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ABSTRACT

Previous investigations suggest that a COp-pH gradient is in-
volved in the development of polarity in the TFucales egg. To test this
hypothesis, a method was developed to measure the relative COp output
from the two hemispheres of this egg. The eggs are photosynthetically

tageed with cMt

and embedded in a thin jelly wmembrane in which the eggs
develop. One measures separately the respiratory cl“og emitted from the
two surfaces of the membrane during each of a series of intervals before,
during, and after the eggs are unilaterally illuminated to orient their
future axes. New methods are described for obtailning eggs, for controlling
and measuring the thicknesses of egg-bearing Jjelly membranes, and for
measuringvclhog. Because of a drop in the specific radioactivify of the

emitted carbon dioxide, the sum of the rates of respiratory Clu

0o emission
from the two faces of a membrane decreases rapidly with time; but the 01402_
ratio, or the ratio of the rates of 01“02 emission from the two faces, changes
very slightly with time. That face which had been lower while the membrane
gelled nearly always emits 01402 more rapidly than the other face. This is
attributed partly to a settling of the eggs in the membrane while it gelled
and partly to a higher respiratory rate somehow induced in the hemispheres
of the eggs which point toward the formerly lower face. These "Lower”
hemispheres also tend to become the rhizoid poles. The changes of the
ClhOQ—ratios with time are attributed primarily to changes 1in the relative
specific radiocactivities in the carbon dioxide emitted from the two hemi-

spheres of the eggs, rather than to further changes in the relative

respiratory rates of these hemispheres with time.
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INTRODUCTION

The visible differentiation of a germ is largely preceded
by the establishment within it of a latent structure whose appafently
,undiffefentiated parts bear a one-to-one correspondence to the struc-
ture of the developed organism. The transformation from the latenti
to the developed pattern is the preformationist or mosailc aspect of
‘organic development. Development possesses an epigeneticvor}regula—
tive aspect to the extent that the latent pattern develops afresh'ih'
each generation rather than being continuously maintained fremrone'
generation to the next. The presently avallable evidence - laféely
accumulated after 1891 when Driesch obtained a whole sea urchih
larva from half an embryo - indicates that there is an impoftant |
: epigenetic aspect or phase in the development of all li#iné Organisms.
Moreover, this evidence enables one to analyze the epigegetic phaee
into the following idealized sequence of stages: R |

1. Determination of the over-all character of the whole
germ.

2. Polarization (primary, then secondary, and finaliy
fertiary) of the whole germ. |

3. Determination of the over-all character of each of
various pafts of the whole germ, called part germs.

4, Polarization (primary, then secondary, and~finally
terﬁiary) of each part germ.

5. Determination of the over-all character of Still more

circumscribed parts of each part germ . . . and so on until the fate



of each cell is determined.

Over-all determination ofra whole or part germ establishes
its development into a’whole gea urchin, frog ear, leaf, etc. Pfimary
polarization of a germ establishes one axis of differentiation.‘flf
the investigator cuts the singly polarized germ into parts, each part
.develops into a whole adult; but the primary polarity, or thé Qirection
of the first established latent morphological axis with respect to the
substance of the germ, is the same in all the isolated parts. Further-
‘more, the established polarity of the whole germ or its.iSO}éted parts
cannot be changed by chemical or physicél influences. Sécondary'polari—
zation determines a second latent morphological axis if the devéloped
organism is asymmetrical with respect to a second axis etc.

To qﬁalify this idealization properly or to review its
origins is entirely beyond the scope of this paper (See Weiss, 1939;
and Harrison, 1945). Suffice it to assert that this idealization is
useful as a first step, but that the nature of epigenesis in phyéical
and chemical terms remains a most challenging and alumost totalbmystery.

Now, how can one attack this problem most efféctively? A
" little consideration indicates that it should be techniéally’easier to
obtain physical and chemical information about épigenesis in whole
germs than in part germs and about primary rather than,seconaary or
tertiary polarization. With the limited exception of folymorphic
organisms, the over-all character of whole germs 1s always preformed.

Even in a highly regulative animal embryo like the hydroid, Amphisbestia,

El

which may be divided into as many as sixteen parts, each developing

into a normal larva, the primary polarity is ilrreversibly built into



the egg and develops uﬁturned in the whole embryo and all its isolated
parts (Teissier, 1931). In many plants, however, the primary polarity
of the whole organism appears to arise epigenetically.

’Thus, if the germs of the Equisetum gametophyte and of,ggsgg
are unilaterally illuminated before their first mitosis, their;rﬁiZOids
-all develop on the sides of the germs that were away from the light_
(Stahl, 1885; Rosenvinge, 1888-9). The rhizoids mark one fole‘of the
main morphological axis of these plants and the germs are glued down
‘in a fixed position during the experiments. One could conclude that
the primary polarity develops epigenetically were it not for the pessi—
bility that the whole protoplasm has a preformed polarity and me;ély
rotates within the cell wall under the influence of the’light, as in
fact can'occﬁr in mature Bryepsis plants (Steinecke, 1925)} In the
Fuca}es; this latter possibility is rendered very unlikeiy by the
freqﬁent development of eggs with two oppositely situated-rhiéoidf-
bearing regions (ﬂee p. 9 ). Logically though the preformationist
view could be partly fescued if external directing agentsvact.by
rotating the nuciens, or other self-duplicating asymmetrical inclﬁsions,
but an experimental test is as yet lacking. 7

In any event; in the Fucales the irreversible development of

polarity can‘be studied in a single large undifferentiated cell; which

-is nevertheless the whole embryo of a'highly differentiated adult. It

is not surprising that the Fucales eég has been the most carefully
studied object of researches upon polarization. ‘ S ’
The bulk of the data on‘Fucales polarization concerns the

sign and effectiveness of various factors as polarity directors. The



number of effective orienting agents known is large, but Whitaker (1940 c)
Buggested that some of them "can be resolved to a common action of hydro-
gen ions and COx." It occufred to ﬁe to ask whether the polariiing ege
creates its own internal COp-pH gradient. Té approach thiquuestion, the
author attempted to determine directly whether the polarizing egg gives
off more CO, at one pole than at the other. :

- How can one make such a measurement? The only similar one
hitherto reported is that of Brachet (1939) on the frog egg héld tightly
within a capillary. The COp emitted from each hemisphere‘of:the egg
traversed an air gap to enter a separate drop of bicarbohate.solutipn
containing phenol red where it was colorimetrically determined!« How;
evef, since the smaller Pelvetia egg respires at only 1/600 the rate
of the frog egé (Whitaker, 1931 a), a different technique was sought.

Following Whitaker and Berg (1944), this author embedded
Pelvetia eggs in a thin jelly membrane supportéd only at its édges
like a scap film in a loop. The eggs were polarized perpendiculér
to the film. Then during their subsequent development the respiratory
CO2 entering the two air gaps bordering the membrane was absorbed; thus
effecting a partial separation of CO2 from the basal and apical hemi-

spheres of the eggs. The COQ was measured with the aid of 01402,'f““



LITERATURE REVIEW

Normal Development of Fucales

The sexually mature fronds, or receptacles, discharge{masses
of haploid eggs, enclosed in 8ogonial capsules, into the sea where
each egg is fertilized by a single minute sperm. The zygote is a
relatively dense, radially symmetrical sphere of about .l mm. in
diameter. At first it lacks a vacuole or a cell wall but it is
liberally supplied with small chromatophores and oil globuleé evenly
dispersed in the hyaloplasm. Within a few hours the zygote escapes
from the Hogonial capsule and secretes a sticky wall rigid enough to
allow plasmolysis. After a 12 to 24 hour diapause, during which the
germ polarizes, a protuberance develops which marks the pole whence
rhizoids and ultimately the adult holdfast develop. Cell division
usually bégins shortly after the protuberance first appears.v Numerous
cleavages and much growth create a turnip-shaped germling anchored
by rhizoids at its narrow end. |

The development of a tuft of hairs at the broéd end initiates
apical differentiation. The hairs soon degenerate but at thé base of
one of them the unicellular apical meristem appears at the bottom’of

a mucilage-filled crypt. In the Cystoselraceae the symmetry remains

* .
This review will be restricted to the usual life cycle of the

Fucaceae and the Cystoseiraceae since almost all experiments
have been on species of these families. It is taken from
secondary sources (Smith, 1938; Fritsch, 1945; Papenfuss, 1951).



axial; in the Fucaceae the thallus flattens and becomes biradially

- symmetrical. Much branching occurs, each branch terminating in a
unicellular meristem which accounts for all increase in length{ Large,
colorless, longitudinally elongated cells suggesting conductivé’tissue
differentiate internally and an epidermis forms externally. Eventually
the branch ends differentiate into special fronds or receptécles which
are dotted with nearly closed cavities called conceptacles which in
turn bear the gametangis. Other prominent features of differentiation
are hairs and gas bladders. Growth is indefinitely‘prolongéd and
individuals may reach 30 feet in length.

Studies of Polarization. (See Bloch, 1943; Whitaker, 19LOc, for

reviews.)
First Work. Ih 1888 the Danish investigator, Rosenvinge, began the
study of the development of polarity in the Fucales. In his'réview
of previous work he refers to at least three cases then known of plants
whose main axes can be irrevocaﬁly determined by external gradients
very early in development: polarization of the gametophytes of
Marchantia and Equisetum by light (Mirbel, 1835; Stahl, 1885) and
of pollen grains by nearby pollen grains (Kny, 1881l). Examining
the germination of five species of the Fucaceae in an analogous way,
he found that the rhizoid forms away from unilateral light, toward-
nearby egg groups, and, under some conditions, toward a glass plate

to which the eggs adhered. However, gravity and Bogonial position*

Studied with Pelvetla canaliculata in which germination occurs
before the eggs leave the Bogonial capsule.




had no effect, and normal germination occurred in the absence of
obvious orienting influences, except that occasional bipolar forms
developed. Moreover, the first cleavage plane bore no necessary
relationship to the position of the rhizoid. Rosenvinge attributed
some of these effects to the creation of an oxygen gradient.'

Subsequent work will be reviewed by category rather ﬁhan
in a strictly historical order.

Conditions Compatible with Polarization and Germination. Some of

the scanty and scattered data bearing on this question are listed

here for reference. Cystoseira barbata eggs can polarize at both
1-2°C and 17-18°C (Knapp, 1931). Though direct reports of the éffects
of higher temperatures are lacking, various investigators generally
seem to be careful to culture the Fucales at tewperatures under 20°C.
Moreover, Kniep (1907) reported that even transient exposure of
F. serratus eggs to a temperature of 2500 greatly inhibited their -
germinatioﬁ.

F. furcatus eggs can polarize and germinate at pH's from
9.2 to 5.5 (Whitaker, 1937b). F. serratus eggs develop normally
afﬁer centrifugation at 150,000g for one half hour (Beams, 1937).
All F. serratus eggs can polarize but not ggrminate at 200% ndrmal'
salinity and some F. serratus eggs can polarize and germinate in
'sea water with a salinity as low as 27% of normal (Kniep, 1907;
also see Whitaker & Clancy, 1937).

Period of Sensitivity to Orienting Agents. There is almost no evi-

dence as to the possibllity of polarizing unfertilized eggs because

the ordinary means of holding them in a fixed position would block



fertilization and therefore prevent the further development which

makes the bolarity visible. However, Knapp centrifuged C. barbata
eggs before fertilizing them; an unstated fraction retained enough
stratification for it to be Qbserved that their rhizoids were ail

on the centrifugal ends of the eggs.

Between fertilization and germination there exists a short
period showing a marked maximum in sensitivity to white light and
to ultraviolet light (Winkler, 1900; Kniep, 1907; Khapp, 1931;
Whitaker & Lowrance, 1936; Whitaker, 1941). Once the norﬁal.time
of germination has passed, unilateral white light can no longer
affect the polarity (Kniep, 1907; Whitaker & Lowrance, 1936), this
holding even if morphogenesis is delayed for several days by hyper-
tonic sea water (Kniep, 1907).

Nearly all that is known of other orienting agents. in this
regard'is‘that they can be effective during some time betweeﬁ ferti-
lization and germination. |

Polarization in the Absence of Orienting Agents and by Opposing Agents.

A;l investigators have confirmed Rosenvinge's Observatibn that normal
germination occurs in the apparent absence of orienting,agents. How-
ever, in 1931, Xnapp showed that the rhizoid of Cystoseira fdrms at
the point of fertiliiation in the absence of other orienting agents.
Probably this holds generally.

Since white light and centrifugation readily polarize
Cystoseira eggs, these agents appear to reverse the fertilization-
induced polarity. Furthermore, centrifugation can partly counteract

the effect of white light which thus appears to be a second feversal



of polarity (Knapp, 1931). More striking is Whitaker's report of
ithe apparent reversal of ultraviolet-induced polarity by white light
in EEEEE (1942). He unilaterally irradiated a group of eggs with
ultraviolet light and then unilaterally illuminated a portion of
these with white light from the opposite direction. The former
eggs developed rhizoids away from the ultraviolet light; the latter,
toward it. It is seen then that the effect of one agent way over-
come the effect of an earlier one, but it is not known whether the
polarity proper is reversed or whether some prior condition is
counteracted.

Now various studies of other germs have demonstrated ‘that
if during polarization one agent is followed by an opposing but
barely balancing one, then there develop some bipolar forus. For
éxaﬁple, Harrison (1945) rotated otic placodes of Ambystoma 1860
during their anterior-posterior polarization and obtained some |
enantiomorphically twinned ears. What do successive baianced
orienting agents do to the Fucales egg?

Occasional cases of bipolar germinatioﬁ have:been noted
from the first, but their nature ié obscure (Rosenvinge, 1888-9;
Klster, 1906). Thus Whitaker (1931b) found that giant ggg_gg eggs,
arising from the fuéion of 2 to 8 normal eggs in the dogonial capsule,
often germinated in a bipolar manner. However, Child (1941) reported,
without data, that hourly reversals of light direction on Fucus eggs
yielded many forms having a pair of opposite rhizoids or no rhizoids.
Unfortunately no more information is available.

Direct Studies of the Character of Polarity. Reed and Whitaker's
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investigation (1941) on polarized plasmolysis is virtually the only
one in this group. They polarized EEEEE eggs with various agents -
and then, before germination, they plasmolyzed them with sea watef
made hypertonic with addéd sucrose. More than 90% of the cells
shrunk away from their walls only at the future fhizoid sides;

There 1s a broad maximum in sensitivity to white light
polarization between 6 and 14 hours after fertilization; by 16‘hours;
half of the eggs form protuberances. When ultraviolet light white
~1light and centrifugation at pH 8 were the orlentlng agents (See Table l),
markedly polarized plasmolysis appeared at 8 1/2 hours or earller,
when nearby eggs at pH 6.0 were the agents, such plasmolysis first
appeared at 13 hours.

Theoretically, this polarized plasmolysis might arise
from the rhizoid pole of the cell proper being wore permeable to
water, less rigid, or less firmly attached to the cell wall; efidenée
on which to make & choice is not available. |

Plasmolysls remained restricted to the future‘rhizoid‘pole
evenvafter protuberances had appeared. This is curious bécause~in
a very wide variety of other plant cells the protoplasm clings’
relatively tenaciously to newly forming portions of the Qell wail
(Weber, 19é9; Reuter, 1953).

| Another possibly germane observation is thét of Child
(1919, 1945). He feports that if M eggs are subjected to sub-
lethal concentrations of KMnOh, then its brown reduction'proaﬁct,
Mnog, first appears within the rhizoid halves of the eggs.; Also,

KCH and "various other agents" kill the rhizoid regions more»ra@idly.v
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However, this pattern is not evident until a rhizoid cell has actually
been cut off. Similarly, Kniep (1907) observed that after a rhizoid
cell has been cut off, it @ay be killed by hypotonic sea water without
injuring the rest of the embryo, which upon return to normal sea water
continues to develop, soon regenerating rhizoids.

Direction and Effectiveness of Polarization by Various Agents

Most of the abundant data in this category are summarized
in Table 1. The orienting agent is considered to be of threshold
strength when 75% of the rhizoids origlnate in one hemisphere. (Of
course, in the absence of orienting agents, 50% would do so.) The
following twelve agents are knéwn to be effective: unilateral 'short
wave length visible light, unilateral ultraviolet light, a heat
gradient, an electric current, centrifugal (or gravitational) force,
shape of the egg, a diffusion barrier, gradients of COp-pH, dinitro-
phenol, and potassium indole acetate, nearby Fucales eggS'orvthalli,
and fertilization. Four of these agents - centrifugal force, é dif-
fusion barrier, a gradient of COy-pH, and nearby eggs - can polarize
the eggs in opposite directions depending upon the pH.: Hence, alto-
gether, 16 positive effects are known. The only clearly negative
result found is the failure of unilateral long wave length visible
light to polarize.

Naturally, a negative re;ult needs quantitative qualification.
On general grounds it is very probable that the effective agent on each
egg is a gradient of light rather than the direction of iilumination.
The author estimates that the Cystoseira eggs studied bj Mosebach were

unilaterally illuminated by 100 foot-candles of long wave length light
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(>505 mP) during a sensitive period of about five hours. This
“corresponds to 3,000,000 ergs/mmg, which is more than 1,000 times

the threshold energy required when using short wave length visible
light. While measurements of visible light absorption by Fucalés
eggs are lacking, the simple fact that they are yellow-green in color
indicates that light absorption in the blue-green and in the red are
comparable. Hence, even if it exists, the threshold of red light
polarization must be so much higher than that of shorter wave léngths
as to indicate action by a different mechanism.

Previous to Mosebach's work Miss Hurd (1920) had studied
the effects of colored light on the development of F. inflatus,
obtéining similar results. However, she did not know the intensity
of light used, as it came from unmeasured diffuse daylight passed
through uncalibrated filters. Nienburg (1923) reported that two
specles of Fucus could be pclarized by red light. However, Mosebéch
re-examined his red filter and found that it transmitted some "false
light" in the violet.

While blue-green and violet light are directl& known to
polarize, the effeétiveness of blue light alone can only be inferred.
The fact that light of ultraviolet wave lengths, from 235 to 280 mP,
is more than 100 times as effective as the lines,313 mp and 366 mp»
and a band in the blue-green suggests that the very short wave lengths
act by means of a different mechanism.

One finds two reports that ultracehtrifugatioﬁ féils to
polarize the Fucales egg, that of Nakazawa (1951) using two species

of the Sargassaceae and that of Beams (1937) using F. serratus.
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Interpretation is obscured since Nakazawa cultured the eggs in white
light and neither investigator varied the pH of the medium.

Interpretations of the Data

Various investigators have emphasized the significance of
oxygen.gradients (Rosenvinge, 1888-9), electrical forces (Lund, 1923),
auxin gradients (Olsen & Du Buy, 1937), and CO,-pH gradients (Whitaker,
1940¢c).

The effect of an oxygen gradient has never been isolated,
though four other effects - polarization by nearby eggs or thalli,
diffusion barriers at low pH's, heat gradients, and short wave length
visible light - wmight be explained as acting by creating a lower oxygen
concéntration at the future rhizoid pole. However, the failure of red
light to polarize the phaeoplast-bearing eggs is difficult tovexplain
on thils basis.

The polarization threshold using potassium indole,aéetate is
so high (2x10‘3 M) and so nearly toxic that one doubts its specificity;
Olsen & Du Buy did not test gradients of other organic acids, potassium
compounds etc. Moreover, if IAA in the highest non-toxic concentrations
is added at pH 6.3 or pH 8.0 to ultracentrifuged eggs or at pH 6.0 or
pH 8.0 to ultraviolet-polarized eggs, then it has only a very slight
effect on polarization (Whitaker, 1940, 1942). It is therefore im—‘
| probable that TAA is involved in thg polarization of the Fucales egg.

The COy-pH gradient theory is more attractive, since in
addition to the four effects-explicable by an oxygen gradient, three
others - the actions of DNP, TAA, and of an external COE;pH gradient.

at higher pH's - are qualitatively explicable as acting by-making the
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rhizoid pole relatively acid. As before, however, the failure of
'red light to polarize is difficult to explain. One also notes that
a pH gradient would create an electrical gradient with the positive
pole at the acid end since hydrogen ions bind more strongly to im-
mobile proteins than do their balancing anions. The facts that

the rhizoid usually appears at the apparently acid pole and that

it also appears at the electropositive pole might thus be correlated.
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MATERTALS AND METHODS

Obtaining the Gametes

Almost all studies of Fucales development have utilized
members of the Fucaceae or the Cystoseiraceae. Locally, one finds

two members of the Fucaceae, the upper littoral Hesperophycus Harveyanus*

and the mid-littoral Pelvetia fastigiata* plus three members of the

Cystoseiraceae, the lower littoral or sublittoral Cystoseira osmundacea,

C. Setchelli and Halidrys dioica (Setchell & Gardner, 1925;_Papenfuss,

1951). P. fastigiata was selected since it is more easily collected

than the lower littoral species and fruits during a longer portion of

the year than Hesperophycus.

The author collected most of the material at Corona del Mar

where P. fastigiata receptacles are mature from October 15 through June 1;

during June and July of 1953 Dr. Lawrence Blinks mailed material that

he collected at Pacific Grove where P. fastigiata fruits all year. Re-

ceptacles collected at Corona del Mar were cut free at theif hases,
brought indoors, and allowed to air-dry until liquid waé no lqnger
visible on them. Then they were placed inside a covered jar, which
was in turn inside an ice-cooled thermos jug, and transported to
Pasadena where they were stored in closed Jjars, still dry, in the dark;
and at about 6°C. Even after more than two weeks of sﬁch storage, re-
ceptacles have yielded eggs showing more than 95% normal germination.

Possibly because of overheating, the receptacles mailed. from Pacific

* The author is indebted to Dr. Gilbert Smith for identifying specimens

of these two species.
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‘Grove did not always yield such healthy gametes.

Lowrance and Whitaker (1940) stimulated P. fastigiata to

shed gametes simply by immersing the dry and cold-stored receptacles.
in sea water at 15°C. However, the author's efforts to stimulaﬁé ’
shedding in this manner rarely yielded as many as 200 eggs per re-
ceptacle-hour (despite extensive variations in the time, temperature,
and humidity of storage as well as in the temperature and iliumination
during immersal). Further experimentation required a new means of ob-
“taining gametes. Thence it was discovered that receptacles,éhed gametes
upon exposure to a brief period of darkness following a longer period
of illumination. A detailed description of this phenomenon will appear
elsewhere since it has been hitherto unreported in the algae and'may
resemble anglosperm photoperiodism. Here let it suffice to describe
the routine method. |

After two or more days of storage receptacles are transferred
to sea water at 16°C and are illuminated by about 500 fbét-candles of
light from a daylight type fluorescent tube. After any period of such
illumination longer than four hours, the receptacles aré transferred to
darkness. Five to ten minutes later rapid shedding ensues; ﬁithin
another fifteen minutes each receptacle yields up to 10,000 eggs And

a sufficient number of sperm to fertilize them rapidly.

Labeling of Respiratory 002 with Cl¥

Twenty minutes after darkening a few receptacles the eggs
thus yielded were allowed to settle in a graduated centrifuge tube
for five to ten minutes, then the supernatant was drawn off down to

approximately .l ce., and the residual eggs and sea water were spread



- 20 -

out inside a paraffin barrier on a slide. In two early experiments
this barrier enclosed 1 cm.z, giving a pool .8 to 1.5 mm. deep; in

the later ones it enclosed an area of 4 l/2‘cm.2, giving a pooi .2

to .3 mm. deep. Thus covered shallowly, the eggs photosynthesiZed

for 50 minutes under a total of approximately 500 foot-candles of white
light coming from opposite directions in an air-filled 30Ac§..chamber
containing .1 to .2% of COp labeled with .15 millicurie of C14 per mgm.
of COE. Then after replacing the gas in the photosynthesis chamber
with COy-free air, the eggs were thoroughly washed with freéh sea water
and were now ready to be embedded in a film. Thelr subsequent respir-
atory CO2 vas always adequately labeled for measurement, though owing
to readier diffusion of 01402 through the shallower pool the respir-
atory CO, contained 2 1/4 times as high a concentration of Clu in the
later experiments as in the earlier ones.

Embedding the Eggs in a Membrane

The method used was a modification of Whitakéf and Berg's
invention (194L4). A description of preliminary experiments with a
"polypectate” gel will precede that of the method utilizing agar which
wés_finally adopted. Membranes of a "sodium polypectate" gel con-
taining normally developing eggs were formed as follows: Pelvetia

eggs were washed with isotonic (1.1 M) glycerine and added to a 1%

* "Sodium polypectate” is "product 24" of the California Fruit

Growers Exchange (Corona, Calif.). It is described as a sodium
salt of pectic acid of an average molecular weight of approximately
100,000. The author is indebted to Dr. Robert MeColloch for a
sample of, and information about, this material.
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solution of sodium polypectate in isotonic sucrose®. As horizontally
“held rings, 1 or 2 cm. in diameter, were withdrawn from contact with
this suspension they were spanned by liquid egg-bearing films. Turned
to a vertical position, the rings were immediately dipped into Sea
water which instantly gelled the films. Since such a mewbrane gels
while vertical, the eggs are probably embedded equidistant from its
faces, but an agar membrane gels while horizontal and the eggs are
found to set nearer its lower face (See p. 49 ). This shift greatly
confuses interpretation of the COp-ratio experiments, but'its exisﬁence
was unsuspected when agar films were chosen.
In their procedure Whitaker and Berg mixed some Fucus eggs

rapidly with a drop of a nearly congealed sol of agar in sea water.

As they withdréw a horizontally held glass ring from contact with this
mixture, 1t was spanned by a quickly gelling egg-bearing film. They
measured the thicknesses of their films by examining "thin sections

. . . cut with razor blades" and found each film to be’fairly uniform
except for a greatly thickened peripheral zone where it flared out in
its attachment to the ring. To determine a film's thickness the‘preSent
aﬁthor detaches a film from its ring, immerses it in sea water, folds
it in half and holds it down with a glass weight sitting on its ap-
pressed free edges. Microscopic observation of the fold shows a double
line whose separation is consideredvthe thickness of the film since
eggs embedded in the folded regionvappear undistorted (See Fig. 1).

Films made according to Whitaker and Berg's procedure, appear as they

The nonelectrolytes were used because isotonic NaCl was found to
gel 1% sodium polypectate.
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described. For example, film A, a section of which is represented

in Figure 2, was wmade by withdrawing an ordinary glass ring having

an inside diameter of 23 mm. from some nearly congealed 2% agar held

in a watch glass. No eggs were included in this film.

Now in observing the effect of a gradient on cells, the

thickened periphery does not interfere since attention can be re-

stricted to the central cells; in wmeasuring gradients produced by

cells, however, metabolites liberated peripherally will mix with the

central ones and obscure interpretation. It was therefore necessary

to modify the technique so as to eliminate the peripheral thickening.

It would appear that if the ring were no thicker than the

central region of the film, then the film would not flare out periph-

erally. The desired film thickness was approximately one Pelvetisa

egg-diameter or about 100p. Therefore the ring should be less than

or equal to 100p in thickness. BSuch a ring might be constructed by

cutting a hole in a sufficiently thin plate rendered hydrophobic ex-

cept at the edge of the hole. This was achieved by cutting a roughly

circular 10 mm. hole in a #0 glass cover slip with the aid of hydro-

fluoric acid guided by a paraffin barrier, siliconing* the entire

resultant ring and finally removing the silicone from the edge of

the hole with a fine paper-backed abrasive. The cover slip ring

was supported and handled by means of a lucite ring attached to it

with paraffin (See Fig. 3). When properly made, an agar gel membrane

contacts such a ring only at the edge, the plane faces of the ring

*

With "Desicote” made by Beckman Instrument Co., South Pasadena, Calif.
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. Figure 2. Sections of Films Reconstructed from Observations of Them Folded

in Half (See Fig. l) The indicated thicknesses are in ocular wicrometer
scale units of 25p each. Film section A is about 2300p long; the others
are each about 1000p long. The thicknesses have been magnified five times
as wuch as the lengths. A spherical Pelvetla egg of 100p in diameter is
drawn to scale within each film. The shaded regions are the only ones that
bore eggs. Film A was made according to Whitaker and Berg's method (See

P- 23). The other films were made with cover glass rings. ¥Film B was

made with the aid of .008% sodium lauryl sulfate (NalS); films 11A and 118,
with .O004% WalS; film 10, with .002% NalLS; films LA, LB, 5, 6 and 7

without NalS. Films kA, 4B, 5, 6, 7, 10, 11A and 118 vere used in tae

principal experlments, E = edge of film; NE = near edge of film,
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Figure 3. A - C, cover slip ring attached to a lucite ring and spanned
by an egg-bearing film, x 1. D, section in the plane X--X of a cover
slip ring sitting upon an abraded circle slide just before forming a
film, x 6. (A, agar-sol-egg-mixture; AC, abraded circle; ACS, abraded
circle slide; C, cover glass ring; E, egg-bearing filmj; T, finger groove
which aids one in grasping COp traps; G, gap maintained by legs; HL, hole
in lucite ring; L, stainless steel legs 1/3 mm. high; LR, lucite ring;

P, stainless steel pin which helps support COp traps; 5, smooth portion
of abraded circle slide; CH, screw hole.)
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being entirely free of agar. Since a #0 cover slip 1s about 100p
“thick, it is not surprising that the edges of the mewbrane are found

to be about this thick regardless of the thiékness of the center.

When the center is also about 100u thick, a fairly uniform,membiane _

of approximately one égg-diameter in thicknesé is obtained (See Fig. 2).

The author was unable to control the thickness of‘the main
central areas of films made with cover slip rings and 1.0% agar in
 sea water®; they were usually too thick. Nevertheless, five of the
eight principal experiments reported involved such films;

Later a reliable method was found for thainingkegg—bearing
films with a fairly uniform thickness of one egg-diameter. This method
consisted of adding‘.ooh% of the detergent, sodium lauryl sulfate‘
(NaLs) to the filtered 1.0% agar solution before use. As is described
in a later section, the membranes were always washed with pH,6QO Séa
water a few minutes after formation, which presumably removed almbst
all of the NalLS. Nevertheless, one might well fear théf:even transient
exposure to a powerful detergent would interfere with develépment.

Hence in two preliminary experiments, five fiims bearing
unlabeled eggs were made with the addition of .004% NaLS, and then
left to develop in pH 6.0 sea water. The eggs in these filmé exhibited
95 to 100% normal germination when observed 48 hours after'fertilization.

Another relevant experiment was performed with the intent of obtaining

Higher temperatures, lower agar concentrations and slower withdrawal
speeds all thin the films, but the first injures the. eggs, the second
yields excessively weak films, and the last gives films with small
spots so thin as to exhibit interference colors. ,
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7 Cluoe—ratio data; some eggs were labeled, embedded in two films made
"by using fOOh% NalS and then their respiratory 002 Was'trapped for
eight hours. The Clhbg traps were defective and were discarded; but
the film was then transferred to sea water of pH 6.0 for furthei ob-
servation. Twenty-eight hours after fertilization, 85% and 72% of
 the eggs in the respective films had germinated normally;,aﬁogt 85%
of a batch of control eggs had likewise germinated normally‘by:this
time.

It would appear that the use of .004% NaLSkhad‘liftle or-no
effect upon germination. However, in one of the princiﬁal experiméﬁts
reporﬁed‘(#ll), involving two films made with .004% NalS, germination
and photosynthesis were markedly inhibited (See experimental results
in the next éhépter). The source of this diserepancy ié obscure,
though it may be noted that in this experiment, the eggAbearing films
were kept in a COy-free atmosphere for the unusuallyvlong pefiod bf'
15 1/2 hours. | |

Fearing the toxicity of Nald and puzzled by the variable
thicknesses of films made without the detergent, the author wgs im-
pelled to wonder whether the sea water supernatant to gametes might
have an effect upon film thickness. Hence, in a preliminaryAexpefi-
‘ment some egg-bearing films were made using unwashed éggs'and 1.0% |
agar'without Nals. Theée films were more frequenﬁly thin than films
made with washed eggs, but their thicknesses were still not entirely
under control. |

Another difficulty arising from the use of co&er slip rings

is that the agar-sol-egg-mixture spreads out under the ring, consequently
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gluing the ring down and crushing the eggs. This problem was solved
by the joiﬁt use of an "abraded circle” mixing dish and legs attached
to the ring to support it about 1/3 mm. above the dish (See Fig. 3).
“An abraded clrcle dish consists of a microslide entirely silicoﬁed
except for a roughened hydrsphyllic 11 mm. circle. Such dishes are
" made by barely abrading an 11 mm. circle in a’slide, siliconigg the
whole slide and then removing the silicone from the circle Vith
alkali *. To keep the abraded circles hydrophyllic, it proved’im-
portant to store the slides under 95% alcohol until éhortlyfbefore-
use. It also appeared to be a worth-while precaution tobswab cleaﬁ’
the edge of the hole in a cover slip ring with 95% alcohol before use.
The procedure in forming a film is as follows: A cover slip
ring is placedrupon an abraded circle slide in a covered‘chamber im-
mersed in a water bath at 39.6° ( + .8°) C. 4An aliquot:of'agar.solu-
tion kept hot in a boiling water bath is poured into a hot cOrkedv
19 mm. shell vial which is then also immersed in the 39;60 bath.
Three minutes later one or two drops of the cooled agar solution are
placed in the abraded circle with a medicine dropper (pfeviously warmed
in a corked vial in the bath). While the agar has been cooling, about
1 mm.3 of packed eggs has been drawn up into a siliconed medicineA

dropper**. These eggs are now added to the agar. The,ring'is‘rotated

Measured with the aid of wicrometer calipers, the ébraded circles
were found to be sunk from 5p to 60p below the surfaces of the slides.

This is accomplished as follows: Some eggs are concentrated in the
‘center of a dish by swirling it. A drop of egg suspension is drawn
up in a siliconed dropper, the eggs allowed to settle in the dropper,
and a droplet of settled eggs is forced out onto a siliconed plate.
The supernatant is discarded and the egg droplet is then again drawn
up in the dropper.
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briefly to aid mixing, is then raised Jjust enough to draw the spread

out fluid back into the abraded circle during a brief pause, and

finally is further raised to form a separated film. The entire process
from egg addition to film formation required about two seconds. Finally
after forming a film it is vigorously rotated for about five seconds
while it is being raised into the cold room air and is gelling.

Since evaporation plasmolyzes the eggs during film formation,
the films are washed with sea water (brought to pH 6.0 as described
below). To avoid deformation of the films while washing them, they
are allowed to set horizontally for two minutes after formation; to
avoid detaching the films from their rings they are then dipped slowly
into the sea water in a vertical position, held there quietly for two
minutes, and withdrawn as they were dipped.

Absorption and Measurement of Respiratory COo

Figure 5 shows the general design of the apparatus‘(See also
Fig. 3 and Fig. L4). The eggs developed in a buffered mewmbrane on each
side of which was an air gap separating it from a 002 trap in the form
of a drop of isotonic alkali. After exposure to respirétory COp for a
desired period, each pair of 002 traps was replaced by a fresh pair
and later dried and measured with a Geiger counter. Details.follow‘
in sections:

Membrane Buffering

It was feared that if the films were too alkaline that some
respiratory 01402 would first accumulate as HCluO3‘ before passing
into the air gaps as 01402, thus introducing an error since such 01402

would always reach the two traps at equal rates. Hence the membranes
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Figure 4. A, steel COp trap, x l.. B, glass COp trap, x 1. C, steel
COp trap sealed with grease on a lucite stora%ﬁ cup. D, luecite half cell
which is a part of the device for measuring C-7Oo emission ratios, x l.
(AD, alkali droplet adhering to glass disc; F, finger groove; H, wain
hole in half cell; P, stainless steel pin; FD, lens paper disc holding
an alkali droplet in place; PM, paraffin-filled moat; R, recess in the
half cell to accommodate legs on cover slip ring; S, stainless steel
dise; SC, lucite storage cup; SH, screw hole.)
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Figure 5. Assembled Device for MeasUring the Ratioc of Cluog Eaitted
from the Two Faces of an Egg-bearing Film (glass Clo traps shown) .

A, top view, x 2. B, side view, x 2. C, view in the plane X--X,

x 2. (AD, alkali droplet adhering to glass disc; AG, air gap; C,
cover slip ring sealed with grease onto half cell; E, egg-bearing
film; ¥, finger groove; GD, glass disc; HC, half cell; L; leg; LR,
lucite ring attached with paraffin to cover slip ring; N, nut; P, pin;
SC, screw.) :
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/
were buffered at pH 6.0 by dipping them for more than one minute
-into sea water brought to pH 6.0 with .0026 M phosphate buffer.  Un-
fortunately'it was not until after completing the experiments that -
mathematical analysis revealed that the alkall reserve error woéld
have been less than 1% even at pH 8.0 (See Appendix I ). Moreover,
the low pH probably interfered markedly with the orientation of the
eggs since it greatly intensifies the group effect (Whitaker & Lowrance,

1937).

Design of COp Trap

A .02 cc. droplet of isotonic lithium hydroxide in water
was chosen to absorb the 01402. It has the advantages that neither
LiOH, LiOH.Hy0, LiHCO3, nor LiECO3 are hygroscopic, that it is sﬁluble
enough to form an isotonic solution, and that it introduces minimal
éelf—absorption. For measurements made in the dark, each alkali droplet
was placed on a 20 1/2 mm. stainless steel disc aﬁd an 11 mm. disc of
Harshaw lens paper was then carefully dropped on top. Tﬁis was done in
the open air. Then the CO, traps were immediately sealed with silicone
stopcock grease onto lucite cups (See Fig. 4). As an édditional pre-
caution against atmospheric 002 the lucite cups with traps ﬁpon then
were stored in a sealed chamber containing .55 M KOH. To prevent the
alkali droplets from spreading too rapidly on the steel discs before
the paper discs were added, it proved helpful to rub them first with

a finger, but upon drying traps so prepared, the paper tended to curl off.
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Measurements of ClhO2 emitted under illumination were made
”with the éid of glass traps. The alkali droplet was spread out on a
12 mm. glass disc bounded by a paraffin-filled moat (Fig. 4). These
methods of supporting a radioactive sample are modified from Caivin
et al. (1949).

Drying and Counting Samples

The steel traps were first dried under a nitrogen‘stream
and then in vacuo ( .05 mm;), which curled some of the paper discs
partly off their steel supports. Hence one drop of l/lO nofmal
strength collodion® was then placed on every disc. While they then
dried in the copen air, each curled disc was held down flat with the
point of a needle, and then the drying of all discs was completea

in vacuo ( .05 mm.)**. The glass traps were eilther dried under a

nitfogen stream and then in vacuo or in an‘aspiréted desiccator con-
taining P205 and KCOH.

Soon after being dried, the samples were measﬁred either
with a thin window G. M. counter or, when available, with a windowless
flow type G. M. counter***, the latter being preferablé since 'it

registered 3.7 times as many counts.

* 1 volume collodion: 2 1/4 ethanol: 6 3/4 ether.

**
Occasionally this collodion treatment had to be repeated as many
as seven times to flatten a stubbornly curling disc, but checks
showed no effects on measured radicactivity.

*H%

Nuclear Instrument and Chemical Co. Q-gas counter Di6-A.
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As previously indicated, a series of pairs of COy, traps
were exposed to respiratory COy from the two faces of the membrane
during successive intervals. Upon measuring the radioactivities in
these pairs of samples, one obtained pairs of counting rates above
background, b: A;-b and B;-b, As-b and By-b, etc. Then for suc-

cessive intervals ClhOQ-ratios were obtained: Aj;-b , As-b , etc.
B]_'—b B2 -b

The most important final information desired were the changes in
these ratios with time, which were expressed by dividing one ratio

by another ratio so as to get the function, F = (Ay-b) (B;-b) .
(Bo-b) (A1-D)

The standard counter error in F, C;F, was calculated using
long known formulas set forth in wmany secondary sources (e.g. Calvin
et al., 1949).

Let O = a fractional standard error

R = a counting rate
t = a time taken for counting
Then: <32x-b) = ‘RX + Ry where x = Aq, By, Ap, or Bo (1)
tx b
RX - Rb
2 2 2
Q, = F\J oy F + + 2
F 0% (a10) "0 (m8) * T (ap-v) GJB(BQ-b) 2

Formula (2) is only an approximation but the author was ad-

vised by two mathematicians that it would be very laborious to calculate



_35_

how exact it is. The experimental results (q. v.) suggest that this
formula overestimates (j%. This can be partially explained by noting

that Formula (2) is derived by assuming that CTiAl_b), CTZ etec.

B,-Db)
are independent, but insofar as (A;-b), (B;-b), etc. all involve the
same b, their error would tend to have the same sign; this situation

tends to reduce O},below the values given by Formula (2).

Orientation of Eggs in Films

The egg-bearing films were unilaterally illuminated with
light originating in a 75 watt tungsten bulb within an Argus,élide
projector. The light then passed through 1 1/2 inches of a 2% CuClE.
solution to remove the infrared and then through a C-47 Wratten filter
to restrict the light mainly to the blue*, and then through a glaés
- COy trap before finally reaching the eggs. ZEssentially the same set-
up was used in all the principal experiments, and hence the eggs must
have received approximately the same intensity of light. Just.what
this intensity was can only be estimated because the glasé CO2 traps
reflected and refracted the light to an unknown degree. The intensity
striking the trap was measured with a Weston (Model T5b) éhotoelectric
light meter and found to be 40 foot-candles. This meter had been ad-
Justed with white light; a small error arises from the fact that the

light was blue.

* This Wratten filter is reported by the manufacturer to transmlt

virtually no light of wave lengths longer than 530 mp.



PROCEDURES AND RESULTS OF PRELTMINARY EXPERIMENTS

Some Cbservations upon Hesperophycus harveyanus

At Corona del Mar, the author found healthy, mature Hesperophycus

réceptacles from June through September but not during the other eight

months., Unlike Pelvetia, mature Hesperophycus receptacles shed copiously

when dried and rewetted, but they do not respond at all to the light-to-
dark shift effective for Pelvetia. o

This plant is monocecilous and fertilization normaily occurs
within fifteen minutes after shedding (Walker, 1931). However it was
found possible to obtain healthy unfertilized eggs by taking advantage
of the observation that acidification of the sea water delays the escape
of sperm from an antheridial capsule more than that of an egg fromvan
bogonial capsule. The eggs are dense enough to be easily conceﬁtratéd
in the center of a dish by swirling it in the usual embryolbgical way,
but neither the 8ogonia nor the antheridia can be aggregated by this
means. Now then, if some receptacles are caused to shed gémetangia
directly into sea water buffered at pH 6.0, the eggs are freed an hour
later, but the sperm, though moving vigorously, remain trapped within
the intact antheridia. Then unfertilized eggs free of antheridia can be
eésily cbtained by repeating the process of concentrating eggs in the
center of one dish and transferring them to another. If the gametes
are allowed to remain together in the pH 6.0 sea water for.anvindefinite
period, however, up to 50% fertilization and germination e?entually_ |

occur ,
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Iﬁ ordinary filtered sea water in the dark at 21°C, half the
eggs Tirst become pear-shaped after about 20 hours; at 24% ana 1300,
this stage. is reached after about 30 éﬁd 40 hours respectively; at”27OC?
the eggs never germinate. Dwarf eggs of one half of the usualrdiémeter
often germinate normally, and even polar bodies of 1/3 of the usual dia—
meter sometimes become partitioned by a cell wall and develop a“rhizoid.

In all cases, the rhizoids tend to develop away from uﬁilateral

white light.

‘The Effect of Transient High Temperatures upon the Germinationfof’Pelvetia
In the process of embedding eggs in a thin agar membrané’ﬁhey

must bé transiently exposed to‘a temperature of at least 3500, fo even

at 3500 sea, watericontaining l% agar gels in a few minutes. vTherefore in

a‘preliminary study portions of a batch of Pelvetia eggs werevimmersed

for short periods (starting 45 to 75 minutes after being éhed) in heated

sea water an&rthen returned to sea water at 16°C to develbp'in the dark.

Germination was observed during the next four days and the results are

summarized in Table 2.
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Table 2
High T : Duration Percentage Germinating by
18-20 2h-5 4o 96" hours
Untreated Controls 80 98 98
26-27°C 6 min. 8 98
! 36 min. T 91 99
37°% 10 sec. 80 99 100
" 1 min. 19 85 | 9
34-37% 6 min. 0 11 ok . 98
L2%¢ 10 sec. 0 0 83 96

" _ 1 min. 0 0 0 o

It is apparent that there is a rapid increase in the rate of
injury as the temperature increased from 37°C to 42°C: Ten seconds of
exposure to 42°C is much more injurious than 1 minute of exposure to 37°C.

Development of Pelvetia Eggs in Sea Water at pH 6.0 and Containing Only

a Trace of COQ

Since, in the principal experiments, the Pelvetia eggs are
subjected to sea water at pH 6.0 and containing only a trace of.COg, a
preliminary test was made of the effects of these conditions on the eggs.
Two cc. of sea water buffered at pH 6.0 with .008 M NaEHPOA'and 0021 M
citric acid was placed in a 5 cm. petri dish. To this was added .5 cc.
of a suspension in sea water of recently spawned eggs. This culture
developed in the dark within a sealed chamber containing .55 M NaCH.

Similar control cultures at pH 6.0 in a normal atmosphere and_at pH 8
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in either type of atmosphere were run at the same time.

Examination of all the cultures three days later showed that '
germinatibn had proceeded normally in all the dishes. However, thé bottom
of the experimental dish Eappened to be so convex that the sea,watér only
barely wetted its central ?artion thus stranding éome eggskthefe; It was
récorded that these eggs showed a definite tendency ﬁo develop‘fbeir rhi-
zoids upward, away from the glass and into the COekdeficient air. Un-
fortunately, this observation was forgotten and not repeated, It wmay
have represented the same kind of orientation that the eggs Wefe4muchi
later observed to exhibit in agar films (See next section); |

Polarization of Pelvetia Eggs by Embedding Them in a Film

It was assumed, until the principal experimentS’were coﬁélétéd
and time and matefial had nearly run out, that merely embedding eggs
in films would not affect their orientation. However, three last minﬁte
experiments indicate, at ieast in films made using NalS, that the rhizoid
poles tend to develop tpward those faces that were lower;While the films
gelled.

Experiment 1 In the usual way some Pelvetia eggs vere allowed
to photosynthesize in an atmosphere containing CluOQ; they‘were’then emn-
bedded in a film made with the aid of .004% NalS. The film wasAdipped
for two minutes in pH 6.0 sea water, a half-cell and two SteelACOE traés‘
aétached and the film left to develop in darkness in a veftical position
for eight hours. Then the film was détached and transferred to pH 6.0
sea water in a lucite box in the dark. | | L

Forty-eight hours after fertilization the film was_examined:
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Tt was found to be roughly divisible into regions about 10% thicker than
one égg-diameter and regions about 10% thinner. In the thick phase,

90 + 1.4% of the eggs (188 of 210 observed) had germinated and 80 + 2.8%
of these (72.5 of 91) had rhizoids pointing toward the originally lower
face of the film; in the thin phase, 76 + 3.0% of the eggs (69kof 9lj
had germinated and 68 + 2.6% (97 of 143) of these had rhizoids‘?ointing
toward the originally lower face*

In this experimenﬁ, and even more so in the others, germination
>was incomplete. Hence the observed preferential orientétion of the rhizoids
toward the originally lower face might be interpreted as ha&ing arisen from
a relative inhibition of germination toward the originally upperiface, in-
stead of or as well as from true polarization of the eggs with thé rhiZOid
poles to%ard the 6riginally lower face. However, in Experiment 1 , as
least, high germination and downward orientation were correlated; henée
if a differential inhibition of germination existed at all, then "downward"

germination was more suppressed; this would make the apparéht degree of

downward polarization less than the true value.

Experiment 2 Some Pelvetia eggs (whichfhad not phothynfhesized
under 01402) were embedded in two films made with the aid'bf,.OOh% NalLs.
The two films were made one and two hours respectively after fertiliﬁation.
FEach film was then washed with PH 6.0 sea water and allowéd tobdevelop in
ahvertical position in a moist chamber/so arranged that each face of both
films was one cm. from blotting paper'soaked in .55 M KOH. Ten hours later

both filums were removed from the COsfree chambér, again washed with pH 6.0

* The probable errcrs arising from the sizes of the sampies are gilven.’

Each egg with a rhizoid in the plane of the film was counted as one
half egg germinating toward each face.
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sea water and then Piaced vertically in a dark moist chamber filled with
ordinary air. Two days later, both films were detached and immersed in
pH 6.0 sea water for further development. Four days after fertilization
the films were examined.

. In the film wmade Tirst, 24% of the eggs had germinated and
TL + 4.7% (30.5 of 43) of the rhizoids pointed "downwards"; in the second
film 33% of the eggs had germinated and 72 + 3.0% (74.5 of 103) ef the
rhizoids pointed "downwards". Both films were of fairly homogeneous
thicknesses averaging about 1/6 thicker than one egg—diemeter.: Observation
of development in control eggs not embedded in films ehewed thet the béteh
used for film formation was seriously subnormal: Only 68% and. 90%.of |
groups‘of eontrol eggs left in ordinary sea water and pH 6.0 sea water'
respectively had germinated.

Experiment 3 Two hours after fertilization, some Pelvetia
eggs (which had not photosynthesized under 01”02) were embedded in a film
made withoutrﬁhe use of NalsS. The-film vas washed with pH 6.0 sea vater
and then placedviq a dark, CO,-free molst chamber as in Experiment 2 .
Nine hours later the ring was transferred to a dark;‘moist chamber con-
tainiﬁg ordinary air and three days later the film was deteched'end im-
mersed in pH 6.0 sea water. Prominent fungal hyphae were seen in the film
at this time.

Cleavage proceeded normaily in most eggs but the»development of
rhizoids was extremely delayed. After 3 days, only 10 of a total -of about
400 eggs in the film or 2 1/2% had germinated; 8 of these_lO had developed
rhizoids downward. After 8 days, 17 eggs or 4% of the totdl,had'germinated;

11 1/2 of these or 70% had developed downward. After 1L days, 60 of 324 eggs
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observed or 19% had germinated; 33 of these or 55% had developed down—r
ward. Apparéntly, those few eggs that germinated after only a relatively
small delay tended to develop downward as in Experiments 1 and 2 but
the subéequently germinating eggs déveloped with random orientatidﬁs,

" Observation of dévelopment in control eggs left invpiain sea
water showed them to be somewhat subnormal; 47 hours after fertilization,
only 89% of them had germina%ed. However, the extfeme inhibition ob-
gserved can probably be accounted for principally by the‘fgngus nofed '
kabOVe. | |

Polarization of Pelvetia Eggs by Short Exposures to Unilateral Light

In a preliminary experiment portions from four batchesrdf
Pelvetia eggs were allowed to develop in the dark except for exposure
to'one hour of unilateral illumination beginning at about one, two, etec.
hours after fertilization. They developed in filtered sea water ﬁithin
5 cm. petri dishes at a temperature which varied from 16°C to léOC."The
white light included wave lengths from about 350 mp’to BOC:ﬁp; the blue
light from about 350 mp to 530 mp.

The résults are listed in Table 3. The eXperimént Wa$~not
repeated, the sampling errors were large, and different,b&téheé of eggs
were used in different parts of this experiment. Nevertheléss; it is_
qotable that the period of maximum sensitivity advances to times later
in development as the intensity of the unilateral liéht decreases. An
interpretation of this observation ié complicaﬁed by the fact that during
the first few hours after fertilization the eggs are not'attached‘very‘
securely to the glass dishes; consequently the light may act not only by

polarizing the eggs but by affecting their adhesion to the substrate and
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hence the extent to which rolling of the eggs brings about randomization.

Table 3
Hours A. F. White Light in Foot-candles | Blue (foot-candles)
5 2000 400 100 25 6 120 30
1 93+k 60+k 5ui3 4245 | L3+k 56+3 60+3
2 7345 9143 82 66+4 67+h 7543 8542
3 94 8643 86+2  BMe3  Toeh T2 B2s2
I 7646 87+3 79+3 T0+h 7145 |
5 60+6
6. 50+7
T 53+8

_ . Polarization of Pelvetia Eggs by One Hour of Unilateral White or
Blue Light Applied at Various Times after Fertilization (A. F.). In the
body of the table are listed the percentages of eggs counted which de-
veloped rhizoids away from the light and the probable errors of these
percentages resulting from the sizes of the samples.

In other experiments, Pelvetia eggs were exposed to unilateral
white light while developing in sea water brought to pH 6.0 with a phosphate
 buffer. The rhizoids developed away from the light as usual.

The Rate of 01”02 Emission by Labeled Pelvetia Eggs Developihg in Dishes

Two preliminary experiments belong under this heading. In the
first of these some eggs were shed and/about 30 minutes later were allowed
to photosynthesize for 90 minutes in the presence of ClAOE. After being
thoroughly washed, about 1000 labeled eggs were placed,iﬁ each of two

straight-wall concavity slides bearing depressions 16 mm. in diameterr
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and 3 mm. deep. The eggs were barely covered with pH 6.0 sea water‘and
allowed to develop either in darkness or under approximately 500 foot-
candles of light from a daylight type fluorescent lamp. COE traps were
placed_ovef the egg-bearing concavities and changed at intervals. .The
trapped C?AOQ vas later measured with a thin-window G. M. coun£er.; Dish A
was in darkness (D) during the first two measurement interﬁale and il-
luminated (L) during the third while dish B was treated oppositeiy. The
measured activities in counts per minute above background per houf of egg
development per thousand eggs are listed in the body of'Table #.‘ The in-

tervals of measurement are in minutes after the end of photOSynthesis (A.P.)

Table 4 (See Text above)

Interval A.P.

54-118 123-420
~ Dish A 460 (D) 168 (D)
'Dish B 129 (L) 17 (L)

Control meesurements of the ClLPO2 emitted by pH 6.0 sea'water

that had been supernatant to the eggs right after washing‘them ga&e no

counts significantly above background.

A second preliminary experiment using eggs cultured in one con-
cavity slide gave essentially similar results. Since a film bears about
1000 eggs, it was apparent that by meaﬁs of photosynthesis the respiratory

CO, of the eggs could be easily gotten "hot" enough for the author's

purposes. However, it was seen that the rate of 01402 emission decays

fairly rapidly after photosynthesis ceases. In Figure 6 on p. 56, this
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preliminary data is graphed together with similar data on the decay of the
rate of Clhcé emission taken from the principal experimenis upon eggs in

films.
PROCEDURES AND RESULTS OF THE PRINCIPAL EXPERIMENTS

In the eight principal experiments, recently shed Pe1Vetia
eggs labeled with Cl4 were embedded in a thin jelly membrane where they
developed. Then during each of a series of increasingly longef intervals,

1h

the C On escaping from each side of the membrane was separately ab-

sorbed to be measured later. During the first one or two intervals of

oLk

05 absorptiaon, the membrane was in darkness; during the next one

or two intervals it was unilaterally illuminated with about 30 foot-
candles of blue light which partially poclarized the eggs; during the
last one, two or three intervals, it was again in darkness. COé |
absorption was stopped before the eggs germinated. Subsequent develop-
ment occurred either with the film in a moist chamber bearing air over
sea water or with the film immersed directly in sea'water*. In. the
course of the experiments room temperature varied between lh.5°C,and
17.5%.

cluog Ratios

The principal purpose of these experiments was to determine
the ratio of ClhOg emitted from the two faces of egg-bearing films

before, during, and after unilateral illumination. This information

Film 5 was left in molst air until 59 hours after fertilization;
Then it was transferred to sea water where it remained for another
24 hours before the final observations upon it were made.
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Table 5

The Relative 01402 Output from the Two Faces of Egg-bearing Membranes

and Related Data.

vals are in hours after stimulating shedding.
are the theoretical counter errors, i.e., those due only to the random-

ness of radioactive disintegration.

egg diameters.
film while 1t gelled.

The moment of waking the film and the various inter-
The standard errorslisted

The film thicknesses are in average
Bottom and top refer to the upper and lower faces of the

-15th

Experiment LA LB 5 6
Time Film Made 2.2 1.8 2.0 1.8

% NalS 0 0 0 0
Number of Eggs 1,300 1,500 1,300
Light From Bottom Top Top Top
Develop In Moist Ailr Moist Air See Text Sea Water
"Photosynthesis" - 39%

% Germination 100 100 5k ~ 90

% Criented Toward Dark 7L 71 72
Thickness Mean 1.1l 1.5 .95 1.7

" Range 1.0-1.2 .9-1.7 6-1.2 1.0-2.0

Pre-interval 1 None None None 2.00—2.25
cl*0,:  Bottom/Top 1.56%,0k
Pre-interval 2 2.8-3.8 2.5-3.5 2.5-3.5 2.3-3.0
cl*0,:  Bottom/Top 1.38%.02 1.71t.07  1.27t.03 L.64%.03
Light Interval 1 3.9-5.9 3.6-5.6 3.5-6.0 ©3.1-bk1
cl Op: Bottom/Top 1.66%.05
% Change in Ratio +1%y
Light Interval 2 4,1-5.2
clt0,:  Bottom/Top 1.52%.05
% Change in Ratio -8 i
Post-interval 1 5.9-7.9 5.6-7.6 6.0-9.0 5.2-7.2
ot 02:Bottom/Top 1.29%.05 1.68%.07 1.12%.03 1.63%.03
% Change in Ratio -TEL -216 -131%5 013
Post-interval 2 8.0-12.1 9.0-13.0

cl*0,:  Bottom/Top 1.50%.08 1.11%.03

% Change in Ratio +916
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Table 5 (cont.)

Experiment T 10 11A 11B
Time Film Made 2.k 2.2 2.2 1.9
% Nals 0 .002 .00k © .00k
Number of Eggs 1,200 1,700 2,600
Light From Bottom Bottom Top Bottom
Develop in Sea. Water Sea Water Sea Water Sea Water
"Photosynthesis" 62% 27% 2% 5%
% Germination 100 100 1L 10
% Oriented Toward Dark 87 Th 78 78
Thickness: Mean 1.6 .95 1.1 1.05

" Range 1.0-2.4 0-1.2 .9-1.2 .5-1.2
Pre-interval 1 2.5-2.8 2.4-2.8 2.35-2.60 2.0-2.5
ct*0,:  Bottom/Top 1.11%.01
Pre-interval 2 2.8-3.5 2.8-3.6 2.7-3.4 2.6-3.3
ct Op: Bottom/Top 1.32t.04 1.01t.02 1.31t.02 1.08%.01
Li ht Interval 1 3.6-5.6 3.8-5.8 3.4-5.4 3.4-5.4
C™'05; Bottom/Top 1.18?.0& .95t.02 1.2kt 01 1.04t.01
% Change in Ratio -117%5 -6%2.5 -612 -hto
Post-interval 1 5.6-7.6 5.8-7.8 5.5-7.4 5.4-7.4
cl*0,: Bottom/Top 1.29%.03 98t .02 1.19%.02 1.01%.01
% Chénge in Ratio -2t -3%3 -10%2 . -Tio
Post-interval 2 7.5-11.5 T.4-11.4
c*0,:  Bottom/Top 1.20%.02
% Change in Ratio -9t2
Post-interval 3 11.5-15.5 11.4-15.4
c™o,: Bottom/Top 1.16t.02  1.10%t.01
% Change in Ratio -13%2 +1t2
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is summarized in Table 5. Each film listed contained a portion of
labeled eggs from a different batch except that films 4A and 4B both
contained eggs from one batch, and films 11A and 11B likewise both
contalined eggs from a single batch.

- The percentage of the eggs in each film which germinated
gserved as one criterion of their normality; the intensity withvwhich
the eggs photosynthesized, under the unilateral light that oriented them
(Tabulated as "Photosynthesis"), served as another criterion of normality.
The tabulated percentages of germination were obtained two orvthree days
after fertilization; before this time protuberances ﬁhat héve developed
perpendicular to the film are very difficult to see. The intensity of
photosynthesis under the unilateral light was measured by the percentage

decrease in the total rate of Clh

0, emission from both faces of the 1l-
luminated film as compared with the expected total rate during the in-
terval of illumination had the eggs been in the dark during this period.
This expected total rate was obtained by extrapolating to fhe light in-
terval, with the aid of the graph in Figure 6, from a measurement made
during a dark interval, in the same experiment .(Seé P-. 55). No measure
of the intensity of photosynthesis under unilateral illumination is
available for experiments 4A, 4B, and 5 because adequate traps for
COp during illumination had not yet been developed when’they were
ﬁerformed.

Applying the above criteria it will be seen that the relative
normality of the eggs in Experiments 7, 4A, and 4B was the séme, while

the relative normality was successively lower in Experiments 10, 6, 5,

11A, and 11B.
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In Experiments 7, 4A, and 4B, 100% of the eggs germinated;
moreover, tﬁe highest intensity of photosynthesis, 62%,_Was found for
Experiment 7. 1In Experimenté 10 and 6, 100% and 90% of the eggs’
germinated while the infensities of photosynthesis were respectiﬁély
27% and 39%. In Experiment 5, 54% of the eggs germinated. In Experi-
ments 11A and 11B, only 14% and 10% of the eggs germinated reépgctively
while the calculated intensities of photosynthesis, 2% and 5%'respec—
tively, are not definitely different from zero. The 14% and 10% germina-
tion percentages tabulated for Experiments 1lA and 11B were’récoried
T2 hours after fertilization but‘development was followed for an addif
tional 7 days. In Experiment 11A, at 5 days after fertilization; 100%
of the eggs were observed to be finely cleaved into cells but Only the
original 1h4% haa vet developed rhizoids. At 6 days, an additional~l%
of the eggs had begun to develop very thin rhizoids; at 7 days, 3%; ét
8 days, 9%;vat 9 days, 23%; at 10 days, 39%. In Experiment 11B at 10
days after fertilization, one observed in additioh to théjlo% of the
eggs originally germinating, which now bore thick rhizoids, aﬁ additional
28%»with thin, tardily developed rhizoids; most of the rémaining eges
were finely cleaved into cells. The cause of the extreme inhibition
observed in Experiments 11A and 11B is obscure (See PD.26-T7).

1k

Now returning to the C Oz—ratio data, let us .first consider
the base ratio or the ratio observed;in the second and ﬁain dark interval
before illuminaticn. Note first thét in all cases except Experiment 10
‘that the base ratio is markedly greater than i, that is,.thé formerly

lower surface or "bottom" of each film emitted 01402 at a significantly

greater rate than the formerly upper surface or "top" of eachvfilm.
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This fact is interpreted as being caused primarily by the eggs having
set nearer to the formerty lower surface of each film (by reason of
having settled while the film gelled). Comparison of the observed base
ratios of the film With}the theoretical expectation based primariiy
upon the observed film thicknesses offers further support for this
interpretation.

First consider what effect the thickneSs of the film’would
theoretically have on the position that the eggs became fixed iﬁ (or
set in) and hence on the base ratio. The principal forces’deiermihing
~the position of an egg in the film at mechanical equilibrium arevgravity
and surface tension. An egg entirely inside of a film will be affected
only by the downward pull of gravity. An egg which bulges out of the
. surface of a fiim will also be subjected to surface tension foreesv
acting upon the line of contact between the exposed segment of the egg
and the. surface of the film in directions tangent to the egg‘SiSurface
so as to pull the egg back into the film with a ferce whiéh increeses
as the line of cgntact lengthens and hence as the egg bulges'out farther.
If the film is thicker than one egg-diameter, meehanical:equilibrium
will be attained when the egg bulges out of the lower surface of the
film far enough to create an upward surface tension pull which'balences
the downward pull of gravity. A simple calculation shews thafbthe seg-
'ment exposed at equilibrium is less ﬁhan 100 angstroms in height. Hence
for the present purposes an egg at equilibrium.in a film thicker than
one egg~diameter is considered to be tangent to the lower’sﬁfface.
Similarly, in a portion of a film which is thinner than oﬁe eggwdiamefer,

the center of an egg at equilibrium will be shifted below the mid-plane
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of the membrane by ﬁhe negligible distance of less than 100 angstroms;
| That the eggs really are shifted toward the lower surface of
a thick film was confirmed by direct examination of a folded one;b Film
LB was folded with the fﬁrmerly lower surface of the film on,the:butside
(See Fig. 1 on p. 22). O% 65 eggs seen in the édge, that is, bounded by
the apparent double line, only one was apparently separated from the
formerly upper surface by as little as one scale‘unit, while &9 were
apparently separated from the upper surface by two séale units or more.
Note that no eggs would appear farther from the upper surféceiand some*
would appear closer to it than they really were. Then consider the
section of Film 4B (Fig. 2, p. 24) in conjunction with the foregoing
and it will be clear that in this relatively thick film that the majdrity
- of eggs were fixéd nearer to the lower surface. When thinner films were
- obsertved in a folded condition, no evidence that the avefagé position of
the eggs was off-center could be obtained; however, the‘méthbd:isrfoo
crude to attach significance to this negative result.
In Appendix IT, a theoretical upper limit to the éfféct'of
the fo-center position of the eggs on the base rafio is:derivéd from
a consideration of the diffusion of 002 molecules in the film. Let D
be the mean excess of the film thickness over one egg-diameter‘(regions
less than one egg—diameter thick are considered in the aVeraging process
bto be just one egg-diameﬁer thick). ;et R be the bése ratio.
Then, R <K 1;+ 2D

Now let us compare the theoretically expected base ratios

*  Those out of the plane which bisects the fold.
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with the observed facts. The relevant data are arranged in Table 6.

Table 6

Correlation Betweaen Base Ratio and Film Thickness

Experiment 10  11B 5 11A LA 4B 7 6

D .03% .1 .05 .1 .1 .5 .6 T
1+ 2D 1.06 1.2 1.1 1.2 1.2 2.0 2.2 2.4
Bgg~-free Area Yes Yes Yes No No No Yes No
Base Ratio 1.0l  1.08 1.27 1.31 1.38 1.71 1.%2 1.6k
Observed

The listed values of D are taken from the egg-bearing regions of the

film "sections" shown in Figure 2 (See p. 24)*, Four of the films showed
regions which were thinner than average and which were free of eggs. The
presence of these thin egg-free regions is considered as evidence that in
these films the eggs became fixed in a position far from that of mechanical

equilibrium .

Likewise, the mean film thicknesses listed in Teble 5 are taken only
from the egg-bearing regions as shown in Figure 2. ‘

o As Figure 2 shows, the folds from which sections were taken went
through these egg-free regions in films 7 ard 11B. The egg-free
regions were relatively small in films 5 and 10 and the folds did
not go through thenm.
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It is apparent that the base ratiocs tend to have nigher values
in the films with higher D's and in the films without egg-free areas,
both correlations being expected from the eccentric position theory
presented. However, the base ratios in Films 5, 114, and particuiarly
LA are so much larger than the theoretical upper limit, even taking
the crudeness of the measurements of D into account, as to suggest the
existence of a second cause of the high base ratios in addition to the
eccentric position of the eggs.

Now let us consider the changes in the Clhog-ratio‘during
the period of unilateral illumination. Disregarding the unreliable
Experiment 11, data from the most reliable Experiment T, as well as
from iO and 6 are available. In Experiment 6, two measurements were
made during the light interval. Lumping these so as to make 6 comparable
with 7 and 10, the "bottom/top" ratio during the light was found to be
1.59%.04, a drop of 3%3% from the base ratio of 1.64. Noting the direction
of illumination then, the relative changes in ClMOE outpuﬂ from the lighted
face are as follows: film 7, -11%5%; film 6, +3%3%; film 10, -6%2 1/2%.
While statistical analysis cannot be intelligently‘appliéd here; the
author Jjudges this data to offer limited evidence that the normal eggs

Clu

tended to emit less O, from their illuminated sides.

Consider next the changes in the Clhoo-ratio after the light

was extinguished. These data fall into two distinct internally consistent

groups: Films 10, LA, 7, 4B, 6, andlllB on the one hand and Films 5 and
L1A on the other hand. The cause of this dichotomy is uncertain; here
let 1t suffice to present and organize the facts. Consider the large

group first. Since some films were lighted from the "bottom" and some
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from the "top", the changes in the ratios may be considered either as
between the sides formerly toward and away from the light or between the
former bottom and top sides. Consider the datavfrom the former viéw-
point. The relative changes in the formerly lighted side were —7fé%,

~7ihg, -3%3q, -otiq, 013%,v+1i2%, +2t6%, and +9%6%. The mean change

in this larger group is -.9%1.8%, where ¥1.8% is the empirical standard

deviation of the mean. It is largely accounted for by the 1.4% expected
standard deviation of the mean resulting from the counter errors‘alone.

'If the larger group is considered from the bottom versus top viéwpoint,

the bottom is found to decrease by -1.4%1.8%. Obviously the ratios in

the larger group as a whole did not change to a wmeasurable degree,” From
elther point of view the conclusion that they did not change by moré than
5% is certainly tfustworthy. However, it may be noted that in Exberiments
LA and 11B, in which a second post-illumination measurement was made, these

Cluo2 from the bottom or lighted side

latter appear to have indicated more
than the measurements during the first post-illumination intervals. The
first post-interval mean change from the bottom/top viewpoint is —3fl.2%5
the second one, +5%4%. The two means differ by BTh.é%. It is hardly
permissible to draw the conclusion that the ratio increased between the
first and second interval.

Turning now to the second group of films, 5 and 11lA, an entirely
different plcture emerges. Both these/films were illuminated from the
top. The faces formerly at the bottom and formerly away from light under-

went relative changes in the post-illumination intervals of -9T2%,

-10%24, -13%15%, -13t2%, and -15t4%. The mean change in this smaller

group was —l2fl.l%. This empirical standard deviation of the mean of
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1.1% is even less than the 1.5% expected standard deviation of the

mean resulting from counter errors alone. One finds no significant
changes in the Clhog-ratio between the first, second, and third post-
illumination intervals. Preparatory to a consideration of why the two
groups of films behaved so differently after illumination, one notes
two correlations with double conditions. Films 5 andkllA were the only
films illuminated from the formerly upper side which also exhibited
relatively high base ratios for their thicknesses. They were likewise

the only "top"-lighted films bearing relatively abnormal eggs.':

Total Clhoe Qutput

As a by—product of the Clhog-ratios, the principal experiments
upon 01402 emission by eggs embedded in films also yielded information
about the decay of the rate of total 01402 emission. These data were
obtained for each interval by adding the measurements of Cluo2 emitted
from the two faces of each film rather than by dividing theﬁ. Figure 6
shows a graph of all the measurements of total 01“02 emission in %the
dark taken from the development of eggs in the eight’filmsrstudied as
well as from the preliminary cultures in depression slides. Thé data
from which the graph was plotted are carried in Table 7.

Since the rate of Clh

0, emission varied with the conditions
of photosynthetic labeling, which in turn varied from one e&gg batch to
another, normalized values are actually plotted. Each measurement, s,

of total Cluoz emitted per minute of respiration per 1000 eggs during

some interval, was divided by Er, the total measured during a reference
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The Decay of the Total Rate of clhy
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Emission in the Dark by Pelvetla Eggs
after Photosynthesis under 01402 Has
Ceasged.

The time when punotosynthesis stops is
taken as zero hours. The data from” ten
experiments involving eight batches of
labeled eggs are grapked; to wake the
course of decay in different experim;&ts
comparable, each measurement of a 70,
emission rate was divided by a reference
value taken from the same experiment or
one using the same batch of eggs. Table
carries the data graphed here,
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interval of emissioh by the same batch of'eggs and also divided by t ;
the 1nterval between the end of photosynthe81s and the time m1dway
through this reference perlod
Normalized s = 5 = s/s,ty

The quantity s is divided by srtr insﬁead of by sr because 8
Was seen to be approximately proportional to l/t within each éxperiment.
As far as possible the different reference intervals were chosen to be
at equal times after photosynthesis ceased. The time coordinate of each
value 1s the arithmetical mean of the corresponding intefv&izzl/Q (tg—tl)*
The smooth curve shown was drawn by eye éo as to give the‘best fit. Con-
sideration of all the data shows that the points are fitted nearly as
closeiy by the hyperbola, s' = l,O80/t + 12 (min.'l), as by the smooth
curve drawn. To make this point clear, the ratio of the normalized ex-

perimental values, s, to the hyperbolic values, s', has been calculated

and listed in Table 7.

Since seC l/t, it may be easily shown that the proper flme coordlnates
to plot are the geometrical means, Jtltg , but the latter dlIfer too
slightly from the arithmetical means to Justify recalculatlon.
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DISCUSSION AND CONCLUSIONS

Clho2 Ratios

Thus far it has been tacitly assumed in this thesiS'thaé 01”02
and CO, are emitted at the'same relative rates from the twoyfaces of an
eggfbearing film, but this assumption proves sefiously incorrect when
the hemispheres of the eggs that point toward one face of a filmfrespire
. more rapldly than the hemispheres pointing toward thebother face. Con-
sider the observed fact that the total rate of clhog emissionzﬁy»Pelvetia
eggs decreases rapidly with time. The total rate of carbon dioxide emission
can be assumed to remain constant or even increase with time. Héhce; the
specifie activity of the total emitted carbon dioxide must decreasé répidly
with time. Therefore, if one hemisphere of an egg respires more rapidly
than the other, then the specific activity of the carbon diogide emitted
from this hemisphere must fall more rapidly than that from the bﬁhér.

In Appendix IV, this matter is quantitatively céﬁsideréd.
Suffice it here to staté the resﬁlts. Let one hemisphere of aﬁ egé.
respire more rapidly and hence emit carbon dioxide ét (lv% ) times'the
rate that the other hemisphere doces. Let zero time be .2 of aﬁ hour
before photosynthesis ceases. Let the differential respiration begin
at the time tl and continue to the time ty when the relatiVekspecific
activities in the emitted carbon dioxide are desired; LEt'Rsa be the
ratio of specific activity from the @ore rapidly respiring hgmisphere to
that of the other.

Then, Rgg =1 - f (to-tq)
t
2
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Clearly, Ry, decreases steadily from 1, when t, = ti, to 1 - 1/ef
when to = 2t1, to 1 - 2/3f when to = 3t1, and so on to the limiting value
of (1 - £) when t,= 00

This means that the ratio, R, , of the rate of 01402 eﬁission

ce

by the more rapldly respiring hemisphere to that of the other would be

(L + £) at first but would fall with time according to the formula:

Ryo = (L4 £) [1 =T [to-tg) ] 21+ £(by/tp)
to

Clearly, R

ce decreases steadily to 1 + 1/2 f when t2’=‘2tl, to

Lo+ 1/3 f when t2 = 3t1, and so on to the limiting value of 1 when tg =

Now let us apply this analysis to the experlmental datam As
has beén discussed in the prev;ous chapter, an analysis of the base ratios,
or the Clhog—ratibs measured during the first long dark interval, indicates
that in some cases tﬁey are so high as to be only partly explicable by the
eccentriq position of the eggs in the films and must be partly}attribute&
to a higher rate of Clbfo2 emission by the "bottom” hemisphgres of the eggs,
thatvis, those that are pointed toward the "bottoms" of the films.',This
increased rate of eﬁission from the "bottom" hemispheres might arise either
from an increased rate of respiration in the "bottom" hemispheres or an in-
creésed permeability to carbon dioxide of the cell membrane in the "bottom™
hemisphere. Differential permeability would not affect the relative sbecific
activities of emitted carbon dioxide, but as discussed abbve, differential

regpiration would decrease the specific activity emitted from the "bottom™"

This consideration may serve as a valuable tool for diStinguishing a
differential COp, emission by different regions of a cell, produced
by differential respiration, from one caused by dlfferentlal permeablllty
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and would therefore result in a falling Cluoo—ratio (from the "bottom/top"

viewpoint).

Whatever 1t is that induces the increased "bottom" emission
must begin to be effectivé shortly éfter the eggs are embedded in %he
films or at ty = 1 hour. The base ratio interval lies between to = 1.2 hours
aﬁd to = 2 hours; the first post-illumination dark intérval‘lies~between
ty = 4 hours and ty = 6 hours; Thus if the relative increase in ”boﬁiom”
‘emission were attributed to differential respiration, the ClkOg-ratio
vshould have fallen by about 1/2 f between the base intervaliand the first
post-illumination interval.

In a éimilar manner, it can be argued that the unilaterai iilumina—
tion should result in a marked relative decrease in specific actiVity'in the
carbon dioxide emitted from the hemispheres away from the 1ight both during
and after illumination.

Finally then, where the illumination came from fhel"tap"idirection,
photosynthesis and the "bottom" respiration should have reiﬁforqed.each'
other's action in decreasing the specific activity of the carbon diéxide“
emitted from the "bottom" and thus in decreasing thé'C1uO2-fatios in the
post-illumination intervals (from the bottom/top viewyoint);<wh§re the il-
lumination came from the "bottom"kdirection, photosynthesis and the "bottom™
respiration should have had opposing effects upon these Clyog-ratios.

| Now recall that two of the eight films studied,‘numbers 5 and 114,
were sharply distinguished from the other six byAexhibiting a marked decrease
in their Clho2 ratios, from the bottom/top viewpoint, in the post-illumination
intervals. Moreover, films 5 and 1lA alone can be characterized by the

double condition of being "top"-lighted and of exhibiting a rélatively high
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base ratio for their thicknesses.

Thése are exactly the conditions which are expected to result in
a decreased specific activity in the Cluo2 emitted from the bottoﬁ and. hence
in a decreased CluQE-ratio.

One concludes tﬂén that none of the filme exhibited any measurable
change in the relative rates of carbon dioxide output from their two faces
after unilateral illumination; the apparent change exhibited by Films 5 and
11A only reflects a change in the relative specific radioactivities. More-
over, this successful prediction rests in part upon the pre&ioﬁs conclusion
that the high base ratios partially reflect a higher respifatioﬁvin the hemi-
spheres of theveggs polnted toward the formerly lower faces. Hence this
latter conclusioﬁ is reinforced.

Both these conclusions are furnished some further‘support’by the
fact that Films 4A and 11B, the only "bottom"-lighted filﬁs On which more
than‘one»poSt-illumination measurement was made, showed a geﬁdeﬁcy for
their Cluog—ratio to change in one direction and then in ﬁhé other. This
checks with the prediction that two opposing effects upon the relative
spec;fic activities are present. Moreover, for Film,6, ﬁﬁe only;film on
which two measurements were made during the light interval,‘thé second
measurement, as compared to the first, showed a significant.incfeasé in
the relativé ClhOQ emission from the lighted side, which‘again éhecks
éualitatively with the expected change in specific activities.

The conclusion, in some of’the films at least, that the hemi-
spheres of the eggs which were pointed toward fhe "bottom" résbire more
rapidly can be correlated with the observation that iﬁ’the;dark the rhizoids

tended to develop toward the formerly lower face. There is no direct evi-
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dence available to determine whether these two conditions are causally
felated or whether they are merely consequences of a third condition.
However, it may be recalled that a variety of agents which polariie the
Fucales egg may be considered as acting by creéting a Cog—pH gradient
with the high CO2 éoncentration at the rhizoid pole (See p. 16). This
is at least not inconsistent with a causal relationship betweeﬁ higher
resﬁiration and the development of the rhizold pole.

Total Clu02 Emission

As has heen stated previously, the decay of the tétairrate of
01402 emission must reflect a decay in the specific'activiﬁy of’thg carbon
dioxi@e rather than a decrease in carbon dioxide emission. Evidently the
tagged photosynthate is oxidized more rapidly than other‘substrateé of
‘respiration. Various other studies have indicated that the carbon atoms
of photosynthetically assimilated 002 are distributed so that a very wide
variety of cellular compounds soon become labeled but withbmarkedly dif-
ferent specific activities (e.g. Clendenning, and Gorham,71952); In view
of these studies,,the decay of 01“02 emission i1s not very surpfising, but
ﬁhe hyperbolic shape of the decay curve is probably of a éomplex;origin.
In the simplest imaginable sifuation, respiration would pfoceed at a
constant rate'at the expense of a single substrate whichAcontaiﬁs ail‘
the tagged photosynthate but which is steadily replenished,from a pool

of unlabeled materials. This would yleld an exponential decay curve,

which again suggests that the hyperbolic decay curve has a complex origin.
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APPENDIX I. A DEMCNSTRATION THAT THE "ALKALI RESERVE ERRCR", EVEN AT

pH 8, IS8 NEGLIGIBLE

The "alkall reserve error", or the error in the measured'clhog-

ratios arising from 01“02 emitted indirectly by way of chlhOB and HC]'MO3

in the film, will be shown to be less than 1% even at pH 8.0.'kBefore
presenting the principal argument in section D, some necessary preliminary

information and analyses are given in sections A, B, and C.

Table 8

A. Physical and Chemical Constants of Carbon Dioxide (all at 16°C).

Symbol Conétant of Value Source

D, - - Diffusion in Vater 1.64 x 107? cm.2/sec. ‘I.C.T., 1929
D, Diffusion in Air 1.55 x 10-+ cm.2/sec. »
K Hydration Rate of .018 sec.'l kj Roughton, 1941
H *
CO2 in Sea Water
Eb Dehydration Rate of 1h. gsec.t , S
HyCO3 in Sea Water”
K, Equilibrium of 760 ' "

(C0p)/(HaCO3) in Water
Ky Bquilibrium of 8.8 x 107 moles/liter  Harvey, 1945

(H")(HCO57)/(CO,)
in Sea Water

Ky' (H*)(HCOB‘)/HQCO3 = K1K 6.7 x 10°% moles/liter Derived

Corrected for small catalytic effect of chloride in séa,water.

"™ Chlorinity of 19.00 o/co.
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B. The Relative Rates of COp Diffusion Out of a Film and COpHydration
It‘is a good first approximation to analyze a steady-state model
in which the respiratory CO, is all liberated uniformly from a plane bi-
secting the film. This is a simplevone-dimensional diffusiop probiem.
Consider a unit area of the film.

Let Kp = rate of COp production

Il

Let Ky = rate of COy hydration in moles/sec.

Let L = rate that CO, leaves film in moles/sec.
Let C, = concentration of COp at film's center
Let Cq = " moonon " surface

Let T = total quantity of CO, 1in film

Let 2r = thickness of film

Let g = length of air gap
Let R = L/Kyg
Then,  1/2 K, =D (C -C.) = DCq
r g
and L = K?
: Cc = 85
2 D,
Cc = T KP + g g
2 Dy, 2 Dy D
T = r (Cg+Ce) =1/2 1K, _§ r] =k P
Dw 2D
Now, Ky = KgT= XKy e
2D,
.. R = L/Ky= 20D,
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one egg-radius = 5 x 1073 cu.

It

D, = 1.6Lh x 10f5 cn.?/sec.; Ky = .018 sec.™t
. R =170

Thus, COQ diffuses out of a film seventy times as fast aé it
is hydrated. TFurthermore, the rate with which COp is turned over by

diffusing out the film is simply R x Eﬁ or 1.3 sec.t

C. The Half Life of Bicarbonate in a Film

Let X = the turnover rate of HCO3‘, that is, the wvelocity of
the reaction, HCO3' + H —> (HECO3) ——> (0o + Hp0, per wmole HCO3'

per liter.

X =Ky - (HxCO3) = Ky - (BY) = 1.3 x 10

(Hco3‘) Kl'

At pH 8.0, (') = 10-8 moles/liter, and therefore, X = .013 min.~

® (

H") moles/liter x min.

1
In section B it was shown that the rate with which CO2 is turned over by
diffusing out of the film is 1.3 sec.“l. Evidently then, the rate, X,

with which bicarbonate is converted to carbon dioxide, rather than dif-
fusion, limits its escape from the film. Therefore, at pH 8.0, the half-

life of bicarbonate in a film is 1/2X = 40 minutes.

D. The "Alkali Reserve" Error

At pH 8.0, the half-life of bicarbonate in‘a film is 40 minutes
(See C). The total rate of liberation of Cllto,» S» 18 inversely proportional
to time and after first forming a film, s fallé in half in no'less than
4O minutes. Thus without attempting rigor, it is seen tha£ Clh would

never leave the alkali reserve more than twice as fast as it enters the



reserve. On the other hand, at 80 minutes after forming a film, when the
fifst importaﬁt interval of measurement is less than half completed, 01“02
would always leave the reserve faster than it enters. Hence samples of
trapped carbon dioxide will not differ in their proportion of CluOé which
has come from the reserve by more than the relative rate that CluOE enters
the reserve. This is 1/70 the rate of direct liberation (See B). The

largest Clh

oLk

O,-ratio measured was 1.7L. An addition of 1/70 indirect

O, would change this ratio by only .8%.



APPENDIX IITI. THE HIGHEST CluOQ—RATIO WHICH CAN BE ATTRIBUTED TO THE

POSITION OF THE EGGS IN A FILM

A. The Film is Thicker Than One Egg-Diameter

The most eccentric position that an egg will become fixed in,
on the average, is the position of equilibrium, internally téngent_to the
"bottom" surface of the film (See Appendix II). An egg not at equilibrium
will tend, on the average, to be nearer to the upper surface.than at
equilibrium. One wishes to know the relative rate, R, with which, in
the steady state, CO, emitted from the egg escapes through the "bot£om”v
surface as compared to the "top" surface. The author was advised by
Dr. William Smythe that an exact mathematical analysis of this diffusion
probiem ﬁould be a matter of such great difficulty that it would be easier
to solve it by building a "fluid-mapper" analogue. Howevér,_fhe folléwing
argument ﬁill demonstrate that a simplification of this probiem to one
dimension can be made which yields the upper limit of (1 + 2D) to the -
desired ratio, R. (D is the excess, in egg-diameters, of the film's
thickness over one egg—diameter.)

The cell membrane is probably impermeable enough to 002 that
in .the steady state there 1s a large drop in CO2 concentration across the
membrane from inside to outside. The surface of the sphere cén then be
considered a uniform one-way diffuse source, that is, a uniform source
at the surface of a spherical barrier.

Consider what happens when the spherical barrier is femoved but

the spherical source remains. The barrier is such as to cause COy originating
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from the upper hemisphere to tend to escape more rapidly from the upper
sﬁrface and vice versa. If the barrier were a complete partition between
the upper‘and lower hemispheres, a ratio of 1 would be obtained. Even
the spherical barrier, then, which is an incomplete partition befween the
hemisphéres, will tend to create a lower ratio. Hence, remcval of the
spherical berrier yields a new field in which R is higher than in the
original one.

Once the barrier is removed, the problem is readily reduced to
a simple cne-dimensional field. It is well known that the field outside
of such a spherically symmetrical source i1s unchanged when it is replaced
by a point source at its center. Let this be done then. Furthefmore, in
the absence of the barrier, the diffusion of a molecule parallel to ﬁhe
surfaces of the film does not affect its diffusion perpendicular to the
sﬁrféces of the film. Hence the field can be finally reduced to diffusion
along a finite line bounded by sinks with a point source at a‘disﬁance a
from one sink and (a + d) from the other, (where a is thejradius of the
egg and 4 is the excess of the film's thickness over one egg-diameter).

Hence by simple calculus, |

R a+d = 1+2D
a ' Q.E.D.

Note that 1 + 2D exceeds R for two different reasons. Firét,
the egegs may not pe at mechanical equilibrium. Secondly, a mathematical

approximation was introduced which results in too large a sclution.



APPENDIX IV. THE GRADIENT OF SPECIFIC RADIOACTIVITIES CREATED BY A

RESPTRATORY GRADIENT

Let one hemisphere of an egg respire at (1 + £) times the‘rate
that the other one does, starting at time tl. Let us examine the ratio,
Rsa’ of specific activities between the hemispheres at time tQ‘

Let zero time be at .2 hours before photosynthesis ceases.

The total rate of Clhoe production is observed to be inversely
proportional to time, where zero time is defined as .2 hours before photo-
synthesis ceases (See p. 58). Let us assume that if the respiratory réte
of a region of the egg increases or decreases, that the course of the

decay of the specific radioactivity of this reglon remains unchanged

except for a corresponding compression or expansion of the time scale.
L)

Then,
K | (to-t1)f 4
K. 1, (tomtp)f to
Tty + (tg-tl)(l-f/Q) 2to :

Now, (L + f) is the ratio of respiratory rates between the hemi-
spheres. The measured ratio, of the rates of emission of Clhoe,'will really
be less than (1 + ) because of diffusional equilibration. However, ifvthe
réspiratory ratio is taken from the emission ratio without a correction for
diffusional equilibration, then the preéently calculated ratio of specific
radioactivities between the hemispheres can, in'turn, be applied to the

ratio of emitted radioactivities without correction.



