SECOND MAXILLIPED (B) OF

ECHINOECUS PENTAGONUS o



A

B

1mm
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Only minute bristles are observed in some of the more proximal setae.

'!he first maxillipeds have a paddle-like endopod provided with a few

short setae. '!he basis and coxa are provided with long, simple setae.

The outer border of the first and second maxillae, the basis

and coxa of the exopoo., are provided with short setae. The mandibles

are strongly calcified. The mandibular palps have short setae.

'!hird maxillipeds with similarly specialized dactyli are found

in Pinnaxodes chilensis and other pinnotherids (Wass, 1968), and in

TrapeZia, Tetralia, ~ Domecia. xanthid crabs associated with madre­

porarian corals (Knudsen, 1967; Patton, 1967b). A similar arrange­

ment has also been observed in the parthenopids Iambrus (Platylambrus)

stella'ca (Rathbun) and Harrovia elegans De Man. The first species,

like most members of the subfamily Parthenopinae, lives on sandy to

muddy bottoms. .Ha.rrovia is a eumedordd associated with crinoids.

Digestive System of the Symbiont.

'!he mouth leads to the stomach through a short esophagus. The

stomach is divided into a typical cardiac (anterior) and a pyloric

(posterior) chamber. The zygocardiac ossicles of the gastric mill

are composed of three conspicuously blunt cusps and seven to eight

slender ridges. A blunt tooth is located at the posterior end of

the urocardiac ossicle. Rows of setae are found along the ventral and

lateral walls of the stomach, as well as through the length of the

pyloric valve. The stomach does not show any specialized morphological

features such as those present in Damecia (Patton, 1967b) and

Hapalocarcinus (Fotts, 1915).
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'fue hepatopancreas extend along both sides and below '~he stomach

and continue posteriorly along the intestine. 'fuey open into the

pyloric chamber of the stomach. No caeca were observed in the

intestine.

Ingestion and Assimilation of Bost Tissues.

Relatively high amounts of l4e-labelled material were found

present in crabs which had been in contact with sea urchins injected

with labelled D-glucose (Table VI). The location indicated for each

crab is that at the end of the time of contact. All females were

fully grown, thus their presence outside of the rectum represents an

abnormal situation. At least two males moved. from their original

hosts and it is possible that some moved in and out of rectums.

Significant concentrations of labelled material started appearing at

least six hours after a sea urchin was injected. labelling took place

faster and in larger amounts in crabs found in the rectum. The

specific activity of the alcoholic potassium hydroxide fraction

(composed mostly of proteins and probably glycogen) was found to be

higher (except in one case) than the alcoholic TCA fraction (smaller

molecules such as simple sugars and amino acids and probably lipids~.

It is possible that some of the label, most probably in insoluble

proteins, was lost due to the strong reaction of the tissues with

concentrated perchloric acid.

Iabelled material was rapidly removed from the coelomic fluid in

the injected sea urch.tns (Figure 29). It is assumed that the amount

of label that was removed in the 0.5 ml samples was negligible.

labelled material started appearing in the coelomocyte aggregations
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TABLE VI. 14e-IJU3ELLED HATERIAL (IN CPM/MG OF TISSUE) FROM
INDIVIDUALS OF ECHINOECUS PENTAGONUS LIVING IN CONTACT

WITH ECHINOTHRIX CALAMARIS (ONE SEA URCHIN FOR EACH
OF THE TIME INTERVAlS) INJECTED WITH 100 p.c

OF D- GLUCOSE-U1-14C

HOURS IN
CONTACT IDCATION ALCOHOLIC ALCOHOLIC TOTAL

WITH SEA IN TCA KOH HClO4 SPECIFIC
URCHIN §!f SEA URCHIN FRACTIO~ FRACTIO~ FRACTION3 ACTIVITY

3 female test 0 56.8 0.1 56.9

3 male test 0 0 0.3 0.3

6 female rectum 31.2 1,061.4 1.0 1,093.6

6 female test 16.1 181.8 0.2 198.1

12 male rectum 201.3 692.5 1.7 895.5

12 "male peristome 2.4 0 0.2 2.6

18 female rectum 714.7 1,248.7 2.0 1,965.4

18 male peristome 64.1 381.1 0.4 445.6

24 male rectum 118.4 1,433.4 2.1 1,553.9

24 male peristome 407.0 1,030.8 1.4 1,439.2

48 male rectum 13.4 171.4 0.8 185.6

CONTROlS

24 female rectum 0 0 0

24 . male peristome 0 0 0

48 female rectum 2.4 0 2.4

48 female test 2.6 0 2.6

1 low molecular weight molecules and lipids.

2 Proteins and glyoogen.

3 Skeleton and insoluble protein.
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FIGURE 29. CHANGE OF 14e-LABELLED MATERIAL AS A FUNCTION
OF TIME IN THE COELOMIC FLUID AND COEIDMOCYTES

OF INDIVIDUALS OF ECHINOTHRIX CALAMARIS
INJECTED WITH 100 JIC OF D- GLUCOSE-Ur,..14C.
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of the rectum and in the epithelium of the peristome at least one

hour after the labelled glucose was injected (Figure .30). Larger

amounts were normally present in the rectum. '!his could explain why

more labelled material was found. in crabs living in the rectum. A

comparison between the deposition of labelled material in a normal

rectum and in one previously occupied by the symbiont was not possible.

Abundant coelomocyte aggregations developed in the sea urchin from

which the periproct had been removed, a situation never observed in

rectums covered with a periproet (see Section IV). 'lhe deposition

of material appears to have been greater in the sea urchin with a

rectum originally occupied by a crab (individual B) but the difference

is probably due to the fact that the sea urchin was smaller and the

relative amount of labelled glucose in its perivisceral coelom was

obviously larger. Non-quantified samples of the coelomocyte aggrega­

tions, peristome epithelium, and oral tube feet of another sea urchin

(individual A of Figure 29) showed labelling of all three types of

tissue six hours after the inj ection of labelled glucose.

'!he distribution of radiocarbon in different organs and in the

coelomic fiuid of a sea urchin injeoted 48 hours before with labelled

glucose is given in Table VII. The relative levels of labelled

glycogen and other major biochemical constituents in the rectum

(without including the calcified periproot) and in the coelomocyte

aggregations of similarly injected. individuals are given in Tables

VIII and IX, respectively. As expeoted, radiocarbon was translocated.

through the various organ systems. ~lG axial complex shows a

significantly higher specific activity. The axial gland itself has
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FIGURE 30. CHANGE OF 14C-LABELLED MATERIAL AS A
FUNCTION OF TlME IN THE COELOMOCYTE AGGREGATIONS

OF 'llfIE RECTUM AND PERISTOME EPITHELIUM OF
INDIVIDUAIS OF ECHINOTHRIX CALAMARIS INJECTED

WITH 100 JlC OF D-GLUCOSE-UL-14C.



0-0 COELOMOCYTE AGGREGATIONS
. OF RECTUM

0---0 PERISTOME EPITHELIUM

o

G

\
"

II,\

I \
, I 0 __ - 0,

\ ......
o 0.... ,\" ,

\ ,," ,, " ,
\ " 0

280

240

z
z 200

w
I-
0 1600:::
Q..

en
:L.

120
::z:
a...
U

80

40.

0
1 3 6 12 18 24 30

200

72

_o+!--Q

484236302418121 3 6

o
I \

I \
I \

I \

.,.1''''yO" 0_ ,ir/o
/0 - - - 8 " 0~ Q 0 0"

/ \ ,."
o / 0__,."o -r-.,.._-~O_...-_--,-__-,.-__r-_-_0T---_-_----r0__-.-_---,r---Hi---.-_

40

80

160

120

z
z
w
o
0:::
Q..

::E
a...
U

HOURS



TABLE VII. l4e-LABELLED MATERIAL IN VARIOUS ORGANS OF
AN INDIVIDUAL OF ECHINOTHRIX CALAMARIB INJECTED

WITH 100 pc OF D-GLUCOS~ U1,.14C 48 HOURS
BEFORE SAMPLING

SAMPLE CPM/MG

Coelomic fluid (cell-free) 71,98.5.7 (CPM/O.5ml)

Esophagus 979.2

Intestine 464.7

Rectum 698.9

Gonad 181.3

Axial complex 9,611.3

TABLE VIII. COMPOSITION OF THE 14e-LABELLED MATERIAL IN THE
RECTUM OF AN INDIVIDUAL OF ECHINOTHRIX CALAMARIS INJECTED

WITH 100 pc OF D-GLUCOS~ U1,.14C 48 HOURS
BEFORE SAMPLING

%TOTAL
F.i1.ACTION CPM/MG ACTIVITY

Glycogen 59.5 1l.3

TC~ethyl alcohol 223.8 42.5

NaOH 151.0 28.7

Residue 92.2 17.5

-mTAL 526.6

106.



TABLE IX. COMPOSITION OF THE 14C-LABELLED MATERIAL IN THE
COElOMOCITE AGGREGATIOm IN THE RECTUM OF AN INDIVIDUAL

OF ECHINOTHRIX CALAMARIS INJECTED WITH 100 pc OF
D-GWCOSE-UL-14C 48 HOURS BEFORE SAMPLING

107.

FRACTION CPMlMG

TCA (aqueous) 1,622.8

TeA-ethyl alcohol 651.0

Glycogen (TCA fraction -
TCA-alcohol fraction) 971.8

Residue 3,692.1

TOTAL 5,314.9

t/J TOTAL
ACTIVITY
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been described in echinoids as being full of ooelomocytes (Hyman,

1955). The labelled carbon of the glucose was incorporated into other

metabolites, at least in the case of the rectum and in the coelomo­

cyte aggregations.

Autoradiographs of cross sections of the rectum in a sea urchin

which had been injected with labelled glucose 24 hours before showed

that most of the labelled material was concentrated along the inner

epithelium (figure 31). '!he !"adioactivity did not appear to be

restricted to coelomocytes. labelled glucose (as well as other sugars,

amino acids, and some lipids) are assumed to have been washed out of

the tissues during the process of decalcification and staining. The

label was thus incorporated into large molecules not soluble in EDTA

or in any of the solvents used during staining.

'!he amounts of labelled material in the coelomocytes and in 1;he

cell-free coelomic fluid suggest that the coelomocytes are not solely

responsible for the removal of the label. The different tissues and

organs surrounding the coelomic cavities appear to remove labelled

material directly from the fluid. The importance of eoelomocytes am

the hemal system in the translocation of nutrients in sea urchins

has been stressed by Boolootian and Ie.sker (1964). Similar work in

2.t.. purpuratus (Farmantarmaian and Phillips, 1962) and in a starfish,

Pisaster ochraceus Brandt (Ferguson, 1964a; 1964b) have shovm that the

coelomic fluid serves as the most important vehicle for nutrient trans­

port. The subject is discussed by Anderson (1966).

The total amount of D-glucose injected into each of the sea urchins

(84.6 llg) is small when the total volume of the coelomic cavities is

considered. The concentrations of reducing sugars or glucose in the



FIGURE 31. AUTORADIOGRAPH OF A CROSS SECTION OF THE RECTUM OF
AN INDIVIDUAL OF ECHINOTHRIX CALAMARIB INJECTED 24 HOURS

BEFORE wrrH 100 llC OF D- GWCOSE-Ur.-I4C. (EXPOSED FOR
62 DAYS AND STAINED WITH FAST GREEN; X400)



no.

coelomic fluid of sea urchins increase to relatively high concentra­

tions after feeding (lasker and Giese, 19.54; Boolootian and Lasker,

1964; Iawrence et al., 1966). Anderson (1966) has explained that

"there is evidently no mechanism other than what might be considered

supply and demand operating to regulate concentrations of reducing

sugar in the body fluid of sea urchins. It The labelled material £ouni

present in the coelomic fluid was not analyzed but it is assumed that

it was not exclusively in the form of D-glucose. F.Luctuations

observed in the deposition of labelled material in the periproct

and rectum (figure 30), and even in the release of dissolved material

from the rectum and test (Figure 32) are similar to those reported

by Ferguson (1964a, 1964b) in Pisaster. His evidence indicates that

reabsorption and release of stored material is not a uniformly

regulated process.

The distribution of l4C labelled material in crabs is summarized

in Tables X and XI. The presence of this material outside of the

stomach is an indication that host tissue is assimilated. Some of

the ingested material was voided in the feces. A total of 43.6 cpm

were detected in some unweighed feces from one of the crabs (female No.

1 of Table XI). Most of the label was found in the tissues remaining

after the major organ systems were removed. Nevertheless, the gills

showed the highest specific activity in most individuals. 'lhis can be

explained, at least in part, by their excretory £unction (Parry, 1960).

Two crabs with' all of their mouthparts and the tips of their chel1peds

removed showed some activity (Table XI). Even when specific activities

were mch smaller, the distribution of the label was similar to that
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TABLE X. DISTRIBUTION OF 14e-LABELLED MATERIAL IN FOUR
INDIVmUAlS OF ECHINOECUS PJ£NTAGONOS IN CONTACT FOR
48 HOORS WITH AN INDIVIDUAL OF ECHINOTHRIX CALAMARIS

OOECTED WITH 100 JlC OF D-GLUCOSE-UL-14C

CRAB NO. AND CPM PER MG CPM PER MG %TOTAL
IDCATION IN HOST TISSUE WEIGHT roTAL WEIGHT ACTIVITY

1. fema10 (outside rectum)

stomach 2.0 < 0.1 li.7

hepatopancreas-gonads 0.6 < 0.1 12.8

gills 4.3 < 0.1 16.0

remaining tissues 0.2 0.2 59.5

whole animal 0.3

2. female (outside rectum)

stomach 60 3 0.1 8.9

hepatopancreas-gonads 20 2 0.1 5.7

gills 18.7 0.3 21.3

remaining tis~ues 0.8 0.8 64.1

whole animal 1.2

3. female (test)

stomach 16.5 0.3 24.0

hepatopancreas-gonads 1.7 0.1 6.0

gills 39.7 0.3 28.4

remaining tissues 0.5 0.5 41.6

whole animal 10 1

4. male (peristome)-
stomach 69.9 0.9 10.1

hepatopancreas-gonads 62.5 1.5 18.1

remaining tissues 6.4 6.1 71.8

whole animal 8.5
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TABLE XI. DISTRIBUTION OF l4e-LABELLED MATERIAL IN FIVE
INDIVIDUAlS OF ECHlNOECUS PENTAGOND'S ('M) WITHOUT

MOUTHPARTS) IN CONTACT FOR 24 HOURS WITH AN
INDIVIDUAL OF ECHINOTHRlX CALAMARIS INJECTED

WITH 100 l1c OF D- GLUCOSE-UL-I4C

CRAB NO. AND. CPM PER MG %roTAL
IDCATION IN HOST TISSUE WEIGHT roTAL WEIGHT ACTIVITY

1. female (rectum)

blood 0.2 1.9

stomach 10.6 0.2 1.9

hepatopancreas-gonads 7.6 0.6 8.0

gills 73.4 1.0 12.3

remaining tissues 6.9 7.0 75.9

whole animal 8.0

2. female (test) NO MOUTHPARTS

blood < 0.1 1.3

stomach 0.3 < 0.1 0.9

hepatopancreas-gonads 0.7 < 0.1 9.0

gills 4.9 0.1 16.3

remaining tissues 0.3 0.3 72.5

whole animal" 0.4

3. female (test) NO MOUTHPARTS

blood < 0.1 0.1

stomach 0.3 < 0.1 0.6

hep~topancreas-gonads 0.4 < 0.1 3.5

gills 2.8 < 0.1 4.2

remaining tissues 0.6 0.6 91.6

whole animal 0.7

(Continued)
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TABLE XI. (Continued) DISTRIBUTION OF 14 C-LABELLED MATERIAL IN FIVE
INDIVIDUAlS OF ECHlNOECUS PENTAGONUS (TWO WITHOUT

MOUTHPARTS) IN CONTACT FOR. 24 HOURS WITH AN
INDIVIDUAL OF ECHImTHRIX CALAMARIS INJECTED

WITH 100 lIe OF D-GLUCOSE-Ur,..I4C

CRAB NO. AND CPM PER MG CPM PER MG %TOTAL
lOCATION IN HOST TISSUE WEIGHT ~TAL WEIGHT ACTIVITY

4. !!!2. (peristome)

blood 0.2 0.8

stomach 130.9 2.1 7.1

hepatopancreas-gonads 114.0 5.7 19.0

gills 97.5 0.5 1.6

remaining tissues 23.2 21.5 71.5

whole animal 30.1

5. !!!!!2. (peristome)

blood < 0.1 0.1

stomach 5.6 0.1 1.2

hepatopancreas-gonads 6.6 0.3 2.3

gills 17.1 0.1 0.7

remaining tissues 12.4 12.4 95.8

whole animal 12.0
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observed in normal crabs. It is not known if these two crabs were

actually able to ingest host tissue. A small amount of labelled

material was found in the stomach of both animals, but in percentages

lower than in the other crabs. It was shown in an earlier trial

experiment that crabs were able to ingest host tissue when only

their maxill1peds had. been removed since pigmented feces were observed

days later. '!bree similarly treated crabs showed specific activities

of 2.1, 0.5, and 0.6 cpm/mg (in contrast to 9.5 in a crab with all mouth­

parts present) when in contact with a sea urchin injected 48 hours

before.

Dissolved labelled material was found to be significantly higher

in water samples taken from the rectum than that in similar samples

taken from the surface of the test. Values shown in Figure 32 are

corrected for the specifio activity of similar samples taken from the

water in the tank where the sea urchin was kept, values which varied

from 17.00 cpm!ml to 253.00 cpm!ml.

The alcohol-soluble pigments of the peristome epithelium and the

coelomocyte aggregations of the sea urchin show the typical absorption

spectrum for naphthoquinones (Millot, 1957). Absorption peaks were at

254-262, 338-)44, and 480-490 mu for the coelomocyte aggregations and

240-260, 324-330, and 490-510 DIU for the peristome epithelium.

Pigments from both types of tissue were bright orange-red. Pigments

extracted from the crab and from the spines and tube feet of the sea

urohin were dark reddish-brown. '!hey showed maximum absorption at

the ultraviolet portion of the spectrwn with no distinctive peak.

']he nature of the brown pigment in both species is unlmown. No



FIGURE 320 14C-LABELLED MATERIAL IN WATER SAMPLES TAKEN
FROM THE RECTUM AND TEST OF AN INDIVIDUAL OF ECHINOTHRIX

CALAMARIS INJECTED WITH 100 ~c OF D-GLUCOSE-UL-14c.
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naphthoquinone pigments were :found in the tissues of crabs.

Composition and Nutritive Value o:f the Fecal Pellets o:f the Host.

The shape and general composition of the fecal pellets of

Echinothrix calamari.,!. varies considGl'ably. They are typically

spherical, measuring 3 to 5 mm in diameter, and sand-like in color.

lhese pellets are mostly composed of sediment, sand, and. small frag­

ments of coral and calcareous e,lgae (mostly Porolithon). Filamentous

algae are found in considerable amounts. The algae were not

identified, but green and red filaments are the most common. Empty

:filaments are also present. Large brown fragments, possibly Sargassum,

are sometimes present, giving the pellets a dark brown coloration.

Ciliates also commonly occur. Bright orange and light brown forms have

been identified. Ciliates, mostly holotrichs, are common inhabitants of

the gut of sea urchins (ayman j 1955). Nematodes and the shells of

foraminiferans have also been observed. !-bst of the fecal pellets

of the shallow wat,er populations of Kaneohe Bay are elongate, larger

(5 to 10 mm in length), greenish-brown in color, and covered with a

much thicker peritrophic membrane. They are primarily composed of

large :fragments of algae, most probably Dict:vosphaeria caVE'rnosa

(see Section III). Sand, coral fragments, and filamentous algae are

also common. Small organisms were never observed. Spherical, sand­

colored pellets are also voided by these individuals. Small, bright

red pellets were observed on two occasions. '!hey ~1ere found to be

composed of orange-red sponge tissue, monaxon spicules, numerous

bright orange ciliates, and a small amount of sediment.

Although bacteria vlere never observed, their presence in pellets
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has been demonstrated by Dr. louis H. Di Salvo (personal communication).

Bacteria from pellets composed primarily of sand rapidly digested agar

plates containing tissue of Porol1thon. a red calcareous alga.

Different views have been given on the role of baoteria and. other

microorganisms in the process of digestion in sea urchins (lAsker and

Giese, 1954; EPpley and asker; 1959; Farmanfarmaian and Phillips,

1962; Anderson, 1966).

Carbohydrate, protein, lipid, and organic carbon contents of fecal

pellet samples are given in Tables XII and XIII. M:>st of the organic

carbon was evidently in the form of the structural polysaccharides

of algae, forms which, being insoluble in alcohol or TCA, were not

measured. MOnosaccharides and their derivates, and probably some di­

and trisaccharidas, were sampled in the alcohol soluble fraction.

'lhe longer chains, i.e. fragments of the higher polysaccharides,

starches, glycogen, etc., were sampled. in the TCA fraction. The poly­

saccharides of marine algae have been reviewed by MJri (1953) and

mack (1954). '!he higher polysaccharides of algae (alginic acid,

laminarin, agar, fucoidin, etc.) are typically polymers of hexoses or

their uronic acids. Prel1minary chromatographic characterization of

the alcohol-soluble fraction of some feoal samples showed that glucose,

and at least two other sugars, probably monosaccharides, were present.

Even when the samples were partly desalted by ion exchange chromato­

graphy, remaining pigments and salts interfered with the separation

of" sugars.

Lipids appear to be the second most important constituents, an

average of 1.4-% of the organic carbon. '!he total organic carbon was



TABLE XII. CARBOHYDRATE AND PROTEIN CONTENTS OF FECAL PELLET SAMPLES OF
ECHINOTHRIX CALA~~RIS (SAMPLES NOS. 1 TO 5 WERE COMPOSED

PRIMARILY OF SAND AND SEDIMENT, 6 OF SPONGE TISSUE)

MEAN
1 2 2- 4 .2 6 VALUES

Alcohol-soluble carbohydrate

llg/mg feces 0.22 0.37 0.38 0.51 0.60 0.16 0.37

% dry ,,,eight 0.02 0.04 0.04 0.05 0.06 0.02 0.04

TCA-soluble carbohydrate

pg/mg feces 0.69 0.72 1.25 5.40 0.48 1.21 1.63

% dry weight 0.07 0.07 0.13 0.54 0.05 0.12 0.16

Protein nitrogen

Jlg/mg feces 0.63 0.78 1.07 1.78 0.51 1.29 1.01

% dry weight 0.06 0.08 0.11 0.18 0.05 0.13 0.10

~
•



TABLE XIII. ORGANIC CARBON AND LIPID CONTENTS OF FECAL PELLET
SAMPLES OF ECHINOTHRIX CALAMARIS (SAMPLES NOS. 7 TO 9

WERE COMPOSED PRIMARILY OF ALGAE, 10 TO 12
OF SAND AND SEDIMENT)

MEAN
1 8 2- 10 II g VALUES

Organic carbon

llg/mg feces 650.18 494.00 - 236.05 285.03 133.59 359.77

% dry weight 65.01 49.40 - 23.60 28.50 13.35 35.97

Total, lipid

llg/mg feces 3.76 3.45 12.73 4.32 2.63 3.98 5.14

% dry \'leight 0.38 0.34 1.27 0.43 0.26 0.40 0.51

% organic carbon 0.58 0.69 - 1.82 0.91 3.00 1.40

~o•
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not measured in the samples where carbohydrates and proteins were

measured, but from their concentrations it appears that they account

for less than 1.0~ of the organic carbon. Carbohydrate and protein

contents were relatively constant, but considerable variation was

observed in the lipid and organic carbon. 1b.is larger variation was

probably due in part to smupling errors, since smaller amounts of

feces had to be used in the determination of lipids and organic carbon.

'!he peritrophic membrane of the fecal pellets gave a positive

reaction with PAS, pH 2.6 alcian blue, and toluidine blue 0, indi­

cating the presence of acid mucopolysaccharides. 'lbluidine blue gives

a positive reaction with chondroitin sulfate A, hyaluronic acid, and

heparin (Brimacombe and Webber, 1964). Fecal pellets of Diadema

antillaruiu have been described by Lewis (1964) as covered with a thin

''mucous secretion secreted by the oesophagus."

There is no evidence for the occurrence of enzymes in the symbiont

capable of degrading the alcohol- and water insoluble carbohydrates

of the green alga y!!! fasciata. Small amounts of reducing sugars

(0.01 to 0.02 mg/ml, corrected for alga and crab tissue controls)

were detected in four of the seven assays of the glga incubated with

hepatopancreas extract. Nevertheless, there was no gradual increase

in the concentration of reducing sugars that would indicate any diges­

tion of the algal tissue.

Energetic Relationships.

Data on the ingestion of food and production of feces in the five

sea urchins utilized in the energy budget experiments are summarized

in Table XIV.

Time required to digest all of the food provided during a period of



TABLE XIV. DRY WEIGHT IN GRAMS AND CALORIC VALUE OF FOOD INTAKE
AND PRODUCTION OF FECES IN FIVE INDIVIDUALS OF

ECHINOTHRIX CALAMARIS

FOOD
Total amouDt Average amount

Sea urchin ingested ingested Total amount
number in five days per day voided

FECES
Average amount
"oided per day

(in a five day basis)

"ASSIMILATION
EFFICIENCY"

1 3.33
2 5.84

3 2.23

4 . 3.48

5 5.65

-
Mean values 4.11

0.67

1.17

0.45

0.70

1.13

0.82

0.62 0.12 81.30

1.34 0.27 77.00

0.33 0.07 85.20

0.38 0.08 89.00

0.77 0.15 86.30

- -
0.69 0.14 83.76

Mean amount of food
ingested per day 0.82 g

Energy equivalent
(1.0 g Laurencia
=1,332.96 cal) 1,093.03 cal

Mean number of calories
ingested per gram dry weight
per day (mean dry weight of
the five individuals
: 45.07 g) 24.25 cal

Mean amount of feces
voided per day 0.14 g

Energy equivalent (1.0 g
dry feces =993.63 ca~ 139.11 cal

Mean number of calories
per gram dry weight
per day (Mean dry weight
of the five individuals
: 45.07 g) 3.09 cal

i-I
I\)
IV•



five days varied from seven to ten days. All feces were voided within

a period of four days in one individual, whereas small amounts were

voided during longer periods in others. The average amount of feces

voided was calculated on a five day basis. Lewis (1964) has

reported that in Diadema antillarum it took 8 to 12 hours for the

food to pass through the gut when continuously provided. It is thus

possible that in Echinothrix food was retained in the gut longer than

normal after no food was provided at the end of the five day feeding

period.

The "assimilation efficiency" (AE) calculated as:

AE
weight of alga ingested - weight of feces= X 100

weight of alga ingested

is given only for the purpose of comparison with previous work in other

species of sea urchins. The presence in the fecal pellets of previously

assimilated material (the peritrophic membrane, mucous, etc.) and the

possibility of release of unassimilated food in the form of dissolved

material makes this an unreliable measurement (Johannes and Satomi,

1967). Values given for strongylocentrotus purpuratus vary from 43

to 93% (Is.sker and Boolootian, 1960; Boolootian and Is.sker, 1964) and

from 32.4 to 83.4% in .§.:.. intermedius (FUji, 1962; 1967). Efficiencies

were found to vary with the type of alga provided as food source, the

size of the individuals, and even the time of the year.

Table XV swmmarizes the results on oxygen consumption and release

of dissolved organic carbon by the sea urchins. Relatively high

oxygen consumption values for some individuals were probably a

result of unusual activity inside the respirometer. Oxygen consump-

tion values for other sea urchins have been given by Farmanfarmaian



TABLE XV. LEVELS ANII CALORIC VALUES OF OXYGEN CONSUMPTION AND RELEASE
OF DISSOLVED ORGANIC CARBON IN FIVE INDIVIDUALS OF

ECHINOTHRIX CALAMARIS

OXYGEN CONSUMPTION
Sea urchin Dry rOlleight

m1 02/hour ml 02/day ml 02/gm/daynumber --1s~ams)

1 52.26 6.809 163.416 3.127

2 47.80 6~157 147.768 3.091

3 51.35 4.208 100.992 1.967

4 34.15 1.391 33.384 0.978

5 39.80 4.093 98.232 2.468

Mean -values 45.07 4.532 108.758 2.326

RELEASE OF ORGANIC CARBON
mg mg mg oj

C/hour C/dal g/dal

-
1.20 28.80 0.84

4.86 116.64 2.93

3.03 72.72 1.88

Energy equivalent of 1.0 ml of oxygen
at a respiratory quotient of 0.80 4.801 cal

Energy equivalent of mean oxygen
consumption 522.16 ca1/dal

( =11.58 cal/g/day)

....
f\)
.~

•



(1966), Nicol (1967), McPherson (1968b) and Lewis (1968a, 1968b).

Caloric values for the mean volume of oxygen consumed assume a non-

protein respiratory quotient (RQ) value of 0.80, the halfway point

between the extreme carbohydrate and fat oxidations (West at al.,

1966). RQ values for sea urchins have been determined for Para--
centrotus lividus (Buddenb!"Ock, 1937) and for different tissues of

Allocentrotus fragilis (GLese, 1961). Values for ~ l1vidus vary

from 0.81 to 0.93 and those for !:. fragi-lis from 0.5Z (gut) to 0.92

(testis).

It would have been difficult to determine the amount of energy

lost in the form of metabolites being released into solution, a

figure generally ignored by ecologists. A detailed qualitative and

quantitative analysis of the excretory products was neoessary. There

is a considerable difference between the two values obtained for the

release of dissolved organio carbon in an effort to estimate excre-

tory output in the sea urcM.,no 'lhe high value obtained in one of the

individua.ls is probably a result of contamination.

'lhese measurements account only for an estimated 40 to 70~ of

the total excretory products. EXcretion of ammonia. by E.:.. l1vidus

has been measured. as varying between 26.2 and 30.0% of the total non­

protein nitrogen (Delaunay, 1931). EXcretory annnonia in 12L antillarum

ranged between 61 to 64% (Lewis, 1967). I.e.rge amounts of amino acids

(25 to 29%) were measured by both investigators. Purines, urea, and

uric acids ware recorded only by Dela.unay. M:>st of the dissolved

organic carbon excreted by Echinothrix can bo assumed to be in the

form of amino acids. For the average 72.72 mg of organic carbon



126.

excreted per day, 227.32 cal/day (5.87 cal/gm/day) wuld be released

if it is assumed that only glycine is excreted (heat of combustion of

glycine given as 234.5 kilogram calories per gram molecular weight

by Kharasch, 1929). '!he presence of other amino acids wuld increase

this estimate; purines, urea, and uric acid, on the other hand, wuld

lower it.

Oxygen consumption measurements in the symbiont are summarized in

Table XVI. As in the host, the caloric equivalents for oxygen con­

sumption assume a respiratory quotient (RQ) value of 0.80. RQ values

for brachyurans listed by ~lvekamp and Waterman (1960) ranged from

0.44 to 1.34. Data on oxygen consumption for other brachyurans have

been given by Wolvekamp and Waterman (1960), Prosser and Brolom (1961),

and Nicol (1967).

DISCUSSION

'!he utilization of host material as a food source by the symbiont

is directly related to the microhabitat of the crabs. '!he ingestion

of coelomocytes and fecal material by adult females, as well as of

peristomial epithelium and tube feet by males and juvenile females, is

in an apparent balance with the processes involved. in "'Ghe production of

these materials by the host.

The presence of abundant aggregations of coe10mocytes in the lumen

of rectums occupied by crabs has already been indicated in Section IV.

The accumulation of pigmented eleocytes along the rectum, whioh is

normally covered by the periproct, can be explained as a response to

its exposure to light. 1his is observed loman the periproct is removed.

An orange-red :paphthoquinone pigment similar to that of 12:.. antillarum

(Millot, 1957) was found present in the coelomocyte aggregations..



TABLE XVI. VOLUME AND ENERGY EQUIVALENTS OF OXYGEN CONSUMPTION IN
MALE AND FEMALE INDIVIDUALS OF ECHINOECUS PENTAGONUS

energy
Crab Dry weight ml 02/l.1our ml 02/day equi't'alent*

ml 02/g/da7number (grams) .{calories/day)

Females from
rectum-

1 1.210 0.173 4.152 19.93 3.431
2 0.632 0.137 3.288 15.79 5.203-

Mean values 0.921 0.155 3.720 17.86 4.317

Males from
periproct

1 0.433 0.078 1.872 8.99 4.323
2 0.407 0.067 1.608 7.72 3.951

3 0.249 0.034 0.816 '.92 3.277- -
Mean va1ues 0.363 0.060 1.432 6.88 3.850

• Energy equivalent of 1.0 ml of oxygen at a
respiratory quotient of 0.80 : 4.801 calories

....
I\)
-..J
•
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Fox (1953) has also suggested that naphthoquinone pigments may funotion

as excretory products. Radiocarbon rapidly accumulates in the coelomo­

cyte aggregations in amounts larger than in the peristome. Release by

the rectum of considerable amount of labelled material also takes

place. It is not known if a similar release of material occurs in

normal rectums, where only 8 small number of eleocytes has been found

to be present. It is also possible that mechanical irritation by

crabs, or by the capillary tubeG utilized to remove coelomocytes, might

induce an increase in the number of coelomocytes. Nevertheless, eleo­

cytes have not been recorded as being involved in phagocytosis or in

any similar defensive mechanism.

'!here appears to be no records of the presence of a high concentra­

tion of coelomocytes in the rectums of other sea urchins. Abundant

mucous-like, pigmented material was found in the rectum of IDxechinuE

albus, which is occupied by the females of the pinnotherid Pinnaxodes

chilensis (see Section IV). Coelomocytes are ingested by the

rhabdocoel turbellarian Syndesmis franciscana, a symbiont of the gut

and coelom of the sea urchin Lytechinus ~9.riegatus Clark (Jennings and

Mettrick, 1968).

'!he sea urchin' s naphthoquinone pigments are not retained in the

skeleton or tissues of the symbiont. Deposition of naphthoquinones

occurs in the bones of the Pacific ses. otter, a form which feeds on

sea urchins (Mertens, 1935). Melanins, pigments generally insoluble

in alcohol, are found in crustaceans (Goodwin, 1960) and sea urchins

(Vevers, 1966; Fox and Ibpkins, 1966). Carotenoids, found in most

crustaceans, are restricted to the internal organs in sea urchins.

The presence of pigments in the feces of the symbiont indicates that
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at least some of the pigments from the host are not assimilated.

Some radiocarbon was found present in two crabs which had their

mouthparts removed prior to contact with a sea urchin injected with

labelled glucose. This finding and the high specific activity of

the gills in these and other crabs can suggest the possibility of

an absorption of dissolved labelled material released by the host.

The removal of labelled organic compounds from the surrounding water

has been reported in numerous forms (Stephens, 1967; 1968). The gills

are seen as the most probable, if not the only, place through which

absorption can take place in the otherwise impermeable arthropods.

Removal of labelled. compounds from solution by arthropod:s has been

reported. only in an euphausid (McWhinnie and Johanneck, 1966) and in

a freshwater amphipod (ZUbchenko, 1966). SUch removal is not a

proof of a net uptake (Johannes et al., 1969; Johannes and Webb, in

press). These workers found that a marine turbellarian showing an

apparent uptake of dissolved l4e-amino acids was actually carrying

out a net release of free amino acids to the mediuDl.

Host feces provide an additional food source to crabs living in

the rectum. Considerable amounts of nutrients remain in the partly

digested algae and encrusting animals which constitute the diet of

Echinothrix. Organisms associated. with the pellets (bacteria, ciliates,

and nematodes) are probably ingested. '!he peritrophic membrane and

any mucous present are other possible food sourceso Plant and animal

proteins, lipids, simple sugars, and glycogen (including glycogen-like

polysaccharides of blue-green algae) are assumed to be digested by

enzymes normally found present in decapods (see review by Mansour-Bek,
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1954). There is no evidence for the presence of enzymes capable of

digesting the sugar- and water-insoluble carbohydrates of !l1:I!..

'!he organic constituents of' the fecal pellets of some marine

invertebrates have been analyzed by several workers (see Table XVII).

Rough estimates of inorganic material in the gut contents of Diadem

antillarum are also given by Iswis (1964). Studies by Johannes and

Satomi (1966), Frankenberg et ale (1967), and Frankenberg and Smith

(1967) suggest that fecal pellets may have an important role as a

nutrient source.,

The energy budget of the host has been estimated from measurements

taken from £ive individuals which had been aco1imated to somewhat

atypical eonditions. The shallow water alga Laurencia is probably

never ingested in nature and some elements of their normal diet were

possibly absent. A starvation period after quantifying £ood intake

probably affected the assimilation of the food still present in the

gut. Even when food was provided later, respiration measurements t'le-~e

probably affeoted by the starvation: period. Oxygen consumption values

for some Wividuals were much higher than in the others. Cbcygen

consumption in other sea urchins has been reported as lower than

normal during p~....iods of starvation (Farmanfarma~an, 1966; McPherson,

1968b) and higl-er after feeding following starvation (Farmanfarmaian

and Phillips, 1962). other 'Possible sources of nutrition that were

not quantified were the utilization of previously stored material

and. the assimilation of dissolved organic matter taken from solution.

In any case, similar individuals with crabs living on them were kept

under the same conditions for over six months.



TABLE XVII. ORGANIC CONSTITUENTS (AVERAGE %DRY WEIGHTS)
OF FRESH FECAL PELLETS OF }~RINE INVERTEBRATES

ORGANIC
SPECIES CARBON NITROGEN CARBOHYDRATE PROTEIN LIPID REFERENCE

Littorina planaxis 2.0 - - - - North, 1954
(Gastropoda)

Cirriformia tentaculata 2.1 - - - - George, 1964
(Polychaeta)

Hydrobia ulvae 10.75 0.02 - - - Ne\iell, 1965
(Gastropoda)

Macoma ba.ltica 8 0.03 - - - Newell, 1965
(Pelecypoda)

28aPalaemonetes pugio 20 4.48 13 2.5 Johannes and Satomi, 1966
(Decapoda) bCrassostrea virginica 4.6-6.1 - - - - Haven and Morales -
(Pelecypoda) b Alamo, 1966

Balanus eburneus 5.5-6.8 - - - - Haven and Morales -
(Cirripedia) Alamo, 1966

Mya arenaria 5.3 - - - - Haven and Morales -
(Pelecypoda) b Alamo, 1966

Modiolus demissus 4.4-5.6 - - - - Haven and Morales -
(Pelecypoda) Alamo, 1966

Molgula manhattensis 5.4 - - - - Haven and Morales -
(Urochordata) Alamo, 1966

Callinasa ma~or 2.9 0.28 - - - Frankenberg et al., 1967
(Decapoda

0.20cEchinothrix calamaris 35.97 - 0.10 0.51 This work
(Echinoidea)

a N x 6.25
b Seasonal variation
c Alcohol and TCA soluble

~
\"..)
to'"•



A model of energy flow in Echinothrix calamaris is given in

Figure 33. .An average of 431.76 ca1/day (equivalent to 9• .58

cal/gm/day and 39.5~ of the average energy input) is left available

for the storage of food energy and for the growth and repair of

tissues. 'lbis figure includes the energy lost in the form of

excretory products. The amount of energy utilized in growth and

storage obviously depends on the age, sex, and gonadal stage of

each individual. Figures p;iven by FUji (1967) for strongYlocen­

trotus intermedius show that the amount of energy required for the

gorwth of gonadal tissuo varies relatively 11tt1e in one, two, and

four year old individuals (6.8 to 7.8?' of the total energy intake),

whereas the energy required for growth changes from 12.O~ in the one

year old individuals to 1.7f; in the four ye~ old ones. Storage of

food energy in Echinothrix and otber sea urchins appears to be

considerable. Individuals can be starved for relatively long periods

of t,ime.

It is not possible to calculate how much energy from the host is

theoretically available to the symbiont. For the five individuals in

question, this figure would be a total of 431.76 cal/day (9.58

ca1/gm/day) minus the average amount of energy lost as excretory

products, the minimal amount required for the growth and repair of

tissues not available to the symbiont» and for the storage of food

energy in these tissues.

Minimum daily energy requirements for three males living outside

the rectum (as measured by the energy equivalent of their oxygen

consumption) averaged 6.88 cal/day (Table XVII). Since peristomial



FIGURE 33. A SCHEMATIC REPRESENTATION OF THE ENERGY
BUDGET OF INDIVIDUALS OF ECHINOTHRIX CALAMARIS

KEPT UNDER LABORATORY CONDITIONS.
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FECES

3.1 cal I gm I day
(139.1 cal I day)

FOOD

24.3 cal I gm I day
(1,093.0 cal I day)

STORAGE

EXCRETION~9.6 cal/gm/day
(431.7 cal I day)

GROWTH .

RESPI RATION

11.6 cal/gm/day

(522.2 cal/day)
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apithelium from four sea urchins had a caloric value of 1.74 cal/mg

dry weight, a total of 3.95 mg of tissue would b3 required to be

ingested per day in order to meet these energy requirements.

Minimum energy requirements for two adult females living in the

rectum averaged 17.86 cal/day. 1he average caloric value of the

coelomocyte aggregations trom three sea urchins was 3.57 cal/mg dry

weight. A total of 5.00 mg ot this material would be required to

meet their minimum daily energy requirements.

It was not possible to quantity the ingestion of food in crabs

living in their normal ndcrohabitat. '!he estimated amount of

epithelium that wuld be theoretically ingested by male crabs living

in the peristome agrees with the degree of damage normally observed

in sea urchins occupied by small crabs. On the other hand, a total

of 10.26 mg of peristomial tissue (almes':. three times as much as in

the males) would be required to be ingested in order to meet the

minimum energy requirements ot females. 'Ibis agrees With the heavy

damage that is observed when large females are kept outside the

rectum (Ii'lgure 20). Coelomocytes and fecal pellets (;\.1'9 constantly

being emptied into the rectum. '!he burden ot adult females on the

econo1lJ3T of the host is thus minimized by ':.;he utilization of these

materials as energy sources. '!he ingestion of fecal material can

evon be placed. on a non-consumer trophic level.



SECTION VI

LARVAL DEVEIDPMENT AND HABITAT SELECTION

INTRODUCTION

SeuCl'11ng behavior by the free-living larvae for a specific

host is a most critical stage in symbioses. Behavioral adaptations

enable these stages to find hosts by means other than chance, as is

true of the larvae ot most sessile forms (Reese, 1964; Thorson, 1964).

Releasing stimuli from the host and the physical environment elicit

responses enabling the larvae to differentiate their specific host.

~st of the investigations on host-finding behavior have been

carried out on the larvae of trematodes (see reviews by Cheng,

1967; 1968). Work on other symbionts has been relatively scant

(see reviews by Davenport, 1955; 1966a). Emphasis has been placed

on the demonstration of an attraction of adult stages to "ho8t

factors, II as in the case of some p1nnotherid crabs (Johnson, 1952;

Davenport et al., 1960; Sastry and Menzel, 1962). This behavior,

however, may have little adaptive significance in forms wldch spend

their entire adult life on their hosts.

In the present study, habitat selection by the settling larval

stage of Ecbinoecus pentagonus has been analyzed by considering its

normal host, Echinothrix calamaris, as l're11 as two similar forms,

~ diadems. and Dladema paucispinum, as possible alternative hosts.

)fATERIALS AND MErHODS

'!he larvae were reared. following modifications of the methods

given by Costlow and Bookhout (1960) and Reese and Kinzie (1968).



137.

A small ovigerous female was removed from her host and isolated

in an eight gallon aquarium with air supplied through an air

stone. 'lhe host was collected from a depth of .30 meters along a

shelt forming the seaward edge of Kaneohe Bay. 'lhe eggs showed an

advanced stage of development. Two nemertean worms (probably

Carcinonemertes m1tsukuri1 Takakura) were fmmd living in the

abdomen of the female. Nemerteans or the genus Carc1nonemertes

are known to feed on eggs of brachyuran crabs (Humes, 1942).

Several hundred larvae hatched on the thirteenth day of isolation.

Covered plastic boxes, each provided with 18 compartments,

each measuring 4.4 X 5.2 X 4.0 em, were used in the rearing ot the

larvae. The boxes were innnersed overnight in 5f, hytlroch1oric acid

followed by thorough washing with distilled wter and air-dried

under an ultraviolet light. Approximately 30 to 40 ml ot sea

water was added to each compartment. Water was first prefiltered

through an Aqua-pure cartridge filter (Cuno Engineering Co.,

l'1eriden, Connecticut). The £'reshly filtered water was treated

with penicillin (50,000 units of Potassium Penicillin G per liter;

Eli Ii1lly & Co., Indianapolis, Indiana) and passed through filter

paper. One to four larvae were placed in each of the compartments.

The number was gradually roduced in the last stages to one per

compartment. The boxes were kept covered. in an Eberbach variable

speed shaker. Temperatures of the water ranged between 2"a and

29°0. The larvae were fed on freshly hatched Artemia nauplii.

A generous volume of larvae which had been prenously washed with

penicillin-treated sea water and filtered through filter paper, was
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added to each compartment every day. Some larvae were initially

fed on cultures of the diatom Phaeodactylum triCC?rnu~. larvae

were transferred every day by use of Pasteur pipettes into clean

boxes containing £'reshly treated. sea water. '!he original compart­

ments were examined for the presence of molted exoskeleton3. '!be

frequency and date of molts were recorded for each of the larvae.

General orientation of megalopae to light was studied by placing

individual larvae in square, two liter containers which were darkened

in all but one side. ll.ght was provided by a microscope lamp.

Responses to gravity and light in a water column was studied by

using a 73 em high chromatography column. Trials were carried out

in a dark room with a microscope lamp as a light source.

'!he relative strength of phototactic responses was correlated

with age and a possible attraction to host material. Is.rvae were

individually placed in a one liter beaker containing host material

(spines, tube feet, and feoal pellets) on the bottom. Measurements

were taken of the time ::,~uired. for each larva to move in the direc­

tion of the light of a microscope lamp (directed from above to the

surface of the water) af'ter the lamp had been turned. off in a dark

room for at least one minute and the larva had settled. to the

bottom. '!be experiment was carried out with megalopae of different

age and with those which emerged £'rom zoea at a later date (alate

megalopae").

Orientation of mega.lopae to its normal host's tissues and. those

of !:. diadems. was analyzed by taking time-lapse movies of larvae

under different sets of conditions: (1) freshly removed ~ calamaris

spines versus siniilar, thoroughly washed spinss; (2) .L.. calamaris
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spines versus L.. diadema spines, both freshly removed; (3) freshly

removed and washed L. diadema spines; (4) freshly' removed !:.. calamaris

tube feet vorsus black, chemically inert carbon chips; (5) it.

calamaris tube teet versus L. diadema tube feet; (6) &. diadema

tube feet versus black carbon chips; (7) lvater from an eight

gallon aquarium which had contained an individual ot !t. ca'amaris

for the preceding 24 hours versus water from a control aquarium.

Two larvae of the same age were used in the trials, one tor each

of the two contrasting subjects. larvae were placed individually

in the compartments ot a plastic box similar to those used in

rearing. . Contrasting primary spines, two per compartment, were

approximately of the same length, width, and color. Three tube

teet or carbon chips were used. ~e latter were larger in overall

size since the tube feet contracted· to about one third of their

original size.

A photographic a.pparatus cons:tsted of a Bolex Hl6M camera con­

nected to a Sage series 500 time-lapse apparatus and set at three

frames per minute. Actual measurement showed this to be 1 frame every

26 seconds. Kodak 16 mm '1'r1-X reversal film was used. Light was

provided by two 58 em fluorescent lamps placed 28 am above the plastic

box. Recordings started immediately after the larvae were placed in

the compartments and lasted from 12 to 14.7 hours.

The films were analyzed by recording with a stopwatch the total

time of contact-of the larvae with the objects. ~e paths o:f indi-

vidual larvae were traced directly from the screen. The movie of

larvae placed. in sea urchin and control seawater was analyzed by
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determining the average speed of five pairs of larvae. '!bel movie

projector was stopped every second (equivalent to 7.91 minutes of the

actual time) am the position of each larva recorded in sheets of

paper taped to the screen. 'Dle distance between the points was

measured with a ruler. '!he average speed tor the actual distance

covered during a period of 237.46 JIJi.nIltss was calculated assuming

a straigh't~ path between the points.

'Dle possibility of host tissue influencing metamorphosis in

megalopae was investigated by adding freshly removed and dead spines,

tube feet, and tissue from the test, rectum, or peristome to larvae

in separate compartments. Host material was changed daily. Artemin

nauplii were not added to some of the compartments.

Orientation of larvae to live sea urchins was studied by

placing one sea urchin in an eight gallon aquarium provided with

sand, coral fragments, and molluscan shells. General behavior of

the larvae was recorded before and after placing a sea urchin in the

aqllarium.

Fo1"'~y megalopae, 15 to 21 days old, were added to a 140 gallon

tank containing three specimens of !t. cal amaris in each, including

ona .~th a female crab in its rectum, three ot L. diadema. and three

ot !>.L paucispinum. Sand, shells, coral fragments, and algae

(mostly Iaurencia. ap.) were also present. .All sea urchins were

removed daily and individually examined for the presence of megalopae

or postla"."Val stagesl!l If dead sea urchins were encountered, they

were replaced with living ones~

Postlarval crabs were kept in plastic boxes and fed on tube

feet. All crabs were eventually placed on specimens of .&. calamaris
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.!!a. paucispinum, were kept in the 140 gallon tank previously used.

Movementa of the crabs on the sea urchins were recorded for the

following four months.

RESULTS

larval Development.

larval development under laboratory conditions was completed

after three zoea1 stagas and one megalopa.

'!he first meeal stage lasted trom four to eight days. Molting

was more commt:>n during the firth and sixth day after hatching.

Mortality during the early stages was relatively low. averaging

four to five per de.yo, out of 17.5-200 larvae. It was noticeably

higher, however, during the third and fourth days after hatching

due to the clogging of branchiae in some of the larvae which had

been feeding on diatoms. Molting appears to have been retarded

in oth;:r diatom-red larvae. Mortality was' also somewhat higher in

the boxes where mor~ than one larva were placed in each of the

compartments. '!he duration of the second zeeal stage was two to five

days, that of the third stage was two to eight days.

'nle total length (including the spines of the telson) of alcohol

preserved zoeae is 1.6 mm and carapace length is 0.7 mm. There is a

eo1'!~icuous? blunt-tipped dorsal spine and a small rostral spine.

Reddish-brown chromatophorea were observed on the carapace of live

larvae Cl The second and third zoeal stages are similar in general

morphology, with the exception of a large reddish spot on the dorsal

spine of the latter.
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Zoeae showed. a strong attraction to light. They were generally

very active. strong movements of the abdomen were involved in

locomotion.

A total of III megalopae was obtained. from 10 to 19 days after

hntching. ~st appeared during the fourteenth day but a second

peak was observed during the seventeenth day. Perhaps the later

peak was composed of those showing a retarded development due to

inadequate food.

Megalopae have a carapace roughl¥ rectangu.lar in shape,

measuring 1.2 DIm -l<mg by 0.9 DIm wide in specimens preserved L,,

glycerin-alcohol. '!he anterior border of the carapace is conspicuousl\v'

broadened. The rostrum is small. A Small spine is located on each

of the anterolateral borders of the carapace. '!he absence of these

spines in the adult is an important diagnostio character for the

species. '!he abdomen is 0.9 DIm long. '!he chelipeds are very well

developed, closely resembling those of adults. '!he antennules and

antennae are also well developed. Li.ve larvae were light reddish-brown

during daytime and almost transparent at night.

Habitat Selection.

From m.any hours of observation during rearing and the experimental

phase of the study, the following observations can be made with

respect to qualitative differences in the behavior of megalopae.

l.f.egalopae were generally loss active than the zoeae. '1hey spent

a good part of their time resting or crawling on the bottom of their

compartments. Resting, and sometimes feeding, was usually in an
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upside-down position. M:>vements were usually along the edges of the

compartments. Fast, circular movements were common.

Megalopae showed a positive response to light, although not

as strongly as in the zoeae. Strength of the response was gradually

lost with age. 'lhey began orienting toward the light source.

rather than moving in its direction. Definite positive responses

could no longer be observed in larvae at least six days old.

Responses to light in the late megalopae was high4r variable.

A positive response to gravity was always observed. The megalopae

slowly sank or swam to the bottom when placed in a water column in

large containers. Young megalopae placed in a water column moved

away from the bottom only when a light beam was directed. above. The

same larvae did not always follow the light beam when the water

colunm was placed in a horizontal position.

'lhe presence of host material (spines, tube feet, o.nd fecal

pellets) did not Beem to have a:ny immediate effects in reversir~ the

norma.l positive response to light of one to five day old megalopae.

'lhese almost immediately left the bottom of the container when a light

was directed to the surface. Is.te megalopae and those older than

seven days generally stayed in contact with host material fei.' periods

ranging between 1.0 to 5.5 minutes.

Table XVIII swumarizes results obtained from the analysis of

the time=olapse movies. There is a significant difference (P =0.014)

between the time that the megalopae spent in contact with fi-eshly

c6illU"y"dd spines of !&. calamaris &nd the time spent on similar but

washed gpines. Significance was tasted according to the Sum Rank Test



TABLE XVIII. ACTUAL TIME IN MINUTES SPENT BY MmAlOPAE
IN CONTACT WITH VARIOUS SEA URCHIN AND BLA.NK SUBJECTS.

VAIDES WERE OBTAINED FROM THE ANALYSIS OF
16 MM TIME-LAPSE MOVIES.

1~4.

AGE m DAYS OF THE
LARVA m EACH SITUATION

12
13
14
15

13
14
15
16

15
16
17*
18*

SrruATION AND LENGTH OF TIME
SPENT IN CONTACT

Et.. ca1ama.r1s ll&. calamar1s
living spines washed. spines

722.4 (100~) 65.7 (9.1~)
722.4 (100~) 0
722.4 (100%) 295.5 (40.9%)
309.3 (42.8%) 4.2 (0.6%)

.m:. calamaris !L d.1adema.
11ving spines living spines

0 135.6 (15.3%)
884.4 (100~) 884.4 (100%)
819.8 (92.7%) 833.6 (940 3%)
364.4 (41.2%) 884.4 (100%)

Eo diadema & diadems.
iTving spines washed spines

863.2 (100%) 618.6 (71.7%)
863.2 (100%) 326.2 (37.8%)
647.2 (75.0%) 675.8 (78.3%)
521.1 (60.4%) 2.1 (0.2%)

* Iarva previously used in L. calamar1s versus !k. diadema
tube feet trials.

( Continued.)
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TABLE XVIII. ( Continued) ACTUAL TIME IN MINUTES SPENT BY MJOO-AlOPAE
IN CONTACT WITH VARIOUS SEA URCHIN AND BLANK SUBJECTS.

VALUES WERE OBTAINED FROM THE ANALYSIS OF
16 MM TIME-LAPSE MOVIES.

AGE IN DAYS OF THE
LARVA IN EACH SITUATION

14
15

15
16

17
18

SITUATION AND LEI:GTH OF TIME
SPENT IN CONTACT

&. ca1amaris carbon chips
tube teet

621.7 (82.7'%) 15.9 (21.,%)
588.9 (78.3%) 223.5 (29.7%)

!t.. s.alamaris !t. diadema
tube feet tube feet

767.9 (86.8%) 9.5 (0.7%)
262.7 (29.7%) 0

Eo diadema carbon chips
tube feet

0 6.4 (0.7%)
843.1 (97.9%) 101.7 (11.7%)
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(mxon and Massey, 1957), a non-parametric method. '!he megalopae

normally moved along the edges of the compartments. Contacts

with living spines resulted in the llU'Vae remaining attached to them

(F.lgure 34). '!hey remained stationary, moved along or across the

spine, or even pushed :tt back and forth. Contacts with washed

spines were sometimes frequent but of short duration.

'!here is obviously no significant .d1f'ference between the time

spent in contact with living spines of .L. cal amaris and !L diadema.

All larvae remained on both types of spines after only one contact.

Differences in. the orientation to 11ving and washed spines of .is.

diadema. are not as distinctive as in !a. calamaris. 'lhG larvae made

several contacts (three to at least seven) with the washed spines

but ended up staying attached to them. ntfference in the amount of

time in contact can be considered as being not significant (P =0.100).

Trials with tube feet were too few to be or My significance.

Megalopae always remained on tube feet of !:.. cal smaris after one

contact, a situation observed only once in tube feet of .L. diadema.

'!he possible effects of age and previous contacts m.th sea urchin

material cannot be analyzed with the present data.

'!here is no significant difference between the rate of movement

of' megalopae in sea urchin and control sea water (Table XIX). It

was assumed that they followed a straight course betvleen the recorded

points. nns, of course, does not represent the actual situation,

but it is a satisfactory way to quantitize an aspect of the behavior

of the larvae. '!he films did not show any indications of differences

in speed (orthokineses) or in the frequency of turning (klinokineses)

between the megalopae under different cohditions ll situations which
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FIGURE 34. EXAMPLES OF THE MOVENENT OF MEGAIDPAE IN
COMPAR'lMENTS CONTAINING LIVING OR WASHED PRlMARY

SPINES OF ECHINOTHRIX CALAMARIS. ACTUAL
DIMENSIONS ARE SHOWN. TOTAL TIME OF THE

RECORDING WAS 12 HOURS AND 2 MINUTES.



11ving spines

15 day old larva

309.3 min (42.8%)
in contact

washed spines

15 day old larva

4.2 min (0.6~)
in contact
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11ving spines

12 day old larva

722.4 min (100%)
in contact

washed spines

12 day old larva

65.7 min (9.11£)
in contact



TABLE XIX. RATE OF MOVEMENT OF MEGALOPAE PLACED IN SEA WATER FROM AN AQUARIUM
CONTAINING AN INDIVIDUAL OF ECHINOTHRIX CALAMARIS AND IN CONTROL SEA WATER.

DATA WERE OBTAINED FROM A SEGMENT OF A 16 MM TIME-LAPSE MOVIE
EQUIVALENT TO AN ACTUAL PERIOD OF 237.46 MINUTES.

AGE IN DAYS OF THE
LARVA IN EACH SITUATION E. CALA}~RIS WATER CONTROL WATER

Actual distance Speed Actual distance Speed
(mm) (mm/min) (mm) (mm/min)

9 577.4 2.43 696.2 2.93

9 400.2 1.68 223.8 0.94

11 684.3 2.88 578.1 2.43

13 425.1 1.79 517.9 2.18

15 312.8 1.31 299.4 1.26

$
•
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would suggest the triggering of appetitive searching behavior.

Reactions of megalopae to live specimens of L. calamariswere

tested on several occasions. A three day old larva swam directly to

a sea urchin when placed on the S\1rface of the water approximately

20 om £'rom the subject. Four and a half hours later, it was observed

attached to a primary spine with its anterior end or1.ented toward the

distal end of the spine. 'lhree hours later, the larva was found

captured by a tridentate pedicellaria near the ambitus. It was

still moving its legs but part of the carapace was crushed and the

right cheliped was missing.

A six day old megalopa was added later to the same aquarium.

This time a light was placed directly above the aquarium. 'lhe larva

first oriented toward one of the sides of the aquarium, then swam

back to the center, turned around in a small circle, and swam

directly to the sea urchin~ It was subsequently .,e~n eralolling on

the test but it could not be found the next day.

TWo 11 day old megalopae were placed directly above another sea

urchin. One was observed attached to a fleshy base of a primary

spine. '!he sea urchin died three days later. One larva was found

dead on it bIlt the seoond survived and S\1bsequently metamorphosed

after three days in contact with tube feet (larva No.5 of Table XX).

Fourteen day old megalopa.e did not show any apparent ohanges in

their general behavior when a sea urchin was plaoed in their

vioinity. They settled to the bottom and were active, lifting sand

grains with their chelipeds and moving around coral fragments and

shells.

Only six of the 40 megalopae t.hat were placed in the large
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140 gallon ta:nk ware found in contact with sea urohins. 'lbe first

larva was found near the periproct of a dead .L.. oa] smaris 48 hours

after they were added. A dead larva was found two days later on a

dead !z. calamaris and another on a dead ~ paucispinum. The other

three larvae were observed on a moribund !:.. cal smaris six days after

the larvae were added to the tank. One larva was dead but: the other

two were found crawling on the test. The live larvae were placed

back in the tank. No additional megalopae or postlarval stages were

found in any of the sea urchins that were present in the tank. Some

megalopae were still seen moving on the sard as long as four days

after their transfer.

Of the remaining megalopae that were kept in the plastic boxes,

only eight metamorphosed into juvenile crabs (Table XX). One of

these (No.6) was part of the late batch of megi1lopae. 'lhree had

no recclrded contact with sea urchin material. :rt is possible that

they were involved in the trials recorded in the time-lapse movies.

On the other hand, some of the megalopae that were kept in oontaot

with spines or tube feet died 711thout undergoing metamorphosis.

others, with or without previous contact with sea urohin material,

were kept on a. diet of Artemia nauplii for as long as 37 days.

Most of the mega,lopae whioh did not metamorphose after 20 or

more days underwent peculiar morphological and behavioral changes.

A thin white line developed along the anterior border of the

carapace. White spots also appeared. on the chelipeds, a cht:l.racter-

istic of postlarval crabs. 'lhese megalopae did not swim and

remained attached to tube feet, spines or any objects plaoed

in their compartments. They readily ate E. cal amaria and-



TABLE XX. DEVELOPMENT OF MEGALOPAE AND POSTLARVAL
CRABS OF ECHINOECUS PENTAGONUS

LARVA
~ MEGALOPA CRAB I

1 April 9 April 20

2 April 6 April 22

3 April 5 April 25

4 April 7 April 25

5 April 8 April 25

6 April 12 April 27

CONTACT WITH
HOST I·tATERIAL

none

rectum (two
previous days)

tube feet
(5 prevo days)

primary spines
(15 prevo days)

sea urchin (3
days), tube feet

(3 prevo days)

none

FURTHER DEVELOPMENT

Crab II (April 27), dead (May 13)

Crab II (April 24), crab III (April 28), crab
IV (May 7), crab V (May 21), crab VI (June 2)
crab VII (June 25); placed on ~ diadema
(July 5) but moved to E. ca1amaris (late July)

Crab II (May 3), crab III (May 15); dead (May 15)

Crab II (April 27), crab III (May 4), crab IV
{May 15); dead (May 15)

Crab II (April 27), crab III (May 3), crab IV
(May 15); dead (May 15)

Crab II (May 6), crab III (May 16), crab IV
(June 1), crab Y (June 27); placed on ~
diadema (July 5) but moved to E. ca1amaris
(late July) --

7

8

April 7

April 8

April 28

May 5

tube feet
(18 prevo days)

none

Crab II (May

Crab II (May

6) }

17)

both placed on ~ ca1amaris
(May 21), one entered into
rectum (late July)

~
•
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!&. diadems. tube feat and spines. Some magalopae were also obsorved.

to pick ant!. reject material from fecal pellets. Cannibalism took

place when larvae were placed together.

Postlarval crabs were characterized by the presence of a con­

spicuous white to cream band along the anterior third of the carapace

(Figure 35). With the exception of white bands and spots on .the

chelipeds, the body of live crabs was light to dark reddish-brown.

111e 'Width of the anterior part of the carapace in live crabs was

approximately 1.0 mm. '!he carapace was straight. '!he eyes, antennae,

and antennules were proportionally larger than in the adults. Sex

could not be determined during the first instars.

I1ke adult crabs, postlarvae showed strong attraction to host

material. They were fed mostly on tube feet, consuming up to four

par day. 'fube feet, as well as aptthelial tissue from spines and

test of !:.. ca.1amaris, &. diadema, and J2&. paucispinum, weI-a immediately

ingested. Fecal pellets were never placed in the compartments. Fbod

was handled as by the adults (see Section V).

Postlarval crabs were kept in plastic boxes for as long as 71

days (see Table XX).. As many as six molts were recorded in one crab.

Nevertheless, growth was not as rapid as in those kept on sea urchins

(Nos. 7 and 8 of Table XX). '!he largest carapace width attained by

any of the isolated crabs was 3.0 mm (No. 2 of Table XX), half the

size of those living on 1&. calamaris for approximatel\y' the same length

of time (see below).

Two crabs (Nos. 7 and 8 of Table XX) were placed after their

first molt (crab II stage) on separate specimens of l&. calamaris.



FIGURE 3.5. CRAB I POSTLARVAL STAGE OF ECHINOECUS
PENTAGONUS ATTACHED TO A TUBE FOOT OF

ECHINO'l'HRIX CALAMARIS. (X30)
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Fbrty days atter, both crabs were observed. in their original hosts.

Both were females, with carapace widths of 6.0 and. 6.5 mm, respect­

ively. 'llley' showed the typical adult coloration with no white bands

or spots. Both were found living on the peristome of their respective

hosts where t'\lbe feet and apithelial tissue had been re~yed.. One

of the crabs was found 25 days later inside the rectum of a large

.L.. calamaris. Its carapace had been recorded. as measuring 8.0 mm

in width six days before. '!he sea urchin had shown a normal peri­

proct prior to the invasion.

A female (No.2 of Table XX) with a carapace width of 3.0 mmp

and a male (No.6 of Table XX) with a carapace width of 2.4 mm were

placed. on separate specimens of L. diadema.. 1hey spent most of the

time on the peristome. }!pithelial tissue and tube feat were ingested.

'!he female was once observed on the aboral side close to the peri­

proet where two primary spines had been removed. ihe crabs showed

a considerable increase in size atter II days. Specifica.1ly, the

carapace of the female measured 3.8 mm wide and that of the male

measured. 3.1 mm wide. Both crabs were observed two weeks later

near the periproct of one specimen of L. ca1amaris. One was seen

shorrtly afterwards inside the rectum. '!he crab apparently moved out

from the rectum. Four sea urchillt!, two &,oa.lamaris and two !t..

diadema, died one month later and no crabs werfl found on the re­

maining diadematids.

DISCUSSION

Contrary to observations made on other symbiotic brachyurans,

ovigerous females of !&.. pentagonus are very rare. or approximately
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150-200 females that were axamined during a period of four years,

only six were found with eggs. 'lbeir distribution in time suggests

the absence of a defined breeding season. An abbreviated larval

development, a characteristic of other Oxyrhynoha (Gllrney, 1942),

appears to be correlated with a prolonged embryonic stage. Among

the Parthenopidae, larval stages have been described for only a

few members of the free-living Parthnopinae (Bourdillon-Casanova,

1960; Heegaard, 1963; earlier literature reviewed by Chrney, 1939).

'!he type and number ofaxperiments that were carried out on

the behavior of megalopae were limited by the relatively small number

of larvae that were available at one time, the effect of unfavorable

conditions in the development of some, and aging. Nevertheless,

the information obtained helps to answer the questions of how the

symbiont finds its host.

It appears that the free-swimming megalopae, rather than the

postlarvae, are involved. in the active search for a suitable habitat.

Contact of megalopae with host material Itppears to trigger their

metamorphosis into the juvenile stages, which show the same behavioral,

physiological, and morphological adaptations that enable the species

to live in symbiosis with sea urchins.

A positive orientation to gravityII acting in conjunction with a

loss of an initial positive reaetion to light, can be involved in

bringing the megalopae to the neighborhood of the host.

'!he capture of one magalopa by a ped1cellaria of !a.. calamaris

is an indication of their role as a defensive mechanism. The possible

effect of pedicellariae on the settling of larvae has been discussed by

Mendes (1965).



Attraction to living material from i:. oa1amaris but not to

similar, tissue-free surfaces suggests the presence of chemical

rather than visual orientation to the host. Results from trials

involving spines of !:. diadema may also suggest that the megalopae

are attracted to them. Adult crabs also appear to be attracted to

the sea urchin (see Section IV). The symbiont has been reported

as living in association with this species in other regions, and

one small female was once found living on it in Hawaii (see Section

II). The incompatibility, however, between the symbiont and ~

diadema (as well as with Rt.. paucispinum) has already been d9monstrated

(see SectilJn IV). Under laboratory conditions, crabs were able to

live on this species but eventually moved to the normal host.

Similar movements are possible in nature, but :1.t would not explain

the absence of the symbiont in most of the populations of !:. diadems.

where no ~ calamaris are present. Only juvenile crabs would then

be found on these sea urchins, a situation observed only once. Dis­

tribution of the symbiont in Hawaii is difficult to explain without

the presence of a behavioral mechanism that would enable the settling

megalopae to specifically locate their normal host.

A negative orientation to light and a positive orientation to

gravity may explain the almost complete absence of the symbiont in

!L calemaris from the shallow water populations of Kaneohe Bay and

its abundance in the deeper water populations of the same species

(ser., Section III). Crabs have been found in sea urchins from similar

shallow depths but in areas that are immediately adjacent to deep

water. '!his would not explain the absenco of the symbiont in

E. diadema, a form which is also found in relatively deep water.



SECTION VII

CONCLUSIONS

Echinoecus pentagonus is only associated. with Echinothrix

calamaris in Hawaii. '!here is an apparent incompatibility between

the symbiont and two similar diadematid sea urchins, .!L diadema and

Diadema paucispinum. 'lhe rectum in these two species is not

sufficiently large to accomodate the adult female crabs.

It is evident that the symbiont is adapted for its symbiotic

existence with sea urchins. '!he coloration of the adults and most of

the juveniles is almost identical to that of the adult E. calamaris.-
The dactyli of the legs are modified for attachment. The smooth

surface, softened outlines~ and convex shape of the carapace in the

adult females can be interpreted as adaptations that reduce mechani-

cal irritation to the axp~sed tissues of the host's rectum. The

well developed palp of the third maxillipeds is involved in the

sorting of the host's fecal pellets.

Host material is the only demonstrable source of :rmtrition to

the symbiont. Males and juvenile females ingest primarily host

peristomial tissue. A change in diet correlated with an increase

in the en~rgy requirements of the adult females is perhaps the best

example of the development of adaptations in the establishment of

a dynamic equilibrium between the host and symbiont. The large

females ingest coelomocytes and material from the fecal pellets

instead of epithelial tissue and tube feet, a situation that normally

produces heavy damage and death to the host.

A positive orientation to gravltyand a negative orientation to
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light coupled with a chemical preference may oparate in conjunction

to provide the specificity neoessary in bringing the free-sw1mm1ng

megalopae into the neighborhood of the host lD 'lhe postlarval,

juven11e~ and adult stages show active attraction to the host.

!&. cal amaris, as the host, can be considered. as the "passive"

member of the association. Nevertheless, adaptive l"esponses are

observed. in individuals occupied by the symbiont. The unique

pathological calcification of the periproct is interpreted to be a

defensive mechanism elicited by the presence of crabs in the host's

rectum. The mlgration ot a large number of eleocytes into the lumen

of the rectum is suggested as a response to the exposure of tissues

to light. Ped1cellariae, actively involved in the· capture and

removal of small bodies that come in contact with the sea urchin, act

as a non-specific defense mechanism and may have an effect in tho

settling of the megalopae.

Certain features of ~ ca1amaris are directly utilized to the

"benefit" of the symbiont: namely, the large rectum and peristome,

the gall-like calcification of the periproct, the rapid regenera­

tion ot epithelial tissue, and the migration and acaumuJ.b.tion of

coelomocytes in the rectum.

Numerous schemes have been suggested in trying to classify

symbioses (see review by Cheng, 1967). This has resulted in a large

number of meaningless categories and definitions. The use of the

presence or absence of metabolic dependency in categorizing symbioses

appears to be the most sensible. It is rather unfair, however, when

used in dealing with cases where behavioral adaptations are pre-



dominantly involved, such as in cleaning symbioses and in the

association between alpheid shrimps and burrowing gobiidso The

metabolic dependency ot E:.. pentagonus on its host places the

association under the category ot parasitism•

.....

160.
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