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ABSTRACT

A report on the detection, analysis, spectrum, and identification
of several polycyclic aromatic hydrocarbons as lipoid-soluble, fluo-
rescent organic compounds occurring in certain marine invertebrates
(barnacles) is presented, Crystalline preparations of these compounds
have been obtained from the intensely fluorescent zones resulbing
from chromatographic resolution of the crude barnacle extracts. These
hydrocarbons include anthracene, phenanthrene, fluoranthene, chrysene,
1,12-benzperylene, coronene, and the strongly active carcinogen, 3,lL-
benzpyrene, Similar experiments carried out with the beach worm have
revealed only traces of polycyclic aromatic compounds., They have not
been found in deep-sea mud samples or in some seaweeds tested. Some
suggestions are made as to the origin of these compounds in barnacles
(and beach worms).

When polycis carotenoids are fed to chickens and hens over a
period of several days, and the crude extracts of the different
tissues, gut washings, and feces of these animals are submitted to
chromatographic analysis, the pigments recovered are found to con-
sist of the unchanged starting compound and stereoisomerized forms,
This bio-stereoisomerization results in the formation of not only
the all-trans and neo-forms of the carotenoid administered but also
polycis isomers, some of which possess more cis double bonds than

the starting material,
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I. THE ISOIATION AND STUDY OF SOME NATURALLY OCCURRING FLUORESCENT
ORGANIC COLPOUNDS.

A, DETECTION AND IDENTIFICATION CF CERTAIN FLUORESCENT COMrOUNDS
EXTRACTED FROM MARINE MATERTALS.

1. THEORETICAL PART.

a, Introduction.

In recent years the investigations by Zechmeister and col-
laborators of lipoid-soluble, fluorescent organic compounds occurring
in plant tissues have resulted in the discovery and characterization
of a colorless, green-fluorescent Cho—polyene, phytofluene (64), and‘
a heterocyclic, aromatic, sulfur-containing, blue-fluorescent
3 (65).

Phytofluene is the first representative of the class of color-

compound, & -terthienyl Gy oHgS

less carotenoid hydrocarbons and exhibits the characteristic spectrum
for these compounds, except that its three extinction maxima

(located at 331, 348, and 367 mp. in hexane) have been shifted towards
much shorter wave lengths (6L). The probable structure of phytofluene
is that of a partially hydrogenated lycopene, with two of its seven
double bonds located in the terminal isopropylidene groups and the
remaining five conjugated in the central section of the molecule.
Because of its widespread occurrence in carotenoid-containing plant
tissues (63), it has been suggested that phytofluene could be an
intermediate in the biosynthesis of carotenoid pigments (5, L1).

Recently, Porter and Zscheile isolated another colorless polyene



of the Ch -class from tomatoes (L0)., This new compound, termed

0
phytoene", differs from phytofluene in having two double bonds less
in the conjugated system (maxima, in isooctane: 275, 285, 297 mp. ).
In this Thesis similar investigations of naturally occurring,
lipoid-soluble fluorescent compounds were extended to seaweeds,
invertebrates, and mud samples collected from the sea shore of
Southern California in order to test the occurrence of phytofluene
in various materials of marine origin. In the course of these
studies several intensely fluorescent, crystalline compounds belong-
ing to a class of compounds entirely different from the aliphatic
polyenes described above, namely, the polycyclic aromatic hydro-
carbons, were isolated from barnacles. A description of these
organisms as well as the other marine materials investigated and the
fluorescent substances obtained upon chromatographic resolution of

their respective extracts are given on the following pages.

b. Iluorescent Compounds Obtained from the Thatched
Barnacle (Tetraclita squamosa rubescens),

Barnacles belong to the Crustacea, class Cirripedia, and can
be described as shrimp-like animals enclosed by a calcareous shell
(35). The larvae are free-swimming, but the adult barnacles assume
a sessile existence, attaching themselves firmly by means of a
secretion from special cement glands to foreign objects, such as
rocks, wharf pilings, drifting wood, seaweeds, ship bottoms, whales

and even to other barnacles or mussels, etc. (50).



The barnacles studied in the present Thesis belong to the
order Thoracica ("true barnacles"). The shell enclosing the body
contains movable opercular plates which are tightly closed when the
tide is out., The animal has six pair of legs (cirri) which are
divided at their ends into two long, many-~jointed, hairy branches
curled towards the mouth and giving the appearance of feathery
plumes, When the animal is covered by the sea, the valves of the
shell open 1o allow the protrusion of the feathered appendages,
This casting net of legs, by making continuous grasping movements
anG withdrawing into the shell between each sweep, combs the water
for finely particulate matter (detritus) which constitutes the
food of the barnacle (for an excellent photograph, see reference
50).

The true barnacles are divided into two suborders, the

stalked barnacles (Lepadomorpha) or goose barnacles (discussed in

the following section) and the acorn or rock barnacles (Balanomorpha).

In the latter Uype the shell of the animal is attached directly onto
some solid object and consists of limy plates rigidly fitted
together in a tepee-like form around the sides of the animal, At
the top of the shell there are two pairs of hinged plates (operat-
ing like doubleldoors) through which the cirri protrude during

feeding,
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Figure 1. Specific extinction curves, in hexane: s crystalline

compound A ex Tetraclita (maxima at 2Lk, 209.5, 261, 269,
275-6, 291, 302, 315, 345, 358, 377, LOL-5, L21, and 428 mu.);
- - - =, crystalline compound E ex Mitella (maxima at 250,
269, 276, 291, 302, 31L.5, 359, 377, LOO, LOL-5, 421, and
128-9 mp.). Unidentified,
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Molecular extinction curves of 1, 12-benzperylene, in hexane:
» crystalline fraction ex Tetraclita; - - - -, synthetic

1,12-benzperylene (ex perylene).



(1). Thatched Barnacles from Corona del Mar, Calif. (55)

The first sample of thatched barnacles (Tetraclita squamosa

rubescens) studied was obtained at Corona del Mar, Calif,, from
pier pilings near the Kerckhoff MMarine Laboratory, Identification
of the barnacles was made by Dr., ¥, R. Coe of the Scripps
Institution of Oceanography, La Jolla, Calif, In contrast to the
usual members of this species (relatively large barnacles with
thick, brick-red shells) found on the Pacific Coast, the specimens
collected were yellowish in color and smaller in size,

The crude extract of the thatched barnacles displayed an
intense blue fluorescence, and after chromatographic resolution
the resulting main fluorescent zones yielded spectira typical for
polycyclic aromatic hydrocarbons. Following repeated chromato-
graphic purification of each fraction, eight crystalline preparations
were isolated in small quantities,

3,L-Benzpyrene, One of these crystalline samples whose

composition and molecular weight corresponded to the formula
CZOH12 gave an extinction curve containing many of the maxima of
the 3,L-benzpyrene spectrum (Figure li), However, the presence of
other maxima in the curve, the wide melting point range, and the
shade of its fluorescence in solutions, which was distinctly more
bluish than that of pure 3,Li-benzpyrene, indicated that this pre-

paration consisted of a mixture of 3,L~benzpyrene and some of its
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isomers {or/and close analogs).

Since the limited amount of substance did not permit more
extended resolution experiments, the presence of 3,L-benzpyrene
was confirmed by means of the following observation made by
Fieser and Campbell (16). These authors found that 3,L4-benz-
pyrene is able to couple with p-nitrobenzenediazonium chloride to
give an azo dye, This coupling is one of several special sub-
stitution reactions which this hydrocarbon readily undergoes at
the reactive 5 position. The latter corresponds to the meso 10
position in the 1,2-benzanthracene ring system and is absent from
the isomer 1,2-benzpyrene (cf. formulae below), Consequently, our
crystalline preparation as well as a commercial but chromato-

graphically purified sample of 3,li~benzpyrene was treated according

3,li=benzpyrene 1,2=-benzpyrene

to the directions of Fieser and Campbell, ZLach of the two dye
solutions obtained was then submitted to chromatographic purifi-

cation, until homogeneous zones resulted, After elution it was
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found that the two dyes could not be separated in the mixed chroma-—
togram test. HFurthermore, the spectral differences observed between
the crystalline product ex barnacles and authentic 3,li=benzpyrene
were mostly eliminated. Although the respective extinction curves
as given in Figure 5 do not appear to be strictly congruent, the
identity of these samples can hardly be doubted.

Since the evidence accumulated definitely indicated that our
preparation contained the strongly carcinogenic 3,lL-benzpyrene, the
sample was tested for carcinogenic activity., This assay was kindly
conducted by Dr. M. B. Shimkin of the Laboratory of Experimental
Oncology, National Cancer Institute, San Francisco, Calif.

The following data taken from Dr. 3Shimkin's report clearly sub-
stantiated the presence of an active carcinogen in the barnacles
studied (L3):

"The material was dissolved in tricaprylin, 5 mg/ml., Twelve
male C_H mice, 3 months old, received a single subcutaneous
inject%on of 0.5 mg in 0,71 ml; 12 additional mice were injected
with 0.25 mg in 0.05 ml, The mice were maintained on Purina dog
chow and an unlimited supply of water. They were examined weekly
for the presence of progressively growing tumor at the site of
injection,

Four of 12 mice receiving 0.5 mg of the material developed
subcutaneous tumors in 16, 17, 19, and 20 weeks following injection,
Two of 12 mice receiving 0.25 mg developed tumors in 17 and 19
weeks. The remaining 18 mice were alive and free of tumor 36 weeks
after injection.

The mice with tumors were sacrificed when the tumors reached
1-2 cm in diameter, On histologic examination, all 6 were seen to

be spindle-cell sarcomas with local invasion of areolar and
muscular tissue, Iiorphologically they were indistinguishable from
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tumors induced with 3,L-benzpyrene and other polycyclic carcino-
genic hydrocarbons. <Lhe [{irst tumor to be noted was transplanted
into six CqH mice and grew vigorously within 10 days, maintaining
its sarcomatous appearance.

Previous data showed that 80-90% of C,H male mice developed
sarcomas within 20 weeks after the subcutaheous injection of 0,25~
0.5 mg. of 3,L-benzpyrene dissolved in tricaprylin., The incidence
of approximately 25%, and the longer latent period of the tumors
in this investigation, suggest that the material tested contained
10-L0% of the active carcinogen, assuming that 3,L=benzpyrene was
the only such coinpound present and that other substances in the
sample did not alter the carcinogenic reaction,

Anthracene and phenanthrene, A second crystalline sample,

C1hH1O’ exhibited the simultaneous presence of extinction maxima
typical for anthracene and phenanthrene (Figure 9)., Following the
method of Bradley and Marsh for separating these isomers (7), the
solution of the crystals was exposed repeatedly to sunshine. The
dianthracene precipitate formed by photochemical dimerization was
filtered off and then depolymerized by heating; the spectrum of
his product clearly demonstrated the presence of anthracene,
although it was not free of contaminants (Figure 10), The filtrate
from the removal of the dianthracene was rechromatographed,
crystallized, and sublimed in vacuo, The crystalline substance
obtained was spectroscopically identified as phenanthrene

(Figure 11).
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seoles;

anthracene phenanthrene

Fluoranthene, Analysis and determination of the molecular

weight of a third crystalline sample yielded the formula, C16H1O‘
The mixed melting point test, the similarity in fluorescence, and
the agreement in extinction curves (Figure 7) established the
identity of this preparation with fluoranthene, koreover, the
crystalline compound did not separate from an authentic fluoranthene

sample on the chromatographic column.

fluoranthene

1,12-Benzperylene and chrysene, Two crystalline preparations

obtained in smaller yield than those mentioned could be identified
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The anthracene content of both samples
was removed as dianthracene, by illumination,
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on the basis of their characteristic spectra as 1,12-benzperylene
and chrysene, respectively (Figures 2 and 6), MNixed chromatogram

and mixed melting point tests confirmed this identification.

1,12-benzperylene chrysene

Unidentified crystalline polycyclic aromatic compounds, "A"

and "B", Two further small crystalline samples yielded extinction
curves characteristic for polycyclic aromatbtic compounds but could
not be identified so far (Figures 1 and 8), The resemblance of the
spectrum of compound B (Figure 8) to that of anthracene indicated
that it was probably a derivative of the latter, On the alumina
column compound A is adsorbed immediately above the 1,12-benz-
perylene zone. Compound B 1s located above anthracene from which

it 1s separated by a clear interzone,
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Figure 13. Extinction curves in hexane of pigment fractions ex Tetraclita
(from La Jolla): , spirilloxanthin; --.--,, unidentified;
~e=e=s, zeaxanthin; - - - -, unidentified; -'-'-', lutein;
-o='=,, unidentified.
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(2). Thatched Barnacles from la Jolla, Calif,

In sharp contrast to the Corona del Mar sample of Tetraclita
which ylelded the polycyclic aromatic compounds just described, the
fluorescent fractions obtained from thatched barnacles originating
from rocks near La Jolla, Calif., were found to be of a very
different nature. The extinction curves of these unidentified sub-
stences increased sharply with decreasing wave length below 300 mp.;
they were characterized by only one or two small maxima (Figure 12).

c. [luorescent Compounds Obtained from the Goose
Barnacle (Mitella polymerus).

The "gzoose barnacle! belongs to the suborder of the stalked
barnacles (6), These animals are attached by a fleshy stalk or
"peduncle" to rocks, pilings, other marine animals, etc, and only
vaguely resemble the squat and heavy-shelled thatched barnacles in
appearance. The peduncle is edible and is considered by the Spanish
and Italians as a choice food (Li2)., The body (capitulum) of the
animal, including the cirri or "feather-feet'", is enclosed within a
calcareous shell consisting of two valves at the unattached end of
the peduncle, Figure 15 shows a specimen of the goose barnacles
investigated which were collected from pier pilings at the Scripps
Institution of Oceanography, La Jolla, where they had been growing
on and among mussels., Although the stalks appeared to be rather
brownish on the outside, the Cleshy interior was reddish orange,

Only the separated peduncles were extracted in the present study.
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gure 15, Goose Barnacle (Mitella polymerus).
Note the smaller goose barnacle,
which had been growing on the pe-
duncle of the larger specimen, and
the presence of a small acorn bar-
nacle on the capitulum of the latter.

The fluorescent fractions obtained upon chromatographic
resolution of the crude extract of the peduncles yielded small
quantities (0.1 to 1 mg.) of eleven crystalline substances, all
belonging to the class of the polycyclic aromatic compounds. These
crystalline preparations included coronene, 1,12-benzperylene, 3,l-

benzpyrene, chrysene, fluoranthene, and six other unidentified
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compounds. Several of these substances had also been obtained from
the thatched barnacles collected near Corona del dar., The poly-
cyclic aromatic compounds isolated from the two species of barnacles
are listed in Tables I and II, The identification of the five
hydrocarbons mentioned is briefly described below,

Table T

List of Identified Polycyclic Aromatic Hydrocarbons
Obtained from Barnacles

Extinction Ixtinction
Tetraclita squamosa rubescens Curve Mitella polymerus  Curve
(ex Corona del lfar) (Figure) (ex La Jolla) (Figure)
Coronene 18
1,12-Benzperylene 2 1,12-Benzperylene 19
3,L-Benzpyrene L 3,i-Benzpyrene 21
Chrysene 6 Chrysene 23
Fluoranthene 7 Fluoranthene 2l
Anthracene 10
Phenanthrene 11

3,4-Benzpyrene. A small sample of a crystalline substance

showed most of the typical maxima of 3,L-benzpyrene in its extinction
curve (Figure 21). The identification of this preparation with 3,L=-
benzpyrene was confirmed by its non-separation on the chromatographic
column from an authentic sample and furthermore, by the coupling

reaction with p-nitrobenzenediazonium chloride., The dye obtained
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Figure 19, HMolecular extinction curves of 1,12-benzperylene, in hexane:
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did not separate chromatographically from the one prepared from
pure 3,l-benzpyrene; moreover, both dyes displayed similar extinction
curves (Figure 22).

A comparison of Figures L4 and 21 shows that the spectrum of
the 3,L-benzpyrene preparation ex litella agreed even better with
that of the pure reference saumple than did the curve of the corre-
sponding preparation ex Tetraclita  After resolution of the crude
peduncle extract, the "3,Li-benzpyrene" fraction was observed to be
chromatographically heterogeneous - consisting of three poorly
separated zones, Nevertheless, the latter could be separated by
careful cutting., The crystalline preparation obtained from the
lower zone gave the 3,L-benzpyrene spectrum as shown in Figure 2l
while the top and middle zones yielded unidentified crystalline
compounds designated as F and G, respectively (Figure 20), By
comparing their curves with those represented in Figures 3 and L,
it becomes evident that some of the discrepancies in the spectrun
of the "3,4-benzpyrene" fraction obtained from Tetraclita may well
have been caused by the presence of these two compounds (F and G)
(esg2e, the peak at 307 mu, which does not belong to the curve of
pure 3,L-benzpyrene (Figures 3 or L) corresponds to the main
maximum of compound E). However, despite the elimination of F
and G from the sample, the 3,li-benzpyrene fraction ex Mitella

still contained several peaks which were not found in the curve
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Figure 20, Extinction curves in hexane of unidentified crystalline com-
pounds ex Mitella: » compound F; - - - =, compound G.
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shown by the Tetraclita preparation, (277.5, 288, 316, and 330.5
mp. in hexane), These maxima were probably caused by 1,2-benz-
pyrene which exhibits high absorption peaks at these very wave
lengths*.

Coronene, A pale yellow crystalline preparation (a little
less than 1/2 mg.) with green fluorescence was identified as
coronene, Although no authentic sample of coronene could be
obtained for a direct comparison, the presence of this hydrocarbon
in Mitella is evident from the similarity in the extinction curve
of the preparation to that reported for coronene (37) (ef. Figure

18 and Table III).

coronene

1,12-Benzperylene, chrysene and fluoranthene, The spectro-

scopic identification of two fluorescent crystalline samples with

1,12-benzperylene (Figure 19) and chrysene (Figure 23) was

Wave lengths of extinction maxima of pure 1,2-benzpyrene, in
aleohol: 237; 257, 267, 278, 239; 304, 316.5, 331.5; 3u48, 357,
366, 377, 383, 388 ma. (11).
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Table III

Wave Lengths of Extinction lMaxima for Coronene in the
Region from 280 mp. to 360 mp,”

Data for coronene Data of Clar (10) Data for coronene Data of
ex Mitella ) ex Mitella Patterson
in in in in in in
benzene hexane benzene alcohol chloroform chloroform
I — — (282) (282) mp.
292,5  289.5 = =—— 290 292 293
(299)
304.5 301 e 302 30L 305
) (316)
325,5 323 325 ———— 3255 326
3350 5 333 33505 aem—— 33505 335
341 338 341 e 341 341
3L7 34L.5 — ———— 347 347
356 353 e — (355-6) (355)

* The figures designate wave lengths, in millimicrons. Data in
parenthesesrepresent points of inflection.

confirmed by mixed melting point and mixed chromatogram tests with
the authentic compounds,

The fluoranthene preparation obtained from lMitella was con-
siderably less pure than the sample isolated from Tetraclita
(Figure 2L).

Unidentified crystalline polycyclic aromatic compounds. Of the

six such fluorescent compounds obtained from the goose barnacles

(cf. Table II), two (F and G) have already been described as being



mol
lcm

log E

40 |-

30

20 —

250 300 350 my

Figure 23, Molecular extinction curves of chrysene, in hexane:
s crystalline fraction ex Mitella; - - - -, com-
mercial, chromatographically purified chrysene.
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probable contaminants of the Tetraclita sample of 3,L-benzpyrene,
It should be mentioned that the general features of the extinction
curve of compound F, (Figure 20) , especially the alternating high
and low absorption peaks in the long wave length region, resemble
those of 3,l~benzphenanthrene (3L). However, the spectrum of the
latter is more compressed (absorption tands located between 260-365
mp, ) than that of compound F (maxima located between 220-400 mu.).

The spectrum of compound C (figure 17) contained a number of
maxima and features which were found in the curves of 3,L~benz-
pyrene (Figure 21) and 1,12-benzperylene (Figure 19) (cf. es-
pecially the region, 320-390 mp.). Compound C, however, had a
higher adsorption affinity and could be easily separated from either
of these two hydrocarbons on an alumina column,

Compound E was found to be the same as compound A, an unidenti-
fied crystalline sample from the thatched barnacles (Table II),
The identity of the two preparations was established by the close
agreement in spectra (Figure 1), melting points, and fluorescence
both in the solid state and in solutions. Moreover, they could
not be separated chromatographically.

Considering the low value of the molecular weight [ound (181),
compound H probably could at most contain three condensed benzene
rings. It may be noted at this point that a fluorescent fraction

obtained from the pulp of pomegranates (freed of s eeds) was
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Figure 25, Extinction curve in hexane of unidentified crystalline
pigment ex Mitella,
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observed to be very similar to compound H (Figure 17) in adsorption
affinity (alumina), in fluorescence, and in its spectrum (maxima
in hexane: 220, 271, 296-7, and 306-7 mpu. ).

de Fluorescent Substances Obtained from the Beach Worm
("Blood worm", Thoracophelia mucronata),

The beach worm Thoracophelia mucronata is a blood-red marine

annelid worm which measures when mature about 30-50 mm. in length
and about 0,5-2 mm, in diameter (20)., The bright red and purplish
colors of the worms are caused by the presence of hemoglobin,
giving rise to the name "blood worms'"., The animals exist buried
in intertidal sand mainly in the region from a fraction of an inch
to a foot or more beneath the surface, They subsist on the
colloidal organic matter adsorbed to the sand which they swallow
and pass through their digestive system in large quantities.
According to Fox, Crane, and McConnaughey (20) each worm (weighing
L0 mg.) ingests 84 g. of sand per year, so that in a worm-bed 1
mile long x 10 ft. wide x 1 ft. deep (contéining 158,000,000 worms)
all the sand in the bed (dry weight, 2820 tons) is cycled through
the alimentary tracts of the worms about once every ten weeks.

The composition of a sample of fresh worms as determined by Fox and co-
workers (30)is given in Table IV.

In the course of their investigations on the selective

accumulation of P -carotene in Thoracophelia, Fox et al. observed

the presence of several blue-fluorescent chromolipids showing single
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Table IV

Composition of Fresh Thoracophelia mucronata Worms
After Correction for Ingested Sand (Reference 20)

Average Values

Sand in gut (g./100 g. of fresh tissue) 5.56 g,
Dry matter (corrected for sand) 19.76 %
Water (by difference) 80. 2
Ash {corrected for sand) 2,02
Organic matter (by difference) 17.7h

extinction maxima between 300 and 310 mu. in petroleum ether (20),
Since the spectra of these fractions were not observed at wave
lengths shorter than 300 mp. by the authors mentioned, the beach
worms had to be re-investigated in order to obtain more information
as to the nature of the fluorescent substances present. In view
of the polycyclic aromatic compounds isolated from two species of
barnacles, it would be of interest if the presence of such sub-
stances could also be demonstrated in worms.

The first of such studies% was carried out in our laboratory
by Petracek (38) who succeeded in obtaining six chromatographically
separable [luorescent fractions which all displayed single

extinction maxima at about 230 mp. or 260 mp. However, these

% These studies involved much larger samples of worms than those
used by Fox, Crane, and licConnaughey. The amount of sand in
these larger samples is estimated to be about 11% by Dr. Fox
(17) (cf. Table IV),
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spectra resembled neither those reported by Fox et al. nor those
typical for polycyclic aromatic hydrocarbons,

The present study constitutes a further investigation of the
blood worm. The fluorescent substances separated from the crude

extract of Thoracophelia following detailed chromatographic fraction-

ations are listed in Table V, Only fractions V and VI (the latter
consisting of a colorless waxy solid) could be obtained in crystal-
line form, The spectra of almost all of these fractions showed one
or two absorption maxima between 220 mp, and 280 mp. (Figures 27,
28, and 29), resembling some of those observed earlier by Petracek.
Hone of the [luorescent substances obtained in the present investi-
gation could be identified except for fraction IVC,

The spectrum of fraction IVC (Figure 26) is remarkable since
it gives the first indication for the occurrence of polycyclic
aromatic compounds in worms. OSeveral of the peaks located in this
characteristic extinction curve could be identified with those of
fluoranthene., lloreover, fraction IVC was similar to the latter in
fluorescence and adsorption affinity (on alumina). These observations
as well as the fact that our preparation did not separate from an
authentic sample of fluoranthene on the chromatographic column
pointed to the presence of this hydrocarbon in the blood worms
studied,

The occurrence of two peaks located at 362 mp. and 383 mp. (in

hexane) in the spectrum of fraction IIE2 (Figure 28) and the



Table V

Iist of Fluorescent Fractions Obtained from Extract of Thoracophelia
mucronata Following Chromatographic Resolution

(A1l fractions unidentified except for fluoranthene fraction, IVC)

Fraction Description of fraction in hexane solution
(in chroma- Absorption
tographic Color Fluorescence spectrum
sequence) (Figure)

IIB2 (top) pale yellow weak blue-violet 27

IIB3 almost colorless bluish-violet 27 = = =
I1C2 almost colorless grayish blue-violet 27 —.—.=»
I1D2 colorless violet-blue 27 =t1=t1-1
ITE] colorless strong violet-blue 28 = = =
IIE2 colorless strong violet=blue 28 =ttt
IIF colorless violet=blue 28 =o=e=s
ITIA yellow strong gray-blue 28—
I11B1 yellow strong violet-blue 29 =1— =t
IIIB2 yellow moderate gray-blue 29.

IVB1 colorless strong violet-blue 29 —e=o=e
IvB2 colorless strong blue 29 = = =
IVC colorless strong greenish-blue 26

v colorless bluish-violet 29 —f=tl-t1

VI colorless bluish-violet 29 soweee
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Figure 26, Extinction curve in hexane of fluoranthene fraction
ex Thoracophelia,
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Figure 27. Extinction curves in hexane of fluorescent fractions ex
Thoracophelia: s fraction IIB2; - - - -, IIB3;
—emo=s s LIC2; ~'=tut, TID2, Unidentified,
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Figure 31. Extinction curves in hexane of pigment fractions ex
Thoracophelia: 3 ?-carotene; - - - - neo-F-

carotene U; -.-.-., unidentified.
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relatively strong fluorescence of its chromatographic zone indicate
that this fraction may well have contained a small quantity of a
polycyclic aromatic compound,

None of the substances showing spectra such as those observed
by Fox and collaborators could be found in the present study.

(e). Fluorescent Substances Ootained from a Deep-Sea
Mud Sample,

Investigations by Fox, Updegraff, and Novelli (21) have shown
that sediments of the ocean floor contain substantial amounts of
carotenoids presumably deposited there centuries ago. Of the pig-
ments present the polyene hydrocarbons (such as ‘3 -carotene)
appeared to predominate, in contrast to the green marine flora,
nearly the whole marine fauna, and the detritus of the sea, all of
which show a marked tendency to accumulate oxygenated carotencids
in preference to hydrocarbon pigments. In view of the rather
reducing nature of deep-sea mud*, the absence of light, and the
observed predominance of the carotenoid hydrocarbons, such a system
might also be expected to favor the accumulation of partially hydro-
genated carotenoids such as phytofluene, phytoene, and other color-

less polyenes.

The reducing conditions probably prevalent in muds of the ocean
floor are evident from the evolution of hydrogen or light hydro-
carbon gases and hydrogen sulfide from numerous freshly collected
specimens of deep-sea mud (21).
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Figure 33. Extinction curves in hexane of some fluorescent
compounds contained in a deep-sea mud sample,



In order to determine whether phytofluene and/or related
polyenes occur in the sediments of the ocean floor, a deep-sea
mud sample was tested. The sample consisted of two cores
(cylindrical columns) collected from an ocean depth of 216 meters
off the coast of wouthern California by Dr., D. L. Fox and col-
laborators of the Scripps Institution of Oceanography. The cores
reached a mud depth of 155-160 cm. and therefore ranged in age
from fresh material at top to some 960 years at the lowest level
of the core (30). The composition of such a mud sample (after
drying) included 5.46% total organic matter, 0.32% total organic
nitrogen, and 0,15% total lipoid-—soluble matter,

The results of the chromatographic analysis of the crude
extract of the deep-sea sample showed that the fluorescence of
extracts was caused mainly by four substances whose spectra are
given in Figure 33. No phytofluene or other similar fluorescent
polyene could be detected. Iloreover, strongly fluorescent zones
indicating polycyclic aromatic compounds were absent from the
chromatograms,

f. Fluorescent Substances Obtained from Some lMarine
Plants,

As mentioned in the Introduction phytofluene occurs widely in
land flora, especially in plant organs which produce considerable

amounts of carotenoids in the absence of chlorophyll (63).
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Extinction curve in hexane of an unidentified epiphasic
carotenoid contained in a deep-sea mud sample,
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Since similar information about the occurrence of phytofluene
in plant materials of marine origin was not available, several
species ol seaweeds collected from the ocean near Corona del lar,
Calif., were tested in this respect. These samples included a
green alga, Codium sp.; a brown alga, Cystoseira sp.; two red algae,
Coralline algae and Gigartina sp.; and the marine angiospern,

St
W<

Phyllospadix sp. (also called "mermaid's hair")", The crude

extracts showed the presence ol chlorophyll in each instance,
Although the chromatograms contained carotenoid pigment zones
as well as several greenish and bluish-gray fluorescent zones, no
phytofluene or any similar fluorescent polyenes could be detected.
Furthermore, the samples were also found to be free of polycyclic
aromatic compounds., liost of the fluorescent fractions obtained dis-
played spectra resembling those originating from the deep-sea muds.
Two unidentified, fluorescent substances extracted from
Cystoseira exhibited a pH-dependent fluorescence; dilute acids
increased the fluorescence (intense green) of the solution but
dilute alkali quenched it. This phenomenon was reversible. The
extinction curves of the two substances mentioned were taken in
solutions containing different concentrations of hydrochloric acid.
As seen in Table VI and Figure 32 the extinction curve of one

of the substances mentioned (fraction II) varied moderately when

e
b

The results reported for these seaweeds also applied to a sample
of the brown alga, Laminaria sp. (68).
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Figure 32, Extinction curves of fluorescent fraction II ex Cystoseira:

, in ethanol; -'-'-', in 50% ethanol; -.-.=,, in 503%
ethanol (also O.4 F in hydrochloric acid); - - = -, in 50%

ethanol (also 3 F In hydrochloric acid). Unidentified.
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either the solvent or the acid content of the solution was changed.
Thus, in ethanol the preparation displayed a single extinction
maximum at 232 mp,, while in 50% ethanol two peaks appeared, at
221 and 231 mp. The two maxima shown by the 507 ethanol solution
appeared to coalesce into one peak as the hydrochloric acid con-
centration was increased, When the latter was 3F, fraction II
showed a sharp extinction maximum at 226 mi.

Table VI

Influence of Solvent and pH on the Absorption Spectrum of Two Uni-
dentified IFluorescent Substances Ovtained from Cystoseira Seaweed

Fraction I

Solution Conc. of Solvent Fluorescence Wlave length of
HCL % EtOH extinction max,
A 1.2 F 80 green e
B 0.6 90 weak bluish one max.: 220 mu.
C 3.3 50 green one maX,: 227

Fraction II

Solution Solvent Conc, of ‘Wave length of extinction
HC1 maxima (ef. Figure 32)
D EtOH:HOH/1 21 0 F  twomax.: 221, 237 mp.
E " 0.l broad max.: 222-228 mp,
F " 3 single max,: 226 mp,
G hexane 0 no definite maxima
H EtOH 0 one max.: 232 mu,
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g. Discussion of Experimental Results,

(1). Occurrence of Polycyclic Aromatic Compounds
in Certain liarine Invertebrates,

The polycyclic aromatic hydrocarbons isolated from Tetraclita
barnacles (collected at Corona del lar) and from Mitella (from La
Jolla) as well as the small amounts of some of these compounds

detected in Thoracophelia worms evidently do not represent normal

metabolic products but appear to have reached them from external
sources. <1his conclusion is supported by the finding that some
Tetraclita samples obtained from a different habitat (La Jolla) have
been found to be free of polycyclic aromatic compounds.,

As is well known, such condensed-ring hydrocarbons can be
obtained in large amounts from coal tar or from other products
derived from coal and petroleum. A brief description of these
sources and t he different polycyclic aromatic hydrocarbons which
have been obtained from them are given below,

In carbonization or destructive distillation of certain coals
(bituminous) at temperatures above hSOO, in the absence of oxygen,
one of the primary products formed is coal tar, Aromatic hydro-
carbons possessing three or more condensed benzene rings which have
been proved to be present in such tars include anthracene (and
methyl derivatives), phenanthrene (and methyl derivatives), naphtha-
cene (and methyl derivatives), fluoranthene, pyrene, 1,2-benz-

fluorene, 2,3-benzfluorene, naphtho-2!', 3'-1,2-anthracene, 1,2-benz-
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naphthacene, chrysene, 1,2-benzanthracene, perylene, 1,2-benz-
pyrene, 3,lL-benzpyrene, and picene (a comprehensive list is given
in reference 36).

Polycyclic aromatic hydrocarbons have also been produced from
petroleum by passing certain fractions (kerosene and gas oil)
through tubes packed with copper catalyst at 630-680° (L8). In
this manner the following compounds have been obtained: phenanthrene,
anthracene (and methyl derivatives), 1,2-benzanthracene, 1,2-benz-
fluorene, 2,3-benzfluorene, chrysene, 3,L-benzpyrene, and 1,2,7,8-
dibenzchrysene,

Another process by which large quantities of polycyclic
aromatic hydrocarbons are prepared is the destructive hydrogenation
of coal, coal tar, pitch, petroleum, or lignite oils (10, 36).
Besides the compounds mentioned, rich amounts of higher molecular
weight hydrocarbons such as 1,12-benzperylene and coronene have also
been obtained.

In view of the fact that all of the identified polycyclic
aromatic hydrocarbons isolated from barnacles are also present in
coal tars or in related products, it is very probable that they
have originated from tarry materials occurring near the habitat of
these animals, Such materials could have been derived from either
natural marine tars or pumped bilge tars. e have obtained from

the ocean near lLa Jolla floating pieces of tar studded with small
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goose barnacles which had attached themselves onto the surface.
It would be of interest to examine such marine tars for the
presence of polycyclic aromatic substances,

The fact that both species of barnacles in which the aromatic
substances were found, although originating from different habitats,
had been growing on pier pilings suggests that the wood-preserving
creosotes (coal tar distillates) might have furnished the animals
with the compounds in question by means of tarry detritus formed,
In this connection it should also be mentioned that a small sample
of goose barnacles, collected six months earlier from the same
location as the sample studied in the present experiment, yielded
two fluorescent fractions whose extinction curves clearly indicated
the presence of 3,lL-benzpyrene and fluoranthene, respectively.

Since a simple adsorption of tarry products to the exterior
of the barnacles is not very likely considering the very great
difference in external composition and texture between shelled~
barnacles and peduncles, both of which yielded approximately the
same compounds, it is reasonable to assume that such materials
containing polycyclic aromatic compounds are actually ingested and
accumulated inside the organism,

As mentioned earlier, the adult barnacle is a sedentary animal
which procures its food by filtering out suspended particles,

detritus and plankton, from the ocean, The organic matter in
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detritus, which occurs in relatively large amounts in the sea, is
in turn derived from decomposing bodies and dead gametes of in-
numerable plants and animals of all sizes, from animal excrement,
and, at certain regions, from sewage, industrial wastes, and other
material of land origin, Such marine detritus may exist either in
coarsely particulate form or in colloidal dispersion with all
intergrading particle sizes represented (19). Thus, finely divided
particles of tarry substances would also be taken in by the constant,
indiscriminate filtration by barnacles. It would be of interest in
this connection to test samples of marine detritus collected from
different locations for the presence of polycyclic aromatic hydro-
carbons,

In order to define more sharply the occurrence of polycyclic
aromatic hydrocarbons in nature, similar investigations should be
carried out with other marine invertebrates which depend upon the
abundant supplies of finely divided, suspended, adsorbed, or
precipitated organic detritus as the primary source of nutrition,
Some of these animals are grouped according to feeding habits in
Table VII, The "rakers" listed in this table feed by scraping
adherent material from rocks, shells, pilings, and other submerged
surfaces, while the "grazers" gather finely precipitated loose
organic material from the mud surface of the ocean floor with

tentacles, arms, or similar structures (19)., In our limited studies
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of mussels (Mytilus californianus) and some sea stars, only weakly

fluorescent extracts were obtained, indicating the probable absence
of marked amounts of polycyclic aromatic hydrocarbons., Similarly,
no members of this class of compounds could be found in the extracts

of the heart urchin Lovenia cordiformis (56) or the sea star Pisaster

ochraceus (58), both samples collected near La Jolla, Calif,, the
former from a depth of 150 fathoms. (275 meters),

Table VII

S0
W

Feeding Habits of Some Marine Invertebrates

Detritus and FPlankton Feeders Sand and Mud Feeders
TRakers or scrapers'" Filtering animals "Grazers" '"Swallowers"
(mucous films) (setae)

Snails Clams Barnacles Sea Worms
cucumbers
Limpets liussels
Sea urchins Oysters
Sand dollars Tunicates
redators
Sea stars

% Adapted from reference (19).

Since the polycyclic aromatic hydrocarbons are lipoid-soluble
substances, their accumulation by certain marine animals (barnacles)
may be compared to the accumulation of other fat-soluble compounds,
such as the carotenoids which also originate from exogenous sSources,
Cne could speculate that the absence of polycyclic aromatic hydro-

carbons from some marine invertebrates studied, such as the sea star



and sea urchin (and probably the mussel), is not unreasonable,
since the selective accumulation of only certain types of caro-
tenoids by a given species of animal is well known (18), For
example, mussels (Mytilus) assimilate only xanthophylls (oxygenated
carotenoids) from marine detritus while quantitatively rejecting
the carotenes (hydrocarbons). In contrast, the beach worm

(Thoracophelia) takes up predominantly‘S-Qarotene, while xanthophylls

are largely destroyed and rejected. As is well known, in land
animals certain species (hens and other birds) are able to accumlate
only (or predominantly) oxygenated carotenoids, while other animals
(horses and cattle) absorb only the carotenoid hydrocarbons., Some
species (swine, sheep, and goats) take up neither kind, while still
others (man and frog) accumulate all types of carotenoids without
selection (51).

It is unknown to what extent, if at all, barnacles or similar
organisms are able to modify the composition of polycyclic aromatic
compounds ingested., It is known that many organisms are capable of
absorbing and assimilating various hydrocarbons., With respect to
polycyclic aromatic hydrocarbons, such investigations have been
centered on mammals whose detoxication mechanisms were tested,
Thus, 3,L-benzpyrene has been observed to be oxidized (and thereby
detoxicated) in the rat to 8-hydroxy-3,L-benzpyrene (slight
carcinogenic activity) and to 3,lL-benzpyrene-5,8-quinone (non-

carcinogenic), both of which may actually inhibit tumor growth (1, 2).



Similarly, 1,2,5,6-dibenzanthracene is detoxicated to yield the
non-carcinogenic L',8'~dihydroxy-1,2,5,6-dibenzanthracene (13, 8,
26},

However, the biological relationship of the polycyclic
aromatic hydrocarbons to certain lower forms of life may be
completely different from that just mentioned. MNMany species of
bacteria, yeasts, and molds have been observed to be capable of
utilizing both aliphatic and aromatic hydrocarbons as the sole
source of energy and carbon (for a review of ithe assimilation of
hydrocarbons by micro-organisms, cf. reference 69)., In these
micro-organisms the oxidatiocn of hydrocarbons is accompanied by
oxygen uptake (in aerobes) and the formation of carbon dioxide,
The remaining carbon is converted to cell constituents and inter-
mediate degradation products such as organic acids, ketones,
alcohols, aldehydes, and modified hydrocarbons. Nitrate-reducing
and sulfate-reducing bacteria are also capable of assimilating
hydrocarbons,

Those micro-organisms which can utilize polycyclic aromatic
hydrocarbons in this manner include certain soil bacteria which
are able to assimilate anthracene and phenanthrene and some
sulfate~reducing bacteria which are able to assimilate phenanthrene
and retene (L6, 47). Cultures of certain marine bacteria, when

introduced into systems containing no other organic material except



the test hydrocarbon dispersed on ignited sand, have been observed
to assimilate not only anthracene, phenanthrene, and 1,2-benz-
anthracene but also the strong carcinogen, 1,2,5,6-dibenzanthracene
(LL) (ef. Table VIII).

Table VIII

Assimilation of Some Polycyclic Aromatic Hydrocarbons
by Marine Bacterias

Hydrocarbon (25 mg, ) CO, produced in % of hydrocarbon
l; days at 32° oxidized
Naphthalene L. 2 mg. 51 4
Anthracene s Pt 6L
Phenanthrene 58.5 68
1,2-Benzanthracene 1.2 L7
1,2,5,6=Dibenzanthracene 1.6 13

% Adapted from reference (4li).
(2)s Occurrence of Fluorescent Organic Substances Other
than Polycyclic Aromatic Compounds in the karine
Animals, Plants, and Deep-sea lMud Sample Studied.
Although all of the marine materials investigated in the
present study contained carotenoid pigments, neither the animal
extracts or plant extracts yielded any trace of phytofluene or
other closely related, colorless polyenes. These negative findings
are in accordance with some previous studies (63). Animal products

such as egg yolk, dried milk powder, pig's liver, commercial ox gall

concentrate as well as sardine meal, sardine oil, and dog-fish oil,
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etc., were all found to be free of phytofluene. In land flora
phytofluene does not seem to occur in chlorophyll-rich materials
(grass, green leaves, spinach, etc.). This generalization can be
probably extended to include marine plants, since all of the
chlorophyll-containing seaweed species were found to be free of
phytofluene,

In spite of the absence of light and the reducing conditions,
no phytofluene could be detected in our deep-sea mud sample,
Although the circumstances just mentioned would be e xpected to
decrease the chances for a chemical or photochemical destruction
of phytofluene, they by no means could exclude biological degra-

tion of phytofluene by marine bacteria., Investigation of a fresh
intertidal ocean mud sample has also shown the absence of phyto-
fluene (39).

The marine materials which were found to be free of both

polycyclic aromatic compounds (or contained only traces as in the

Thoracophelia) and phytofluene include the Tetraclita barnacles

from La Jolla, the Thoracophelia worms, the deep-sea mud sample,

and the seaweeds. The fluorescence of their crude extracts was
caused by unidentified substances, most of which could not be
crystallized, although in a few instances waxy and amorphous
appearing solids were obtained., The abscorption spectra of all
these compounds showed rapidly increasing light absorption with
decreasing wave length (below 300 mp.). In most extinction curves

one or two small peaks appeared in the region between 220 and 280

TjL. (in hexane).
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h, Some Non-fluorescent By-products Obtained from the
Marine ilaterials Studied.

(1). Carotenoid Pigments.

As mentioned, the chromatograms of all crude extracts obtained
from marine animals, plants or muds contained a number of carotenoid
pigment zones, Since these pigments were regarded more or less as
impurities or contaminants of the fluorescent compounds present, no
effort was made to investigate them in detail., However, a few
observations may be of some interest.

The chromatographically resolved pigment fractions of Tetraclita
(collected from La Jolla) are listed in Table IX and their spectra
are shown in Figures 13 and 14. Pigments identified on the basis of
spectra included X -carotene, P-—carotene, lutein, zeaxanthin,
and spirilloxanthin,

The peduncles of the goose barnacle were relatively rich in
carotenoids, most of which could be readily extracted with methanol.
One such pigment was obtained in the form of p