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Introduction

The first discovery of a luminous apogonid fish was made by Karo (1947). He found
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that Apogon marginatus possesses three organs at the bend of the intestine and on either
:side of the rectum immediately before the anus. Iwal and AsanNo (1958) found similar
luminous organs in Apogon ellioti. Apogon marginatus is identical with and predated
by A. ellioti. Hangepa, Jornson and SiE (1958) studied the luminous organs of this fish and
-demonstrated a second example of the luciferin-luciferase reaction among fishes; these
-extracts were found to produce a light-emitting cross-reaction with partially purified
luciferase of the ostracod crustacean, Cypridina hilgendorfii.

Apogon ellioti was the only species of apogonid fish known to possess luminous organs
until the luminous organ of Siphamia was discovered.

Siphamia, a genus of the family Apogonidae, is characterized by having a silvery
.area extending from the isthmus to the lower corner of the caudal peduncle along the
‘ventral contour of the body (WEBER and de Baurort 1929, SuurLtz 1940, LacHNER 1953).
“"The general outer appearance of this fish resembles ordinary, non-luminous fishes;
however, the silvery area of this fish resembles that of Acropoma, which possesses a
luminous duct inside the area.

Iwar (1958) discovered that Siphamia versicolor has a luminous organ on the inner
:surface of the body wall immediately above the pelvic girdle. According to him a curious
.organ within the body wall immediately before the base of the ventral fin is probably
luminescent.

It consists of a compact mass of polyhedral cells with granular cytoplasm, and lacks
.openings to the outside of the body or to the alimentary canal. He also reported that
:silvery gland lying along the ventral contour of the body is composed of longitudinal
muscle bundles sheathed with a fine stratum of fibrous connective tissue. This may act
.as an important element for diffusing the light emitted from the luminous organ. Again
in 1959, he reported in a new species of this genus, Siphamia majimai, a peculiar organ,
possibly luminescent, which lies in the abdominal cavity immediately below the liver.
“This organ opens into the intestine by a slender duct.

However only preserved specimens of the above mentioned two species of Siphamia
‘were studied, so that their luminescence in a living condition could not observe.

Thus it was still uncertain whether these fish were luminous or not.

During my collecting expedition around the world from April 1959 to May 1960,
I had a chance to visit the U.S. National Museum in Washington, D.C., and had the
privilege of examining all the specimens of the genus Siphamia of the Museum collection.

In April 1960 I collected a single fresh specimen of Siphamia versicolor from the
miscellaneous fishes in the Market of Cebu, Philippines. I observed a weak light being
.emitted from the organ, but obtained negative results in an attempt to cultivate luminous
bacteria from the organ.

Due to the shortage of material, the results were inconclusive.

I was introduced to Mr. T. Matsvoka of the Hamanako Branch Institute of the
‘Shizuoka Prefectural Fisheries Institution, through the courtesy of Dr. Y. TomiNaca of
the Misaki Marine Biological Station. Mr. MaTsvoka found that Siphamia versicolor lives
:symbiotically among the spines of Diadema setosum, a long spined sea urchin in the
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‘waters of Okinawa. He gave me very useful suggestions for collecting live Siphamia.
In April, and September 1964 I had a chance to visit Okinawa Island, and there
obtained enough specimens of Siphamia versicolor to study. I also observed the light
emission of live specimens in the dark.

Material and Methods

The specimens of Siphamia versicolor were obtained among the Diadema setosum,
long spined sea urchins, at the sandy bottom of the subtidal zone of coral reefs, about
4~5 meters deep, off Itoman and Minatogawa Beach, Okinawa Island. Usually these fish
live symbiotically among the long spines of the sea urchins. If the sea urchin were
moved with a hook, the Siphamiac also moved together, and, so they were collected
‘together with the sea urchin in a hand net.

The materials were brought to laboratory and kept alive in a small aerated aquarium
2 or 3 days in order to observe their coloration and light emission at night. Some
'specimens were fixed in 10% sea water formalin and dissected.

The lower portion of the body was sectioned by the celloidin method and stained
with Haemotoxylin eosin and Azocarmin G, Anilin blue orange G. The material were
also stained with acridin orange for observation by ultra-violet rays under the fluorescent
microscope.

Three other species of the genus Siphamia were studied: Siphamia ovalis, S.
Juscolineata, and S. elongata, all of which were presented as exchange specimens to the
Yokosuka City Museum for the study from the division of fishes, Smithsonian Institution
on September 25, 1959 through the courtesy of Dr. L. P. ScauLts of the said Institution.
The specimens number are as follow: S. elongata, U.S.N. M. No. 112099, March 11,
1909, Canmahala Bay, Luzon, Philippines, by Albatross; S. wversicolor, U.S.N. M. No.
112269, April 18, 1908, Philippines, by Albatross; and S. Sfuscolineata, U.S.N.M. No.
142281, April 25, 1946, Marshalls, Bikini Atoll, by Morrison and Ladd.

Results

1. Color when alive and in formalin.

Siphamia versicolor is a small apogonid fish attaining a standard length of 30mm.
Due to the expansion or contraction of melanophores scattered all over the body, at
least 3 color patterns were recognized. While the fish is among the spines of sea urchins,
its body is uniformly dark or blackish brown, the same color as the sea urchin. While
the fish is swimming over a white sandy bottom away from the sea urchin, the color
‘becomes dusky silver with three longitudinal brown stripes. After death the fish usually
‘becomes a light-colored silver with black and pink dots; sometimes the head remains
black. It is possible that this color change serves as a mechanism for screaning the
light emitted from the luminous body.

When the fish were put alive into formalin solution, there appeared at least 3 color
‘patterns: A uniform blackish brown, an intermediate color pattern with longitudinal
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black stripes, and a whitish light colored silver.
2. Luminous organ.

The luminous organ of this fish consists of the following components: A luminous:
body a tube connecting it to the intestine and an accessory structure of translucent
muscle bundles.

The luminous body lies just below the antero-ventral surface of the liver at the:
level of the base of the ventral fin.

It is a small spherical body with two distinct elements, outer and inner. This.
spherical organ measures 2.0mm. in length, 1.5mm. in width and 0.3mm. in thickness.
in a specimen measuring 26.0mm. in length. Dorsally, the main structure is completely
covered by an opaque stratum. The dorsal surface is exposed to the abdominal cavity..
This structure is the same as the reflector of the luminous body of Apogon ellioti..
The inner element is a luminous duct with a well-developed plexus of blood capillaries..
In the duct a great number of luminous bacteria live symbiotically, as in Paratrachychthys,.
Leiognathus, Acropoma, Macrouridae and Monocentris.

Twar (1958) mentioned that the curious organ consisted of three elements, and that
perhaps the most functional was a compact mass of polyhedral cells lying in the middle-
layer of the organ. The transparent muscle bundles that he considered to be a third.
element are in reality not part of the luminous body itself, but merely a bunch of
transparent muscle fibers passing between the luminous organ and the translucent muscle:
bundles.

If the lower portion of the fish is cut away and the lower part of the intestine is:
slowly pulled out, the spherical luminous body can be seen at the end of a slender tube
connected to the intestine. On further pulling, the spherical body separates from the
ventral muscle. This spherical body is made up of the two components, luminous body-
and the reflector above. The slender tube connects the luminous body with the intestine:.
From the dorsal region of the reflector of the luminous body, the conducting tube begins:
and ends at the intestine. Iwar (1958) could not find this tube in S. versicolor, but he:
mentioned it in S. majimai (1959). He mentioned that eight canaliculi were observed
in cross section, and all canaliculi extend backward within the reflector to the posterior
end of the luminous body.

Along the ventral border of the third stripe a silvery band lies between the isthmus.
and the caudal peduncle. On the ventral aspect the band originates on either side of
the brownish midline keel of the isthmus, and extends on each side posteriorly to the
base of the ventral fin. The outer appearance of these silvery regions is similar to that
of Paratrachychthys prosthemius or Apogon japonicum or A. hanedai.

Histological examination revealed that this region consists of longitudinal muscle-
bundles covered with a thin black pigment sheath. If transverse section of fresh
material is observed these muscle bundles appear to be of translucent opaque tissue
quite similar to that of Acropoma, Paratrachychthys, Leiognathus and Parapriacanthus.
These peculiar muscles diffuse the light emitted from the luminous body. Accordingly
it is certain that the muscle bundles also serve as an accessory structure to the luminous.
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body.

A great number of branched chromatophores are scattered throughout the outer
surface of the fish, especially on the surface of muscle bundles. It is possible that these
-chromatophores serve as a mechanism for screening the light emitted from the luminous
body.

3. Observations on the luminescence in the dark.

Since the luminous body is not visible on the surface of the body, this fish,
-externally and in daylight, has the appearance of an ordinary non-luminous fish, except
for the distinguishing muscle bundles of the thoracic area.

Several fishes were put into aquarium of sea water in a dark room and their
luminescence was studied. No Iuminescence could be seen when the fish were viewed
laterally. A diffuse weak bluish-white luminescence from the keel muscle and the silvery
muscle bundle could be seen. If the fish received a strong stimulus or was removed
from the water the keel muscle and the lower part of the thoracic region lighted up.
The intensity of luminescence increases owing to the contraction or expansion of the
chromatophoreres, scattered in the skin of the ventral area.

4. Comparative observation of the emulsion of luminous body of S. wersicolor and

Apogon, ellioti.

For the purpose of comparing the contents of the luminous body of Siphamia versicolor
:and Apogon ellioti, emulsions of the contents of the luminous body were made in sea
water and in distilled water and the luminescence of these preparations was observed
in the dark.

A. Effect of salt.

If the emulsion was made in sea water, the whole of the emulsion of S. versicolor
would be luminescent, but if it was allowed to stand, only the upper layer exposed
to the atmosphere would glow while the deeper lower layer became non-luminous.
When shaken up, luminescence was again uniformly distributed in the tube. In Apogen
ellioti the whole of the emulsion was uniformly luminous much longer.

If it was centrifuged, the luminosity was concentrated in the sediment at the bot-
tom of the tube; the fluid above was clear and not luminous. If the precipitate was
well mixed with sea water, the whole mixture became uniformly luminous, but if it
was mixed with distilled water, it failed to show any luminosity.

If the emulsion of the luminous substance of Apogon ellioti was centrifuged, the

whole emulsion continued uniformly luminous, i.e., both the sediment and the fluid
above.

B. Effect of temperature.

Luminescence of the emulsion of S. wversicolor is greatest at a temperature of
20~26°C. When the temperature is raised luminescence decreases and finally disappears
at 45°C. If the emulsion was heated above this point, luminescence ceased completely
and could not be reactivated when cooled again to 20°C. If the emulsion was cooled

below 5°C, luminescence ceased completely but could be reactivated when heated again
to above 5°C.
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The luminescence of the emulsion of Apogon ellioti, did not show such distinct
differences at different temperatures.
C. Effect of water.

Dried luminous body of S. versicolor did not recover luminescence if water was.
poured on it in the dark, but the dried luminous body of Apogon ellioii emited light
when wet.

D. Microscopical and bacteriological observation.

Microscopically the emulsion of the luminous body of S. wersicolor is made up of
disintegrated particles of gland cells with innumerable bacteria. Isolation experiments.
were carried out by the usual method of culture, and obtained the same kind of
luminous bacteria from the different specimens of S. wversicolor. On the contrary, the:
emulsion of A. ellioti is made up of particles of the luminous substance itself, and.
culture experiments showed negative results.

E. Luciferin-Luciferase reaction.

In Apogon ellioti, a light emitting ‘‘ Luciferin-luciferase ’’ reaction resulted on mix-
ing two aqueous extracts, one prepared by boiling for 1-2 minutes, followed by rapid
cooling with ice (luciferin or substrate solution), and the other by grinding the minced.
ducts in cold water in a mortar (Luciferase, or enzyme solution). On the other hand
no reaction was noted on mixing the two extracts from S. wversicolor. Concluding
from the results of the above mentioned experiments, the luminous source of S.
versicolor is luminous bacteria, which live symbiotically in the duct of the luminous.
body. The luminous body was not contain any luminous substance. On the other
hand, the luminous source of Apogon ellioti is a luminous chemical substance, and
there are no luminous bacteria.

5. Comparative anatomy of the luminous organ of the different species of Genus Siphamia.

The comparative anatomy of the luminous organ of the different species of genus.
Siphamia, S. ovalis, S. fuscolineata, and S. elongata was studied. No remarkable difference
was noted. Recently Tominaca (1964) stated that S. cuprea, S. ovalis, S. fuscolineata and.
S. argentea are synonyms of S. versicolor, and that S. elongata is a slender variety of
S. wversicolor.
6. Origin of the symbiotic luminous bacteria in the luminous duct of Siphamia.

Bucuner (1921, 26) and PieranTont (1914, 18) published their so-called intracellular
luminous symbiosis theory, describing the special relationship existing between luminous.
bacteria and animals. They described the luminous bacteria as always occurring within
the cell and transmitted to offspring by means of the egg, in this manner infecting
the second generation. However, it has been concluded that this is not the case; rather
it is believed that the luminous bacteria are present externally, and pass through
external openings into the light organs to settle there during the larval stage of the
fish. In other words, the bacteria infection is secondary and not transmitted by means
of the egg. However, there have been no experimental demonstrations of how the
symbiotic luminous bacteria enter the luminous organs of fish.

In the majority of apogonid fishes, the adult males protect the eggs in their mouth.
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Siphamia versicolor also keep their eggs and newly hatched larvae in their mouth.

Fortunately, when I visited Okinawa Island in April, the breeding season of Siphamia
versicolor had started. I obtained a large amount of eggs and newly born larvae, and
was able to observe them in the dark. Even a faint light could not be seen from the
mass of living eggs and larvae.

If the symbiotic luminous bacteria are transmitted to the offspring by means of
the egg, as BucrEr or PIERaNTONI postulated, the mass of living eggs or new-born larvae
must be luminous in the dark.

The fact that neither the mass of eggs or larvae emitted no light is a clear

demonstration that the bacterial infection is secondary and not transmitted by means.
of the egg.

Discussion

The luminous body of Siphamia versicolor is a small spherical body which is composed
of two distinct elements, outer and inner. As in the report by Iwai, the outer element
consists of an opaque stratum of fibrous connective tissue. It is virtually the same as
the reflector of the thoracic luminous body of Apogon ellioti. From the dorsal region
of the outer element of the luminous body, a slender connecting tube runs to the in-
testine. Iwar's ‘“compact mass of polyhedral cells lying in the middle layer’ is the
inner element. It is a duct, in which a great number of symbiotic luminous bacteria
live, similar to Paratrachychthys, Acropoma, Leiognathus, Macrouridae, and Monocentris.

The longitudinal muscle bundles located on the ventral side of the inner element,
which Iwar described as a third element, are not a portion of the luminous body, but
instead are bundles of transparent muscles running between the luminous body and
the accessory translucent muscle bundles. The cross section of these muscle bundles
is elliptical in shape. These transparent muscle bundles are a lens to strengthen the
light of the luminous body, which light is then diffused through the translucent muscle
bundles.

The genus Siphamia is well characterized among the family Apogonidae by the
presence of longitudinal muscle bundles along each side of the anal base. The function
of these translucent muscle bundles is to diffuse the light emitted from the luminous
body, as in Acropoma, Paratrachychthys, and Leioguatus.

Iwar thought that the luminescence of this fish was intracellular, but the actual
luminous source is symbiotic luminous bacteria which live in the duct. BucmNer and
PieranTont supposed that the luminous bacteria entered the luminous organ by infection
of the egg. Instead I propose that the bacteria enter by secondary infection, that is,
through the opening of the duct during the larval stage.

Although no practical demonstration was hitherto possible, I observed no lumines-
cence in newly hatched larvae of Siphamia versicolor and therefore concluded that
infection was secondary and not via the egg.

Although Siphamia versicolor is closely related to Apogon ellioti of the same family
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Apogonidae, and although the structure of the luminous organ is very similar, the light
source is entirely different. The light source of Apogon ellioti is a chemical substance
with a positive luciferin luciferase reaction, while that of S. wversicolor is symbiotic
luminous bacteria. This contrast to be extremely interesting biologically.

Summary

1. Siphamia versicolor is a small apogonid fish which lives symbiolically among the long
spines of Diadema setosum, a long-spined sea urchin. Thus was observed in living
conditions both in daylight and in the dark at Okinawa Island.

2. The luminous organ of this fish consists of a luminous body with a connecting tube
to the intestine and an accessory structure of translucent muscle bundles. The luminous
body is inbeded in the thoracic muscle and is a small spherical body composed of two
distinct elements, outer and inner. From the dorsal region of the outer elements,
the connecting tube begins and runs to the intestine.

3. The inner element of the luminous body is a luminous duct, a well developed plexus
of blood capillaries. In the duct a great number of luminous bacteria live symbiotically,
similar to Acropoma, Paratrachychithys.

4. Along the ventral border of the third stripe, a silvery band lies between the isthmus
and the caudal peduncle.

The outer appearance of this silvery region is similar to that of Paratrachychthys
prosthemius or Acropoma japonicum.

This region is the longitudinal muscle bundles, covered with a thin black pigment
sheath. These peculiar muscle bundles diffuse the light emitted from the luminous
body and also serve as an accessory structure to the luminous body.

5. In the dark, no luminescence could be seen when the fish was viewed laterally. A
diffuse weak bluish luminescence of the keel muscle and the silvery region could be
seen. If the fish received a strong stimulus or was removed from the water, the
intensity of luminescence increased.

6. The fact that the mass of living eggs or newly hatched larvae of this fish emitted
no light, it is a clear demonstration that the bacterial infection in the luminous duct
is secondary and not transmitted by means of the egg.
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F) AMF72VV, VFT7 27— ERIRICEWT, Y= rf YEFIIRWEIGERL, 7 IAZNL, FV

A FFDOREFEDOHTLMALIRIGCHERDIIH, RKADORKAETIIZO X 57 KIGIXR bhith -
ey
BLED X 5 BN D, AAOREEAARL, BRCKETIRKEA 2779V 7THb,

. Siphamia BOhOEBEORNEFICOWT
Siphamic BoOMOMEEIZ OV Tik LACHNER (1953) 73, %< Offi¥H, S. versicolor, S. cuprea, S.
ovalis, S. fuscolineata, S. argentea, S. elogato 7c E¥%#XKBILTkh, FEHE, hLOERYRHHE
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LRI, FEWBITOWTITRE LV ERAEDE ot AL, Bk (1964) i S. cuprea, S. ovalis,
S. fuscolineata, S. argentea % S. versicolor @ Synonym X L, {#»Z, S. elongate #FfEE LT
WHEDT, FRBOMBERDOILCDILLRTHDe S. elongata & DHIZHE LFEHIROMELTID
biishoTe

6. FAELENITYTOHE

BNARPID A2 7V TH, EDX ST UTES LIk, &< ofndh, B mLT, EX~277
Y 7TREAZEZL DR E DL, T2 7Y Tk, s b Lo, FGCERAHSKT, oL
Fiio T, WKHFDAZ 7YV T7HREA, THELLEVIRELDD, FHELIRBHOHAE LTV, X
T, TRETFEBET LR o BT LSME, Z2ROMICEBOEZ LML REICTHEL, XD
Ay UH~N5Z EaiHE e, Cofuk 5 AE, METXERPchD, REMYOEALZEELRD DD
T, WEELfUL, FERIZSOGNRIEEH L, b L, A2 T 7T2IEE L TROERISEEZ
nobordiug, £Ex408 MEEZOHRIIRLTIETH D, LLxMrDENFH ELFHFHITEL
EINEHERRDONDETH D, LIHH, METEBECHE L), BIEEZOHTCRE RikE
DhRichats, AN, EOfr, AE LT, BETDHL5Thb50L, SBEOWRBRECH D, d LIOHK
M shfa ORI HE LS ¥ CRTHRS & THILHRDS 2HENFRIN 501 TH B,
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Fig. 1. Siphamia wversicolor in the long spines of Diadema setosum, a long
spined sea urchin.

-
SB

i

Fig. 2. Three specimens of Siphamia versicolor, showing three different color
patterns.

1, uniformly dark or dark brown; 2, light colored or pale pink; 3, dusky
silver with three longitudinal brown stripes; SB, silvery band,
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Fig. 3. Transverse section of the luminous body of Siphamia versicolor.

Photo, luminous body; RF, Refrector; C, Canaliculi; LI, liver; IN, intestine;
CAP, capsel; PG, pigment; TPM, transparent muscle serve as a lens; TLM,
translucent muscle bundles.

Fig. 4. Longitudinal section of the luminous body of Siphamia versicolor.

PHOT, luminous body; RF, refrector: CAP, capsel; PG. pigment; LI, liver;
TPM, transparent muscle serve as a lens.
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Fig. 5. Enlarged figure of luminous body.
PHOT, Iuminous body; RF, refrector; LD, luminous gland cell; LB,
mass of luminous bacteria

Fig. 6. Transverse section of the luminous body and connecting tube.
PHOT, luminous body; RF, refrector; CT, connecting tube;
C, canaliculi.
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Fig. 7. Microscopic figure of the contents of luminous body, showing
symbiotic luminous bacteria and a segments of gland cell.

Fig. 8. Newly hatchet larvae of Siphamia versicolor.
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