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2. ABSTRACT
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A large centric distom, tentatively identified a

b

o

Coscinodiscus pavillardli Forti, was isolated from & collection

]

of samples taken in the central area of the Sierra Leone River
estuary on 23rd December, 196L. Its morphological characters
are examined, and texonomic problems invelved in its identifi-
cation are discussed.

Laboratory studies were made with the diatom using
unialgal but not axenic cultures. The effects of light jn%ensity,
temperature, salinity, different cell sizes and vitemins on the

growlth rate of the diatom were examined. The saturating light

id
L.

ntensity was 6,000 lux and there was 1little or no irnhibition

st 15,000 lux., The growth (division) rate wes virtuelly unchanged
over the salinity range of 13 =~ 33?/00 {one-third to about full
strength sea water). The diatom survived at salinities below
13?/00 but not at 6:7?/00 and below. The smaller cells

(7% - 16L p) divided faster than the larger ones (327 - 345 pm),
but their division rates were independent of the relstive growth
constant, Of the three vitamins - biotin, eobalamin and thiamine -
only cobalamin was required for vegetative growth. The growth
rate in the cobalémin medium was lower than in the complete

medium (céntaining all the vitamins). In the absence of biotin

in the complete medium the growth rate was better than in the

complete medium.
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¥hilst in culture, spore (i.e. male gemete and suxospore)
formation occurred in cells of about 20 -'60% of the mean
meximim cell diamebter (L6 x Lo u). Spore férmation lowered the
vegetative growth rate and occurred during the exponential phase
of growth., The extent to which the growth rate was reduced was
dependent on the proportion of cells invélve&.in the activity.

The effects of light, temperaturé, salinity and viﬁaminsv
on spore formation were also exemined., The favourable conditions
were - (i) light intensity of 5,500 - 8,000 lux, used either as
continuous light or as an alternating twelve hour light/dark
cycle; (ii) salinities of 19 - 33°/co, (iii) temperatures of
23 = 2800. A light dntensity of 11,000 - 12,000 lux; tempera-
tures above and below the sbated range; and salinities of
16,5?/00 and below, inhibited their formation. The alternating
light/dark cycle promoted better spore formation than
vcontinuaus light, |

Cobalemin was found to be required for spore formation
although its action seemed to be linked with the prowotion of
vegetative growth. When biotin was omitted from %hevcomylete
medivm there was a noticeable increase in the number of spores
produced.

Light is considered to play the most significant role im

sex determination. Noreover, it sppeared that spore formation
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in the diatom is a result of a shori-day quantitative

photoperiodic response complicated by an additionsl ionie effect.
The methods of spore formation in the living material, as

well as a probable case of isogamy are described and illustrated

by photomicrographs,
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Previous studies on the marine phytoplankton of the Sierra
Leone River estuary have been mainly systematic (Thiemann, 1934 -
report on the German "Meteor" Bxpedition 1925 - 1927; Hendey,
1937) and ecological (Bainbridge, 1960). Watts (1957; 1958;
19602, b; 1961) has examined various aspects of the hydrology
and chemistry of the estuary., These studies give information on
the basic physieal conditions, species distribution, and fluctus-
tions in the standing crop. No biologicel or physiological study
of individual species found in the area is known to the author.

Little is also known about the growth rates of tropical
diatoms, This fact prompted the desire to undertake growth studies
on the principal diatoms in the estuary. A few of the diatoms
isolated were successfully established as unialgal cultures in
artificial synthetic media. 411 attempts at obtaining bacteria-
free cultures of them proved unsuccessful. dmong the few
isolated was a large centric diatonm tentétively identified as

Coscinodiscus pavillardii, Forti. Cultures of this distom wers

observed to produce auxospores (zygote) and motile male gametes®.

*The phrase "motile male gamete® is used after Manton and von
Stosch (1966; foot note p.12L). The latter proposed the phrase
as 1t was unembiguous and a strictly factual statement. The
terms "spermium", "spermatozoid" and “microspore" are familiar
botanical ones but are considersd to be cornfusing to English and
German readers and do not "do justice to the developmental
uniqueness of the diatom gametes among plants.”
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The occurrence of such spores is slways of interest to diatomologists,
and records of the methods of formatibn have been meny. Pew studies
have bezn concerned primarily with the factors whieh influence

their formation, Therefore it was deeided to investigate the

method as well as how physical factors such as light intensity,
photoperiod, temperature and substrate conditions influence their
formation (igg. suxospore and motile male gamete formation) in

C. pavillardii. The effect of spore formation on the growth rate

of the diatom has also been investigated,

411 these investigations have been made with a unialgal culture
of the diatom, which was not strictly bacteris~free, but which
remained clear for up to two weeks without any noticeable or
marked turbidity.

Problems concerning the factors promoting spore formation in
’centric diatoms can be stated as follows:-

(a) What causes the vegetative cells to become
sexual?

(b) What ceuses the initiation of gemetogenesis
in the sexual cells?

(¢} What conditions influence the liberation of

.1
e

-

¢ motile male gametes?
2%
(’L/

oogonium to enlarge?

What causes the products of meiosis in the
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(e) When and under what conditions does fertilization
teke place? Before or after the enlargement of the
ocogonium?

(£) Vhat causes the suxospore (zygote) %o germinate
or develop?

The study has been made with these problems in mind.
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1. &pore formation and Factors Inducing Sexuality

The life history of a majority of species of diatoms is
characterized by a vegetative cell division which leads to a
constant reduction of cell size. This is a consequence of the
nature and structure of the frustule and the internal deposition
of new walls, The reduction in size may in time be arrested by
the formation of auxospores, which give rise to cells of the
meximum size with new valves and bearing all-the characteristics
of the speciles.

Spore formation in diatoms and the conditions associeted
with thelr formation received the attention of diatomologists as
early as the latter part of the nineteenth century. JAuxospore
formation is common to both pemnate and centric diatoms. However
male gamete formation is peculiar to some centric diatoms and in
the past these structures have often complicated an understanding
of their life history. Auxospores are large cells which develop
from newly formed zygotes and, as there appear to be no confirmed
reports that they are formed asexuvelly, they are now regarded
as the ultimate products of fertilizetion. Notile male gaometbes,
on the other hand, are regarded as being involved in the
‘oogamous sexual reproduction of some centric diatoms.

3,

re Tirst described by Rabenhorst (1853%)

-

Motile male gametes we

and since then there have been many records of them. In the genus
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Coscinodiscus in particular male gamete formation has been

reported by Murray (1896), Selk (1913), Pavillerd (1914),
Karsten (1928), Hofker (1928), Schmidt (1951), Gross (1937) and
Subrabmanyan (1946). Views onT;ature of male gametes, and their
functions in the life history of the Centrales, have been
eonflicting (Fendey, 1964). This situstion arose out of the fact
that in nature motile male gametes are very seldom seen with
auxespores, and it was therefore difficult to link them together.
However, von Stosch (1951&, 195k, 1956) using cytological
techniques has elucidated their nature and significance in the

1life history of the Centrales. The method of thelr formetion

, Which may give rise to as

7’

involves successive mitotic divisions
many as 128 rounded bodies., These are followed, after a lull,

by & single meiotic division of each produect, resulting in the
formation of flagellated swarmers, which ere dimmediately
liberated. Geitler (1952) characterized the swarmers as spermia
and the non-flagellated rounded bodies as spermabogonia. Von
Stosch (1956) questioned whether the swarwers are homologous with
the motile mele gametes. The main objection against the immediate
acceptance of the motile male gametes as spewmia was thet in
neture motile male gemetes and suxospores are never found to
oceur simultaneously to such an extent as would be expected if

they were involved in a sexual process. Fritsch (1935) also
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objected on somewhat different premises becanse he felt that
motile male gamete and auxospore forma iwo= never seem to
synchronise but occur at different phases of the 1life history.

However, von Stosch (1956) repeatedly observed fertilization in

stained slides in Biddulphis granulate and B. Rhombus. TLater

Ramsf jell (1959) observed in Rhizosolenia hebetata f. semispina

‘& number of auxospores and cells containing motile mele gametes,
These were in two phases of formation at different depths in
stations on the Norwegian Sea. The auxospores were more Trequent
than cells with motile male gometes and nearly all were in the
same stage of development.

Juxospores were first observed by Klebahn (1896) and their
formation and nature were deponstrated by the researches of
Geitler (1927, 1939, 1952), Iyengar and Subrshmanyen (194:),
Subrahmanyan (1945a, 1945b), and von Stosch (1951, 1954, 1955,
1956} and. others. Their formation bas been reviewed by Geitler
(1935), Patrick {195L), Grell (1956), Lewin and Guillard (1963)
and Hendey (196L.).

The vegetative cells of both pennate and centric diaboms
ave monoecious and diploid (von Stosch, 1954), with the exception

X

of Phabdonema adriaticum which is dioecious (von' Stosch, 1958).

The gametes are produced directly following meiosis; the occurrence

of which is vestricted to cells of a eritical size ranges., The
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size renge depends on the species but is generally 10 - 15% of
the meximun valve length or diameter (Geitler, 1932; von Stosch,
1951b; von Stosch and Debres, 1964). The sexual process shows &
striking difference between the pennate and centric diatoms.

The pennate distoms are characteristically isogasious and the
gametes are amoebold, whereas the centric diatoms are 0oganous
and the motile male gametes are flagellated.

In the centric diatoms the oogonia are usually slightly
extended cells with an elongated or inflated nucleus, (von Stosch,
1954). Normally one egg nucleus is produced, without cytokinesis,
in each oogonium, since one nucleus degenerates at the end of

each of two melotvic divisions, g.g. Helosira varisns, Cyclotella

tenuistriate and Coscinodiscus spp. . However, in certain cases,

' L. . o x e . .
two egg cells {e.g. Biddulphig mobiliensis) and one functioning

egg and polar body‘(g,ﬁ. B. rhg@bus) are Tormed per cogonium.
The egg cell normally remains enclosed in the oogonium; or attached

to it, until fertilization, but in o few genera (g.ﬁ. Lithodesminm

. i [ am "
and Streptotheca), the unfertilized eggs are liberabted (von Stosch,

1954 ) .
The method of formation of a spermatogonium (male sex organ)
in centric diatoms is very variable (von Stosch, 1954). A vegetative

cell may give rise to a spermatogonium directly (gﬂg. Cyclotella

tenuistriata). Alternatively, it may give rise, by mitosis, to a




- 14 -

small number of spermatogonia (e.g. & - 8 in Melosira varians),

or to a larger number of spermatogonia (g.ﬁ. 16 in Lithodesmium

undulatum; 32 - 128 in Coscinodiscus sng.) Usuvally reduction

divisions in each spermatogonium result in four uniflagellate
motile gametes per spermatogonium., Tn species with a smaller
mumber of spermatogonia all of the intracellular material of the
spermatogoniun including the plastids, is distributed among the
newly formed motile gametes, whereas in those with a larger number
of spermatogonia, much of the cytoplasm and the chromotophores
remzin behind in a residual body, leaving the motile gametes free

of plastids (von Stosch, 1954 ; 1958),

In some centric species (e.g. Cyclotella meneghiniena (Ivengar
- - ey . g

and Subramanyan, 194)) end Melesira nummuloides (Erben, 1959)) no

separate gametic cells have yet been found and it has been suggested
that auxospore formation in them s a result of intracellular
autogamy.

In both pennate and centric diatoms the zygote develops directly
after nuclear fusion into an auxospore which is generally aboutv
three times the length or diameter of the mother cell. Two mitoses
then take place resulting in the formation of the vegetative shell
which has the maximum dimensions of the species (Geitler, 1953),

several factors, internal as well as external, are believed

to influence the formation of auxosvores., Chief of the internsl
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factors is the development of g specifiic physiological state in
cells of a definite size range. Bruckmayer-Berkenbusch (1955)
stated that the necessary internal condition which favours auxospore

formation in cells of lMelosira nummuloides within their critical

size range is attained through a "shift" in the nucleus/cytoplasm
ratio in favour of the nucleus. Thus the relative nuclear
size constantly increases with decrease in cell size and this
effect becomes more marked with progressive decrease of cell
dimemsions, Only when this "shift" is established can externgl
Factors effect a promoting or inhibiting influence. She concluded
that initistion of gametogenesis and auxospore formation in the
diatom is a consequence of abnormally strong formation of plasmg
protein, diminution of which corrsspondingly gives an inhibition
of the developmental process.

Erben (1959), using the same diatom, tested the conclusions
of Bruckmayer-Berkenbusch on auxospore formation by determining
the influence of nitrogen deficiency or suffleciency in a synthetic
m@&ium, in which rapid vegetative growth of the diatom occurred.
He argued that one should expect a great inhibition of spore
formation in H-deficient cells undergoing vegetative growth because
their protein content soon drops to a minimum as new syntheses of
protein become impossible. He found that auxospore formation
was possible as long as there was vegetative growth., He also found

that their occurrence, and the conditions favouring it, were
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independent of modifications in the nitrogen content of the
medium which were regquired for nommal vegetative growth.
The observations of Bruckmayer-Berkenbusch have been
described as "astonishing" by von Stosch and Debres (1964).
Recent studies by Holmes (1967) on the cells of the diatoms

Coscinodiscus concinnug and C. asteromphalus, which were

producing auxespores and motile maele gametes, revealed no
morphological differences between them and vegetative cells,
Very few studies have been directed at the internal condition
of cells in "the eritical size range which promotes the
development of sexuality". (In this thesis this will be referred
to as the "induction size range™). The problem, therefore, remains
unresolved.,

The external Tactors favouring auxospore formation are

believed %o be light, temperature, and substrate conditions.

Von Stosch (1954) found that sex determination in Lithodesmium Sp.

was influenced by light. A clone of cells in the induction size
rangs produced alﬁost exclusively female cells in continuous
light, whereas in weak alternating light (dey and night) only
female cells were produced; and in sitrong slternating light,
equal numbers of male and female cells, Unfortunately he did
not give details of the photoperiod employed. Bruckmayer-

Berkenbusch (1955) working with Melosira nummuloides found that low

temperature, weak light intensity snd the addition  of amine -
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acilds, yeast, and soil extract promoted spore formation; whilst
high temperature, strong light intensity, the addition of organic
salts, and the dilution of the medium had the reverse effect.

Brben (1959), working with the same diatom and using a 10 hour (day)
photoperiod, reported that there was hardly any connection between
spore formaﬁion and photoperiod, but gave no comparisons with other
photoperiods. Holmes (1966) studied the effect of different

photoperiods on male gamete and auxospore formation in Coscinodiscus

concinnus. He found that the range of light intensity and
temperature conditions under which these structures are formed is
Tected by photoperiod. Employing three photoperiods (16 hr.-,

12 hr.-, and 8 hr.~ day) he found that the shortest photoperiod
was conducive to the formation of male gametes and auxospores over
a wide range of light and temperature conditions. lale gametes
were developed and released over the temperature range of 9,0 -
26.7°C and the light flux range of 0.50 - 83.3 kilux whereas
C auxospores occurred between 16.10 - 2@.100 and 0,33 - 83,3 klux,
Male gametes appeare&iin maximun abundance a day or two before
auxospores although céneurrences were observed after the peak of
abundance had passed. ¥or the other two photoperiods the range
over which they were formed was more restricted and auxospore
formatioh took place in 76 hours or more, as compared with 38 hours

for the 8 hour day. HNoreover Holmes found that variation in the
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camount of silicon, nitrogen and phosphate had no appreciable effect
over the wide range of temperature and light intensity employed.
This last finding confirms in part that of Brben (1959) who found

that it was impossible either to inhibit auxospore formation in

competent cells of Melosira nummuloides, or to initiate it in non-

competent cells, by varying the concentration of nitrogen and
phosphorus, or by modifying their metabolism with sublethsl doses
of organic inhibitors.

Allen and Welson (1910), Braarud (194L) and Iyengar and
Subrehmanyan (194)) observed that auxospores were regularly formed
when marine dlatoms were transferréd to & lower salinity mediam,
’Schreiber (1951), from his investigations of this phenomenon in

ilelosira nummuloides, stated that there is an artificial inhibition

or promotion depending on whethsr the alga is transferred from

dilute to concentrated sea water or vice versa. Bruckmayer-Berkenbusch
{1955) refuted this statement on the grounds that Schreiber misinter-
preted his results. From her experiments she showed that the

highest employed concentrations and the greatest dilutions made

with Erdschreiber solution reversed the initial spore formation to

a partial or complete inhibition. MNoreover, with dilutions of sea
water she found that the resulting suxospores had rather small cell

diameter. Quantitative data are lacking for these Findings.

()
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In 1937 Gross described what he regarded as suxospore

Tormation in Ditylum brightwelli. Von Stosch (1965) contended that

Gross dj_ d not Ffind male gametes in his materi al . Gran and .tg_ﬂ'*"ﬁ-'t 1 /31
- £
had reported male gaaietes for 'th@ same species of 4i atom Trom the
& O

North Pacific, From his own investigations von Stosch found that

!.1 .
o

wes very difficult to bring about sexual reproduction in cultures
of this @iatom from the North Sea, The "resting spores" described
by Gross appeared in his cultures and were- considered by von Stosch
to be the resulis of spontaneous or exéiﬁed plasmolysis, obtained
under unfavourable culture conditions, particularly unfavourable
illumination. Prét (1934), Follman (1957), and Horler (1963)

have also confirmed those findings. Von Stosch obtained genuine
"resting spores”. Similar spores hed slready been cbserved by

van Heurek (1880 - 1885), Gran and &ngst (1931), and Cupp (1943),
at the relatively low tempersature of 1200. What Gross described

as "nuclearization® of the resting spores, von Stosch regards as
nothing more than é recovery of the deplasmolysed condition. Von
dtosch elso described the attempts at shell building and the

wide variation in size and shape as differences from the known
methods of auxospore formation. He concluded that what CGross

bed

[
et

deser vas vegetative cell enlargement whieh he had observed
teking place in nature in the Buropean area. He defines vegetstive

cell enlargement as partial or complete extrusion of a protoplast




- 20 =

from its frustule, followed by regeneration of new valves using
morphogenetic means to attain results (irregular shapes of valves,
more varisble and lesser size) d‘fferent from those of auxospore
formation., This finding is instructive for future researches on
suxospors formation.

Few studies on the physiology of male gamete and auxospore
formation have been male. In this regard Sehreiber, Bruckmayer-

Berkenbusch and Erben studied auxospore formation in an apparently

autogamous diatom Melosiras nummuloides wherees Holmes worked with

3

an oogemous distom Coscinodiscus concinnus producing male gametes

and auxospores. sSchreiber and Bruckmeyer-Berkenbusch gave no details
on the ratio of auxospores to vegetative cells produced under the
various conditions of light intensity and tempersture employed in

s

their studies. Similarly Holmes did not give the proportion of
male gamete forming cells, zygotes or vegetative cells produced

in his experiments. Brben gave information relating cell size to
auxospore formation and quantitative date on the relative abundance
of auxospores. The treatment, however, in each case has been
different. COonsequently our knowledge of this aspect of diatom
research is sadly wenting and demands more investigations using

ifferent diatom species from different geographical (temperate,

tropical) areas.




“ 21 =

3. The Physical and Chemical Conditions Affecting the Life of
Diatoms in the Esbuary

The standing crop in the Sisrra Leone River Estuary usually

VS

includes = high proporiion of large species belonging Ho the genera

<& A

Coscinodiscus and Actinoeyelus, Various factors aff'ect the life

of these diatoms. These factors imclude light, temperature, salinity,

tidal snd ocean eurrents.

Bainbridge (1960) found that during the dry season (November
to April) the standing crop of phybovlankton was greater in the
central area of the estusry than at the river mouth where turbidity

was lowest. He suggested that this may be accounted for by the
shallowness of the water in the estuary permitting the retention
of cells near the surface., During the wet season, increased

turbidity in the central area produced by tide and river discharge,

fd

e o

resulted in an impoverishment of the standing crop, presumably in

onsequence of reduced light penetrabtion. The daily illuminstion
averaged over 24 hours during the dry season is of the order of
67 Xlux on the surface of the water. The turbidity of the water
reduces this amount of light so that the euphotic zone is very
shallow. DBainbridge demonstrated that the lowsr limit of the
evphotic layer is above the botltom of the éstuary and the detritus
content of the water reduces its transparency with depth, He

31

inferrved from this that the phytoplankton production is limited

by suboptimal conditions of illuminabion,
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During the period of occurrence of the large centrLc distons

tts (1960) found that the average monthly temperature in the

4 (3 & O O
central area of the estuary rises from 28,17 to 29.3°C, and

salinity from 28 1o 52%fooﬁ The annual average monthly temperature
and salinity lie between 26.4 to 29.3°C and 16.8 to 32.4° /oo
respectively. The lowest monthly mean tem@er&ture {26.#00) was
brecard@d in Augusﬁ, and that of salinity (16080/00} in September,

The average temperature difference between the horizontal and vertical
ranges 15 less than 1°C and the seasonal fluctuation in temperaturs

is a little over 100. These small temperature differences zlone

are of little significance, but coupled with salinity changes they
have a much increased limiting effect which is intensified in an upstrean
direction. Therefore during the wet season when salinity falls

very sharply the combined effects of salinity and temperature

appear to limit the distribution of the large centric diatoms.,

The author has observed that with the increassd influx of sea water
into the estuary after the rains, and the conseguent rising value

.

salinity, coupled with a small rise in water temperature, the

large centric diatoms reappeer in the standing CrOp.

A study of the surface currents in the viecinity of the
estuary indicates that onshore sets are most numerous during May
to November, probably as a consequence of the greater influence
of the Equatorial counter current (Bainbridge, 1960), TFrom

December to late July the flushing action of the river water




diminishes sufficiently %o allow the development of a population
of planktonic diatoms consisting predominantly of centric species,
the pennate specles being of only minor importance. Noreover
this is the period of highest salinity and temperature when
extensive vertical mixing is effected by the strong currents of
spring tides. This results in a homogeneous column of water which
becomes increasingly saline rather thaan brackish.

Watte (1958) Ffound that the distribution of salinity in the

estuary results from the circulatory current system. He observed

a L@udenpv towards a two layered transport system with an offshore

movenent of 1v1at¢volv brackish water compensated for by an onshore
counter current of sea water close to the bottom of the estuary,
As a result the water becomes stratified and the salinity increases

with depth. Ioreover the vertical salinity gradient is influenced

AL

y

by the changes in tidal renge and the rate of river discharge.
In the wet ssason the stratification is more marked at neaps than

*

at springs whersas in the dry season it is generally not appreciable,

The large dilution of the surface waters results in low salinity
in the rainy season, The bottom waters nearest the mouth are
relatively immune except during heavy floods when large changes

in salinity become noticeable at neaps. This is not the case in
the dry season when conditions are such that the vertical range of

salinity is fairly uniform.
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Bainbridge (1960) gave the results of a series of dissolved
phosphate determinations earried out by P, Hansen Trom April o
becember, 1953, The dissolved phosphate content of the water was
found to be slightly higher in the central region of the estuary
(0.30 - 0.97 m g-at. P/1) than in its mouth (0.25 - 0.72 1 g-at. P/1).
These amounts were considerably higher than those Wattenberg (1957)
obtained for the open Atlantic occan water just off the West African
coast (0.0 - 0.36 p g-at, /1 at 25m.yat the surface phosphate was
not detectable). 4t the upper reaches of the estuary Watts (1958)
foun& that the average concentration was 0.15 p g-at. B/1l. Bainbridge
(1960) therefore concluded that the relatively high concentrations

of dissolved phosphate in and off the mouth of the estuar

cue to the continual tidal mixing and frequent re-suspension of

organic detritus derived from the river, the mangrove svamps and

the plankton,

dingle nitrat Watts in Wovember

1954 end reported in 1958 gave an average concentration of 5.29 p g-at., /1
for both the central region of the estusry and its mouth. TIn the

upper reaches he obtained an aver;ge of 10,13 p g-at. N/1 and su

s e

thet river drainsge must make a significant contribution to the
nitrate conecentration in the estuary.

ssolved silicates are necessary for the growth of diatoms
but few determinations have been made, Taylor (1966) found that

¢issolved silicates are higher in the upper reaches (11 p g-at. 5i/1)




than et the mouth (0.7 p g-at. 53/1). In the central region the
values vange from 0.9 - 5.0 p geat, 8i/1, He suggested that the

»

mejor sovrce of silicates is from the inflowing freshwater; and
that its replinishment is dependent on the volume of fresh water
entering the estuary., Fowever, Bainbridge (1960) found vast

nunbers of broken and empty, heavily siliceous distom frustules

(6%

"?-

in the water samples collected in the estuary. Fe ascribed

13

replinishment of silicates to the dissolution of these frustules.,
Bainbridge alsc concliuded that throughout the year grazing,

which can be a factor of immense importance, has here no apprecisble

7y

effect on the standing crop. He based his conclusion on the fact
that there was no gradual increase in the concentration of zooplankton

organisms when phytoplankton concentrstions were consistently high.

=)

This conclusion needs further investigation as it seems at fivst

E?

sight somewhat surprising.

a + *

Frowm the preceding veview it is considered that the supply

7]

of phosphate, nitrate and silicate in the estuary is adequate for
pbytoplanktgh (diatom) growth throughout most of the year., This
may largely account for the dominance of diatoms in the standing
crop. However, the standing crop seems to be largely influenced
by light, selinity, turbidity, tidel and surface currents, During
the dry seasen their combined effect produces better conditions

Tor development of the standing crop. In the rains the standing




- D6 -

crép is displaced seswards whilst as a vesult of the marked
stratification in the estusry it may also settle intc the bottom
water, This may account for the principal diatoms in bloem durid ing
the dry season being asbsent during the rains., Therefore it can
be inferred that it is during the rains that consolidation of

the grin ipal members of the phytoplenkton takes place under
sub-optimel conditions of light in the mouth of the estuary or in

the bottom waters of the estuary, The resulting larger cells
¥

vertical mixing eliminates stratification.

The genera Coscinodiscus, (to which the distom under study

~

belongs) end Aetinocyclus are the prineipal members of the

gtending erop. It appears fo the author that the foregoing
explaing the annual occurrence and apparent disap

ddaton in the ing crop of the river estuary,




L. HATERIALS AND HETHODS
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Collection of Material '

Coscinodiscus pavillardid was isolated from water samples

taken from the Sierra Leone River estuery within half a mile of
the Corvette jetty, Kissy, on 23rd December, 1964. The collection
of the samples was achieved using a fine silk plankton net. A
specimen bottle of about 250 ml. eapacity was tied on to the narrow
ené of the net., The wider end of the pet was tied on to a wire
looy fastened to a& long stick. The whole assemblage was held by
hand such that it was overhanging from midway along the side of a
dinghy powered by a 6 H.P., outboard motor. The net was pulled
through the water at a depth of about & foot below the surface

at a crulsing speed of 3 m.p.h. The towing time for each sample
of plankton taken was about 15 minutes. Several such semples were
taken., In the laboratory further concentration of the samples was
made by decanting excess water, Several samples of the water were
taken using salinity bottles for later estimation of the salinity
over the area through which the net was pulled. A rough measure-
ment of the temperature of the water was teken using a Wegretti
and Zambra thermometer.

Isolation and Culture

The diatom was isolated by the pipetting or washing method
(Gross, 1937b; Pringsheim, 1946; Droop, 1954). This method
essentially invelves the withdrawal and transference of the diatonm

with a micropipette through many washings in sterile medium to get




rid of bacteria and other attached organisms, These manipulations
were carried out aseptically under a dissecting microscoﬁe.

Although unialgel and axeniec cultures were aimed at, the
cultures obtained were unialgel but not axenic., Attempts to obtain
bacteria free cultures of the dilatom were made in the following:i-
(a) 1% agar prepared with the synthetic medium.

(b) A mixture of penicillin and streptomycin (2:1) was added to
flasks containing 25 ml. of the sterile synthetic mediuvm to give
resultant concentratiens of 51, 102, 204, 306 and 408 units/ml.,

of both (after Spencer, 1952). The flasks were then illuminated
for a week. Washed cells from each treatment were transferred to
antibiotic free medium. At the same time similarly washed cells
were tested for bacterial growth by inoculation into sterile anti-
biotie free peptone synthetic medium; The diatom, however, showsd
a reluetance to grow on subeulture from the antibiotic trested
culture to the ordinary synthetic medium.

The unialgal cultures used in this study were made from cells
which had no antibiotic treatment, bub which had been repeatedly
washed and subcultured several times., These cultures showed no
appreciable bacterial growth during the exponential phase of growth.
The cultures were esteblished in & synthetic medium of salinity
approximaxe to that of the sample of sea water from which the diatom

was isolated,




Tdentification

The supernatant liquid in a culture of the diatom was gently
poured off so as not to disturb the diston sediment. Concentrated
hydrochloric aeid was added to cover the diatom cells and the mixture
heated until effervescence ceased, It was then cooled, diluted and
centrifuged. The frustules were washed and boiled in concentrated
sulphuric aecid. The organic matter was oxidized with potassium
nitrate and the washed frustules were mounted in Styrex.

Photographs of the acld-cleaned valves and the living material
were taken on Kodek Panatomic X f£ilm using a Reichert microscope

with 35 mm. camers attachment.

Culture media

The media used were U32, U36 and ASP2 (Provasoli et al, 1957).
For the great bulk of the experiments the modified ASP2 mediun
(Parsons et al., 1961) was further modified and used (see below for
compositio& of the media). This modification involved the use of
the stated amounts for trace metals, minor elements end sodium
silicate as for 1732 and U326,

These media were chosen because they were nearly sexact
imitations of natural sea water and can provide the salinity range
in the estuary. The only defect is thet occasionally precipitates
are formed during autoclaving (Provasoli et al,, 1957}, Light

autoclaving was employed to remove this difficulty. The complete

media were usually made up in one litre flasks and, after
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ad justing the il with hydrochloric acld, were avtoclaved at

15 pesedi. Tor ten minutes, Tt was observed that precipitates

jad]
o
O
‘<
an

a off of 8.4, The inorganic salts were of

with the exception of sodium metasilicate,
which was of commercial grade supplied by Hopkin and William
was obtained fyrom MNutritional Bic-chemicals

Limited, Vitamin 3,
ke

Corporation, United States of America., The other vibaminsg were

of

The complete medium, in each case, wes made up of two major
components = the basic dnorgenic salts, and the epvichments, The
enrichments comprised the vitamin m;xiure, the trace slements
mixture and the minor elements mixture. Separate stock solutions
of the basic inorganic salts, the vitamin mixture, vitamin B

12’

wor elements nizture were

the trace elements
made, One litre of the complete medium usually was made from the
stock solutions in the concentrations shown in the table.,  Ten
different solutions of the complete medium corresponding to ten

o

dif'ferent salinities were used in this investigation. The ten

']

different solutions were obtained by diluting the basic inargann
salbs nponent ten times for the weakest and then nine times, eight
£ Ao

times and so on, the strongest being the undiluted basic salts compo-
nent, The concentration of the enrichment component wes the same
for all solutions of the complete medium. The salinities of the

various scolutions of the complete medium were determined by the




Table I, Compositions of synthetic culture medis
| (quantities are those used for msking 1 litre)

The difference between the U32 and U36 media is that the U32
medium lacks sodium metasilicaﬁé.

N Basic Inorganic Salts U32/U36 ASP2 Modified

KaCl 2L.b g. 24,0 g,
zr«:zgmz.éﬁ:ao 9.8 g. 10.9 g.
CaClE, anhy&r@us O.h g. 1.148 g.
NaZSOA, anhydrous 3.0%3 8. L.O g.
KC1 - 0.68 g.
I@'aHCG3 - 0.195 g,
K2304 0.85 g. -

HBBO3 - 0.026 g,

B, Enrichments ~ Common to all solutions of the complete medium

‘K}ZQI-““OLF 10.0 ng. 6.8045 mg.
KND3 100.0 mg, 50.55 =ng.
Tris 500.0 me . 500.0 mg .
Na25i03'9H20$ 160.0 mg. 28L.2 ng.
Vitamin 312 ) 0.0001 mg, 0.002 mg.
Minor elements\ 10.0 ml, 10.0 ml,
Trace metals(?) 1.0 ml. 1.0 mi.
Vitamin Mix 53(3) - 10.0 ml,
Thiamine 1.0 g . -

*In the tropics commercial grade sodium metasilicate cakes even when

an/ kept in/air-conditioned room. The stated quantities never completely
dissclved and therefore one cannot accurately estimate the amount in
the media,




|8 Y
W

Compositions of synthetic culture media (cont.)

(quantities are those used for making 1 litre)

(1) HMinor elements - 10 ml. of stock solution contain the following:-

Br (as KBr) 22.0 - mg,
Sr (as Sr012.6H20) ' 3.8  mg.
A1 (as 31013) 0.028 mg,
Bb (as RbC1) 0.061 mg.
Li (as LiGl.ﬂéO) ' 0.006 mg.
1 (as K1) 0.02 mg,

(2)  Trece metals - 1 ml. of stock solution contain the following:-

Sodium EDTA 20.0 mg.,
Fe (as FeNaEDTA) 0.1  =mg.
Zn (as EnSO&7H20) 2.3 ng.
¥n (as Mn304»4ﬁé0) : 0.65 mg.
Mo (as ﬁa2M004.2H20) 0.2 ng.
Co (as 00804»7H20) 0.0063 g,
Cu (as CuSO#5H20> 0.0013 mg.
(3)  Vitamin h’i’ixsz - 10 ml., of stock solution §c>nf;ai11 the following:=
Thiamine hydrochloride 0.50 mg.
Nicotinic acid 0.10 mg.
Caleium pantothenate 0.10 ng.
Folic acid 0.002 mg.
p~animo benzoie acid 0,001 mg.
Inositol 5.0 mg.

Thymine 3.0 mg.
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semi-micromethod of Kalle (1951) using silver nitrate and
fluorescein sodium, The silver nitrate solution wes standserdized
against 0.75 ml. of standerd sea water of known chlorinity

("Eeu de Mer Normesle") supplied by the Laboratorie Hydrographique
at Copenhagen. The ten different salinities were - 3,3, 6.7, 10.1,
15.3, 16.5, 19.9, 23.2, 26.7, 29.8, 32.9 */oo.

The solutions of the complete medium used in the experiments
on the vitamin requirements of the diatom were made by omitting the
vitemin mixture from the enrichment component and edding the
appropriate quantity of the vitamin(s) required. This operation
gave six variations of the complete medium as followsi=-
(1) Complete medivm minus vitemin mixiture and vitamin Bl2’

designated PLAIN,

(2)  Complete medium minus Biotin and vitamin Blz’ designated

CH - 312 - BIOTIN,

(3) Complete medium minus Blotin, designsted C¥ - BIOTIN.
(&)  Couplete medium minus vitamin mixture + vitamin By

designated PLATN + 312' .
(5) Complete medium minus vitemin mixture + Biotin,

designated PLAIN + BIOTIN.

(6) Complete medium minus vitamin mixture + Thismine, designated

PLATN + THTAHIUE,




The diatom culture was originally esteblished in the 80 to
1007 solutions of the complete medium. Before experiments on the
influence of salinity on spore formation were carried out the
diatom was gradually and progressively conditioned to the
increasing dilutions of the medium. Thus cultures of the diatom
were maintained at various dilutions. Transfer from & higher
concentration to a lower concentration was made only after three
to five subcultures with fresh medium during the exponential phase
of growth,

The pH of the sea water of the estusry is usuglly within the
range of 8.0 to 8.4, and the pH of the media for culturing was
usually held within this range.

The media and stock solutions were all made up with deionised
water of specific resistance greater than A megohms ,

Culture apparatus and experimental conditions

Details of the culture apparetus used are shown in Fig, 1.
Illomination was provided by three 2f%. 2OW”tropical daylight”
fluorescent lamps and strips of formica painted glossy white
were used to reflect as much light as possible. The eultures
received 5,500 to 8,000 lux at the level of their bases. & Lenge
Inx meter Type ITI reading directly in lux wes used to messure the
light intensity. This was achieved by filling the bath with distilled
water to the level of the base of the culture flasks. A large

petrl dish of about the same thickness as that of +the flask bases
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Fig. 1. Culture apparatus
L. Row of culture flasks.
B. Constant temperature bath (perspex).
C. Glossy white cellotex light reflectors.
D. Block of wood for raising or lowering bath,

A, M"Tropiecal Daylight" fluorescent tubes,
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was placed just touching the surface of the water and carrying the
photoeell, An estimate of the light intensity over and along the
length of the fiuocrescent tubes was made. The culture flasks were
then arranged in two parsllel rows of fives in the bath along the
length of the fluorescent tubes. A qualitative comparison of the
emission spectrum of the "tropical deylight" fluorescent tubes,
with that of daylight, using a spectroscope, revealed that the red
region of both spectra were similar and therefore there was need
to supplement it by using tungsten filement lemps in the
experimental set-up.

For high light intensity experiments the illumination was
provided by three 4ft. LOW "tropieal daylight" fluorescent tubes.
Higher light intensities were obtained by covering the strips of
formica with aluminium foil, The cultures were set up as above and
they received 11,000 to 12,000 lux with the painted formica
reflectors and 17,000 to 18,000 lux with the aluminium foil
reflectors, Lewer light intensities were achieved by attenuation
with one to three layers of a black muslim cloth wrapped tightly
round the culture flesks (two in each case). The illumination was
measured by placing the photocell in a similarly wrapped petri
dish at the level of the base of the flasks along the length of the

fluorescent tubes.
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Tn the temperature effect experiments a Kryomat cooling system

k!

was used to obtain constant temperatures of 2500 and below,

Stock cultures were grown in flasks in an air conditioned room
on wire stands and illuminated from below. The temperature range
was usually 253 to 28°¢ and the illumination range from 4,000 to
6,000 lux. The cultures were subcultured every Tive days. The
experimental cultures were maintained at 28°¢ in a constant temperature
water-bath made of perspex, This temperature was chosen because it
is the average temperature noted for the estuary water over a five-
year period of study (Watts, 1960).

Tor the quantitative experiments the diatom was cultured in
100 ml. Erlenmeyer Pyrex flasks containing 25 uml, of medium and
plugged with non-absorbent cobtton wool. Preliminary experiments
were made using Boiling tubes and the cultural technique of Xain &
Fogz (1958). The cultures were illuminated from the side and were
aerated with air which was not enriched with 002, This was done
by means of a fine capillary tube passing to the bottom of the
culture tubes and ending in a fine jet. Alternate culiures were
aerated. & flow meter was used to control the rate of aeration.
The aeration technique appeared to inhibit growth,

For the study of the methods of auxospore and male zamete
formation the cultures were often observed in petri-dishes and
watch glasses, which were frequently exposed for observations

under & microscope or for photomicrography.
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The experiments on the influence of salinity on male gamete
and auxospore formation were carried out in 3%” wide pebri dishes
standing on a supported wire mesh and illuminated from below in
an alr conditioned room. Three replicates were used in esch case.
The use of petri-dishes made observation under a binoeular milcroscope
easier and enough of the medium can be used to support the growth
of a small inoculum (50 to 100 cells) whilst shading of the cells

can be avoided,

Glassware was cleaned by sosaking in chromic asecid or 1
Haemosol solution followed by rinsing in rumning tap water and
finally in hot distilled water, Pipettes were sosked in distilled
water instead of receiving the last treatment. A1l eulbure vessels
and pipettes were prepared and heat sterilized in sn oven at 180°¢
for two hours as recommended by Pringsheim (1946).

The inoculum and the estimation of growth

Ten healthy looking cells were seleeted cach time and washed in
Fresh sterile medium before inoculating the flasks. Aseptic technigues
were always employed in these operations. The’culture. were shaken
vigorously once & day to assist diffusion of air. The use of an
inoculum of ten cells got rid of the difficulty of shading, and
also during exponential growth the pH of the medium was nob affected.

Various sizes of the dlatom cells lying within the sexusl induction

size range were used in the experiments,
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In the estimation of growth, 1 ml. samples were removed at a
particular time each day after shaking the cultures vigorously.
The cells were allowed to sediment in sedimentation tubes after
treatment with Lugol's solution (Utermdhl, 1931; Iund et al., 1958),
Counts were made on settled samples using an inverted microscope.
The cells were too large for a haemocytometer to be used snd the
d&ﬁsity of the cultures in the semples was so low that 0.D.
measurements would have been useless.

Usually growth is expressed as either the increase in cell
numbers (eell concentration) or the inerease of cellular material,
(cell density). Since an increase in cell concentration is a
measure of the true division rate (ilonod, 1949), this has been
adopted as the measure of growth. Therefore in this work the term
growth rate is synonymous with cell division rate.

Growth is expressed as the number of doublings per day and
is related direectly to cell reproduction. The cell concentration
is determined in terms of live and dead cells, The criterion for
live cells is that of Lund (1949) where a cell is considered
live unless it is empty or showing signs of lysis, The growth
rate is determined during %the exponential phase as it represents
the maximum rate for the cultural conditions employed.

The growth constant is caleulated from the integrated growthr

equation

K = logy WAY x 1/t
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where ¥ and No are the number of cells at the beginning and end of
the time interval, . Growth is depicted graphically on a plot of
1og2 N/NO against time, t, in days. This gives the growth constant
X as the number of doublings per day. The mean generation time or
division rate can easily he caleulated from X,

The experimental set-up permitted the use of parallel duplicate
cultures. It was observed that the light intensity along the length
of the fluorescent tubes was nobt uniform but inereased from the
ends towards the centre. Therefore it was necessary to asceriain
whether there was any significant difference in growth amongst
the five cultures depending on their position along the length of
the fluorescent tubes. The students t-test and the F test were
used to assess the statistieal significance of the differsnces in

growth rates,
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RESULTS
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1. HORPHOLOGY AND TAXONOMY OF THE CLONE OF THE DIATOH,
COSCINODISCUS =~ PAVILLARDIL

tlorphological Characters.

Examination of the living material revealed that the cslls of
the diatom are usually free and solitary; disc shaped in valve view
(Plate I) and rectangular in girdle view (Plate II). Two cells may
be occasionally found attached after division (Plate II). The valves
are flat with a slight central depression. The nucleus is large,
conspicuous and usually seen at the centre of the cell. It is held
in position by cytoplasmic strands extending to it from the lining
layer of cytoplasm inside the cell wall (Plate II), The chromatophores
are numerous small rounded bodies rather uniformly scattered throughout
the cell (Plate ITI).

Light micrographs as well as camera lucida diagrams have been
used to illustrate the nature of the acid-cleaned frusitules. The
valve surface is finely areolate (Plate IV). The areolae are
hexagonal (Fig. 2b) and arranged in radiating lines, running from
& clear central hyaline space which is fairly large (Plate IV).
The areolae range from 6 in 10 n near the central area to 5 in 10 5
towards mid-valve and edge of valve (Fig. 2a - ¢). The valve surface
is dotted all over with a number of small spinulae (Plate IV and 7).
The valve margin is narrow and furnished with a circlet of smell
spinulae which may be close together or separated by sbout ten radii

of areolae (Fig. 2b and Plate VI). In some valves of a frustule there




Plate

Flate

Plate

Plate

I1x

iv

Legend to Plates T ~ VI

disc shaped cells with prominent central nucleus, x %50,
rectangular shape of cell (girdle view); nueleus

suspended centrally by cytoplasmic strands, x 910 .

cell showing numerous chromatophores, 975 .

cleaned valve showing radiating rows of areolas and

central hyaline space, x 975, -

hexagonal shape of areolae; white specks are spinulae, x 8,750..

circlet of spinulae among radiating areolaé, x 3,250, .
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may be another circlet of spinulae in mid-valve. There ave two

larger spines (apiculi) set wide apart on the valve margin.
The girdle is & single, non~perforated band, The outer poroid

merbrene is extremely fine and cen be seen on the arsclar nsrgins

The diatom forms SUXOSDOTes an

—

i the cells srising from them
have amwﬁmmzm&lﬁhm@mrafﬁﬁyjhAiﬁ The mean width of the
pervalvaer axis of recently divided free cells is 127 p and that

of cells recently divided but stuck together is 255 m. The mean
minimum dismeter of the cells obtained in cultures at a size below
which further growth was impossible, was 64 u.

Texononic problems

The determination of some of the many species comprising the
genus Coscinodiscus Threnbery is extremely difficult., The wide
range of varisbility in shell morphology among is the

cause of the difficulty. Fence two independent determinations

o)

of the species of the clone of the diatom under study were sought -
.I. Hendey, England and Professor H.A. von Stosch, Germany.
Hendey (privete communication) determines the clone as a
F AP /

member of the taxonomicelly complex gipes - Janischii - pavillardii

group. He writes "no one knows the limits of each phase and no

%,

Joubt intermedistes exist which make nonsense of taxonomle divisions.

Ehrenberg's type of C.gigas no longer exist

o

sts and the illustrations
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in Schmidt's Atlas (1874) and those of Hustedt (1930) only
mislead." He contends that in the typical "gigas" the areolae are
larger and the circular cover pores are very clearly seen, whereas
in the author's specimens the cover spores seem absent and the
sieve plate, 1.¢. outer poroid membrane, is extremely fine.
lloreover spinulae are not present in C.gigas. Similarly von
Stosch (private communication) dismisses C.gigas on the grounds
thet it has no apiculi which are present in the author's specimens.
Hendey places the clone closer to C.janischii as the
specimens agree very well with some specimens he took from
Southampton Water, England. He states that "the central area
(fairly constan® in the author's specimens) can be very variable
and may be almost élose& up with areolae., Often valves of the
same frustule may differ, one being 'open' with a fairly large
central area as in your specimens, while the other is covered all
over with areolae." Lebour (1930) gives the latter as a
description for C.pavillardii. Hendey observed that the specimens
have a number of small spinulae dotted over the valve surface - a
specific character of C.pavillardii. However, Hendey rules out
C.pavillardii as a possible determination because of the size
and much Tiner areolation of the author's specimens, On the

other hend von Stosch considers that the specimens should be

called C.pavillardii, for (.Jjenischii has s heavy areolation at
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the margin as against the very slight one of the author's
specimens., HMoreover, (.jemischii has no apiculi as showa in
Schmidt's Atlas (1874). Also von Stosch contends that fron
Janisch's paper his "Q.ﬁ&rginatus, which is not identical with
C.marginatus Ehrb., is meant to be {.janischii of Rattray and
Hustedt." He questions the description of C.marginatus Janisch
as "it seems to have puncti in the figure of Janisch (which he
did not describe) and has no very marked difference between the
marginal and the inner areolae (which he mentioned in his
description)”. Von Stosch therefore argues that in no case is it
sufficiently similar to the author's specimens, and being not so
well described by Janisch, the specimens cannot be considered as
E.Janischii. From the description and figures of C.pavillardii
given by Pavillard (1925) von Stosch considers that Hustedt (1930)
seemed to imply that the interstitial meshes are not provided
with apiculi, Pavillard however described them, and von Stosch
observed them in the author's specimens. He therefore concludes
that the Sierra lLeone material conforms well to the Mediterranean
speciles, C.pavillardii.

From the foregoing discussion the author accepts von Stosch's
identification of the diatom as C.pavillardii. Pavillard's
description of C.pavillardii gives its maximal diameter as
350 p. It is considered that Pavillard may not have seen young

auxosporic material (which was obtained in culture by the author)




and therefore the species was not erected on the dimensions of cells
immediately developing from auxospores.
It appears that the diatom under study is the one Bainbridge

(1960) called C.gigas.




2. PRELININARY =~ EXPERIVENTS

HESULIS ON CULTURING THE DIATOM.

1. Preparation of bacteria=free culture of the dvauom

(a) The diatom failed to divide in 1% agar prepared with
the synthetic medivm. The cells died after a couple of days.

(b) 1In attempts to prepare bacteria-free cultures with
antibiotics it wes found that in the presence of LO8 units and
above, of the mixture of penicillin and streptomyecin no bacterial
growth was observed after repeated washings and Tinal inoculation
of a few cells in the synthetic medium prepared with veptone. The
cells, however, failed to divide. Other similarly treated and
washed cells were inoculated into the plain synthetic medium,

In this case, no spparent turbidity developed but the cells
divided rather slowly {about one division in three days) and
erretically.,

Several attenpts were made to stimulate growth in such
cultures but all were unsuvecessful, These included the addition
of a small gquantity of (a) bacterized medium (L ml. to 25 ml. of
culture), (b) Seitz filtered bacterized nedium, (c) sintered glass
filtered bacterized medium, and (c) a-finy grain of sodium sulphide.
The latter was done as Droop (1961) had reported stimulation of

growth in Skeletonema costatum with small quantities of sodium

sulphide. In all the attempts the diatom remained alive for up




to two weeks but showed hardly any stimuletion of their vegetative
growth rate,

It was therefore decided to use cells which had no previous
antibiotie treatment, but which had been repeatedly washed and
further washed between several subcultures. Cultures obtained from
these cells showed no appreciable bacterial growth during the
exponential phase of growth. Horeover, when grown in peptone
synthetic medium for a week, no appreciable growth of bacteria
occurred.

Examination of the bacteria cleosely associated with the diatom
cells revealed that they were rod-like.

2. Choice of culture medium

The growth rates in the U32 and U36 nedia were the same (one
diviaion’im about 4O hours), but faster in the modified ASP2 medium
(one division in about 30 hours), under the same conditions of light
and temperature.

Since the diatom cells appear to be heavily siliecified, it was
necessary to determine where the cells got their silica from during
vegetative growth in the U32 medium ~ & medium which lacked silicate.
’On testing the medium for silicate a positive result was obtained
with ammonium molybdate and reducing metol sulphite-oxalic acid

solution (Strickland and Parsons, 1960). Almost the same intensity

of colour was obtained as for U36.




3, Cultural conditions

In employing the culture technique of Kain and Fogg (1958)
the cultures were aerated at the constant rate of 10 ml./min. in
one experiment and 5 ml./min. in another experiment. Both
experiments were run simultaneously. The use of air wnenriched
with carbon dioxide for aeration was merely intended to keep the
cells in suspension. In the serated cultures growth was inhibited.
This was more marked at the higher aeration rate, as there was
scarcely any growth at all. Growth in the alternate stagnant
cultures, which were aerateé for five minutes every day, was slow
but continued {one division every sixty hours),

When conical flasks were used instead of boiling tubes the
cultures were illuminated from below and sheken vigorously once a
da”. Good growth of the diatom was schieved. Consequently

culturing in flasks was preferred,

by Culturing the diatom at various salinities

Cultures were established at the following salinities - 16.5,
19,9, 23.2, 26.7, 29.8 and 32.9 ?/oo. The cultures were originally
established with cells of average diameter 381 p. The cultures
were repeatedly subeultured every five days. It was observed that

the average size of the cells decreased with time. In four months

<

-

of culture the sverage diameter of the cells was 309 B. This is

accounted for by a decrease in average dlameter of 18 p per month.
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Comparison of the rate of decresse in sverage cell diameter
in nature and in artificial synthetic medium revealed that it was
of the seme magnitude under both conditions.

Cells of average diameter 309 } began to form spores in all
the salinities used except 16.5 ?/oo. Spore formation at the
32.9 ?/ooS was not as plentiful as at the other salinities in which
it eccurred.‘ Salinity, therefore, appears to have an influence on
spore formation.

5. The effect of an illumination range of 5,500 to 6,000 lux on
the growth rate

Along the length of the fluorescent tubes used it was found
that the light intensity was not uniform. It increased from the
ends towards the centres. It was therefore necessary to determine
whether there was any significant difference in growth in the
cultures placed at points alceng the length of the tubes. The
results of one such experiment are given in Table II,

The ¥ test was used to determine how significant the differences
were among the live and total cells respectively (Tables II - IV). |
There was no significant difference in growth among the treatments
bothfor live and total cells at the 0.1% level., Therefore the
variation of light intensity along the length of the tubes did
not affect the growth rate of the distom.  Consequently it was
decided te use the aversge figures for the ten flasks in estimating

the growth rate,
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TARLE II. Log2 values for the average figures obtained from
parallel replicates

(L = live cells; T = total cells)

s,

P,

Flasks : Flasks Tlasks Flasks Flasks
(1)&(vi) at | (di)&(vii) (iii)a(viii)] (div)&(ix) (v)&(x)
5,500 lux {at 7,300 lux | at 7,800 luxjat 7,800 lux |at 7,200 lux

Time
(days)

L T L T L T L T : L T’ ]
50041 4 2.9 3.3 145 k3 (41 k1 L4l k3 L
k{51 52 {46 46 [ 5.6 5.6 |57 5.8 |55 56
5 (6.5 6.6 162 63 | 7.0 7.0 |70 7. 6.6 6.6
6 % 7.1 7.1 % 7.2 7.3 8.3 8.3 8.2 8.2 § 7.9 7.9
7 tes 83 184 85 |89 9.0 |89 9.0 8.8 89
8 9.0 9.1 [ 9.4 9.6 9.0 9.1 9.1 9.3 9.4 9.5
5 |94 9.6 9.6 9.9 |9 94 |90 95 9.5 9.6

0 193 9.5 19.6 100 |87 9.3 189 9.5 192 9.7
11 903 908 9u7 10n5 8-7 905 8.9 9.6 9.4 9.9
12 9.1 9.9 9.5 10.4 8.6 9.6 8.6 9.6 9.1 9.9




TABLE III, Analysis of Variance for Live Cells
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i
[ . £ o "
Source of ﬁum ?f Degress of Mean Square
Varisnce Squares freedom

§
Between
treatments

| {columms) 0.3518 L 0.08795
Residual 169,746 L5 3.772

P ratio = 0.08795 = 0.0233

3.772

Not significent at 0.1% level
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TABLE IV, JAnslysis of Variance for Total Cells
Source of Sum. of Degrees of Hean S o
Variance Squares freedon quas
Between
treatments
(columns) 0.5152 L 0.1288
Residual 1209.512 k5 4.,6558

F ratio = 0,1288 = 0.02766
%6558

Not significant at 0.1% level




DISCUS:

The failure of diatom cells trested with antibiotics to grow
on subculture to antibiotic-free medium has been reported by
Spencer (1954). He proposed that the antibiotics must have elther
directly effected the algae; or that the antibiotics, in controlling
the bacterisl flora, have removed the source of the essential
nutrients or growth factors of the slgae. In the case of the
distom under study it is considered that the concentration of the
antibiotics used in the elimination of the bacteria was toxic to
the diatom, and therefore inhibited its growth. It is not likely
that the diatom was dependent on the bacteria nutritionally. For
attempts at stimulating growth of the diatom with bacterized medium
were unsuccessful,

The growth of the diatom in the U32 medium which lacked silicate
can only be explained in terms of a dissolution of silica f'rom the
walls of the culture flasks during eutcclaving. The amount of
silicate which may be contained as impurities in the salts can be
considered pegligible as the salts were of enalytic reagent quality.
Silica is soluble in alkaline solutions (Jdrgensen, 1955). Since
the culture medium is slightly alkaline it is felt that significant
amounts of silica are released from the flasks during autoclaving.
This is in asgreement with the findings of Armstrong as reported by

Spencer (1954 .
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The cause of inhibition of growth observed in the aserated
cultures can only be guessed at. The pH of 8.4 of the mediunm is
considered beneficial because at such a pf carbon dioxide is avidly
absorbed and forms a reservoir of bicarbonate,i This provides
increased carbon dioxide without having to employ bubbling or shaking
(Provasoli et al., 1957)

The low rate of growth of the stagnant cultures in beiling
tubes, as compared with the rate of those in conical flasks, may
be the result of self shading and the direction of illumination.

The cells of the cultures in the boiling tubes settled to the bottom
of the tubes in a heap. Consequently Tewer cells could receive the
same amount of light., This disadvantage was increased as the
cultures were illuminated from one side only. In the case of the
cultures in the conical flasks the cells were dispersed in the
medium such that each cell received the same amount of light which
was divectly below then,

The unmodified ASP2 medium is deglgned such that the nitrate
and phosphate content are kept low to suppress excessive bacterial
growth., This mekes such 2 medium suitable for bacteria-free
cultures., In the modified ASP2 medium the nitrate content is

reduced to about one twelfth of that of the unmodified medium
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(i.e. from 5882 p g~at. W/1 as a0, to 500 p g-at, /1 as }_\’_E\TGE)..

The phosphsate is increased from 29 p g-at. P/1 as ¥ HPD to

&

50 p g-at. B/1 as KHO?O} - a concentration which was found adequate
for phytoplankton growth (Parsons et al., 1961; Jitts et al., 1964) .
However Provasoli et al. {195?} found that the concentration of

29 p g-at. P/1 is perfectly adequate for stagnant cultures and the

Py

pesgibility of precipitation is limited. Therefore an increase of

21 p g-at. P/1 would greatly enhance the possibility of precipitation

iy
during autoclaving, This was found to be the case if the pH of the

o

medium was not adjusted 4o 8,4 before mzuoﬁlwvi . However, with

-y .

Light sutoclaving, it was found that the pos ssibility of

precipitation was much less - a finding also of Provasoli et al. (1957).
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3.  SEXUALITY AND ~CELL ~SIZE

From the preliminary experiments it was observed that as the
cells attained a certain size in certain salinities spores were
produced. It was therefore decided to investigate over what
range of cell size spore formation cccurred in a wider range of
salinity. Consequently the diatom was repeatedly subcultured in
the variqus salinities uwntil it seemed impossible for further cell
maltiplication to oceur. ’This investigation lasted over a year.

The cultures used had previously been established at the
different salinities (see iaterials and Methods), No cultures
could be established in salinities of 6,7 O/oo and below. In a
salinity of 6.7 ?/oo little or no growth took place and after about
three days the cells died. Immediately after inoculation in
salinities of less then 6.7 C/00 the cells burst snd died. The
author suggests that the bursting is the result of an osmotic
effect, the culture medium being hypotonic to the cell contents of
the diatoms,

Fig. 3 illustrates the relation of vegetative cell diameter
to the diameter of the cells developing from auxospores. It can be
observed that the rate of decrease in the average vegetative cell
size was uniform down to about 180 p. Thereafter there was a slowing

down of the rate. The average size of cells developing from the
&




Ao
§

The relation of vegetative mean cell dlsmeter
with time; and the mean diameter of cells
developing from suxospores produced by vegebative

cells within the sexual induction size range,
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auxospores is nearly the same in all cases, The maximum cell
diameter attained was 510 p and the minimum was 450 p. Spore
formation occurred within the average cell diameter range of 91 to
309 m. This is sbout 20 to 63% of the mean maximum cell diameter.
Optimal production of spores occurred within the range of about
30 to 55% of the mean meximum cell diameter i.e. 145 to 273 m.
Within this size range the cells developing from the auzospores
were more viable than those produced at the upper limit of the
sexual induetion size range. |

The cells developing from the auxospores caen be from about
one and a half to four and a half times the aversge diameter of
the cells producing them. There was no apparsnt difference in
size between the male gamete or zygote mother cells, as the
cultures used contained only cells of fairly uniform diameter.
Pewer male gamete mother cells were observed in the upper limit
of the sexual induction size range, but the number increased
progressively with decreasing cell diameter. In the case of the
auxospore mother cells the opposite tendency was observed.
Consesquently the proportion of male gamete and auxospore mother
cells varied with thelr size or dismeter.

Sexuality may not oceur in all cells within the sexual
induetion size range. It was observed that some cells continued
dividing vegetatively and their products became still smaller

until their size was reduced to about 157 of the mean maximum




cell diameter, i.e. 64 pm, after which division ceased and death
snsusd.

The salinity and temperature range within which sexuality
‘ean be induced was found to be 19 to 33 ?/oo and Zhito 28°%¢

respectively.
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L, GROWTH RATE OF CHLLS OF DIFFERENT DIAMETERS AT
28°C AND UNDER CONTINUOUS ILLUMINATION

During the course of the preliminary experiments on the growhh
of the distom in & range of salinities it was observed that as the
cells multiplied they became smaller and smaller in size. The
smaller cells appeared to multiply faster than the larger cells,
It was therefore decided to investigate whether the different growlth
rates of the various sizes of cells bear any relationship %o eaéh
other. The growth rate was determined during the exponential phase
of growth.
The investigation was carried out at two salinities - 13.3 ?/oo
and 19.9 O/co, because in cultures at these salinities m@le gamete
and auxospore formation are inhibited. The following diameter
sizes of cells were used at the different salinities:-
(1) 13.3 /oo - 75 - 91 p; 91 - 109 u; and 327 - 345 p.
(11) 19.9 /oo - 127 = 145 p; 145 - 16k p; 236 - 254 p and 327 - 345 p.
The experiments were separated in time as the sizes could not
be obtained at the same time. The results are shown graphically in
Fig. 4(b) and (&) at 13.3 “Joo and 19.9 ?/og respectively. The
growth rate (% mean generation time) are presented for total cells

(i.e. live and dead cells) in Table V.
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Fig. La, b, Growth curves of different sizes of cells
o ke e 4 S XN o o il o b o
st two salinities, 13.3 /oo and 19.9 /Joo.

(1) & (31) 327 - 345 p

(131) 236 = 254
(iv) 145 - 16k p
(v) 127 - 145 p
{vi) 91 - 109 p
(vii) 73 - 91 p
Lo, The relationship between total cell surface

area and division rate.
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TABLE V. Relation of cell diameter to mean generabtion time
at the different salinities

Selinity Diame?er range Hean generation time
(O/OO) (microns) § ‘ (hour)1‘
13.3 73 - 91 : 15.8
91 - 109 16.4
327 - 345 30.0
19.9 127 - 145 : 18,0
g 145 - 164 18.5
236 - 254 23.5
327 = 345 30.0
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TABLE VI. Relation of average cell surface area to mean generation

time
Average cell surface area liean generation time

(sg. microns) (hour

45,280 15.8

55,600 16.4

83,320 18.0

99,150 18.5

192,100 23.5

511,800 30.0
®367,u00 33.5

(1)computed from Table VIT
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The relationship between lotal cell surface area eand division

n

rate 1s expressed graphicaelly in Fig. L{e). Cell surface ares®

was found to Pe a more useful statistic than cell volume since it
gives the éffective measure for the absorption of nutrients. It
is assumed that total cell surface ares varies with cell volume.
FremiTable V it is obvious that the smaller cells divideﬁ
more rapidly than the larger ones, In the twe categories of

3,00

smaller diasmeter range of cells in both salimities the diflferences

in the growth rate are slight.
In Table VI the mean gerieration time decreased with

o

reduction of average cell surflace ares, Ixpressed graphicslly,
s straight line is obtsined, Fig. L(c), indicating that the

relative growth constant is the same for all cell sizes,

s

*Average cell area = sverage total surface ares, calculated by
Ly

2
using the formula 2TTr + 2TTrl. (1 = mean length of pervalver
axig) See Results Sectien 5.1. for value.
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5. THE EFFECT OF EXTERNAL FACTORS ON THE GROWIH RATE
OF THE DIATOM AT 280C AND  UNDER CONTINUQUS TIGHT

-

Since smaller cells grow faster then larger ones it was decided
to use cells of the same average size in any one set of experiments.
Thus the growth rate under the varying conditions of one factor can
be compared. The extermal factors investigated were salinity,
light intensity and temperature. All cells used were those which
carmot be induced to form spores. In the case of the experiments

i

to determine the effect of light intensity and temperature the

A=)
cells used belonged to the second generation of auxospore cells
derived from the original clene, Although the sizes of the cells

fall within

sexual dnduction size renge yet it was difficult

to induce spore formation in them.

S
1. Salinity
- - ol s
At salinities of 13.3, 16.5, 19.9 and 26.7 /oo the diameter
07 o . ,
range of cells used was 327 to 345 p and at 32.9 /bo it was 364

to 382 p. These cells belonged to the original clone,
The results are set out in Table VII(a).
The growth rate was approximately the same at the sglinities
2 , o . 0 ot .
13.3 to 26,7 /bo but slightly Jess at the 32.9 /oo S dn which
gifferent size range of cells was used,
The growth curves at the different salinities are shown in
Fig. 5 {(a to ¢). It can be seen that tbe number of total and of

live cells obtained at the stationary phase had some relationship

to the salinities used,
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TABLE VII(a). Growth rate (= mean generation time) at different
¢ fasd s

salinities
Salinity (?/oo) Mean generation time
(hoxe)
13.3 29.8
16.5 30.0
19.9 29.8
26,7 30,2

32.9 33.5
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Fig, 5. Growth curves at different salinities.

a. 32.9 °/oo3; cell diameter 36k - 382 p.
om0 total ecells,
o==0=-3 live cells,

b . Total celis - 13.3, 16.5, 19.9 and 26.7 °/ooS;
cell diameter 327 - 345 u.

€. Live cells - same details as for(b).

d. Total cells - at 10.1 and 13.3 “/ooS;

cell diameter 73 - 91 Mo
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TABLE VIL(b). Growth rate (mean generation time) at different

salinities
PR o 3 4 . .
Salinity (" /oo) Mean generation time
(hour)
10,1 28.0

13.3 1508
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In a leter investigation cells of the diameter range 73 to
91 p were used at the salinities of 10,1 and 13.3 /oo, These
cells also were the products of the vegetative multiplication of

.

cells of the original cione, The growth rate of the cells at

L L0 , . . - 0 -
13.3 /oo was slightly more than twice that of cells at 10.1 /oo 8
(Table VII(b)). Moreover at the latter salinity o lag phase of
about two days was observed (Fig. 5(d)). In that time a few cells

4

died and the rest became adapted,
In grouping the results of both investigations together it

can be said that the growth rate of the diatom is similar over

the salinity range of 13 to 330/00, and below the range it falls

appreciably. More precise information requires that all the

experiments be conducted simultaneously at the various salinities

with the same size of cells. This was impracticable owing to an
3 I

unavoidable limitation on the number of experiments that could be

done at the same time,
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2. Light Intensity

This investigation was carried out with cultures at 26.7 ?/ooS
and cells of diameter range 200 to 218 pu.

The relative growth constants for the wvarious light infensities
are presented in Tabls VIII., The relative growth constant for each
1ight intensity was slightly variable, but it appears that there
was saturation at about 6,000 lux and no inhibition at nearly
15,000 lux (Fig. 6). ZEach point on the growth curve is the average

rate for two cultures.
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PABLE VIII. Relation of light intensity to relative growth constant

Light intensity (lux) Relative growth constant

2,

X, (log2 day units)

2,850 0.63

3,400 0.66

L, 500 - 0.71, 0.76, 0.77

5,000 0.77, 0.85

5,700 0.93

6,600 0.88, 0.93

8,550 0.89, 0.98

9,400 0.86, 0.86, 0.90
10,000 0.95, 0.91, 0,97
15,000 0.86, 0.86, 0,91, 0.91,

0.86, 0.89, 0.89, 0,90




Fig. 6. Relative growth constant, X, (1052 day units)

as a function of light intensity.
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Se Zemperature
The growth rate was examined gt the following temperatbures -

e]

0 4
150, 20, 25 and 28°c. Cultures at a salinity of 26.7 O/oo and

containing cells of diameter rangé 132 to 200 p were used.

The growth of the diétom at 1500 was erratic, The growth rates
at the other three temperaziures are given in Table IX. It is
obvious that the growth of the diatom at 2000 is significantly lower
than at the other two temperatures. The difference in growth rate
of two hours at 2SQ and 2800 cannot be considered as significant
since similar variatidn has been shown to ocour within the
illumination range used (5,500 to 8,000 lux) in the light intensity
experiments,

While some stock cultures were in an alir-conditioned room
tands {as described in the Materials and Hethods) the air-
conditioner blew up overnight. Conseguently the air cooled
cultures became heated up to a temperature of 3% to 3503. They
remained in this econdition for about a day. On examination of the
cultures it was found that the cells had died., It would seem
therefore that o temperabure of zgbout 3300 inhibits the growth of

the diatom,
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TABLE IX. The growth rate at different temperatures

Temperature (oc) lean generation time
(hour)
20 27.8
25 22,9

28 20.9
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6. HFFECT _OF SPORE TFORMATION ON THE GROWPH OF THE
DIATOM UNDER CONTINUOUS ILLUMINATION AND AT 280¢

It was suspected that spore formation may have an effect
on the growth rate of the diatom. Cenmsequently it was decided
to investigate if there was such an effect.

This investigation was carried out at three salinities -

2%.2 °/oo, 26.7 O/oo and 29.8°/00. Two kinds of cells were used -
(1) cells arising from the original clone isolated from the
estuary having a diameter range of 200 to 218 p; (ii) cells
arising from the auxospores of thé latter having dismeter ranges
of 291 to 309 p and 182 to 200 p. These sizes of cells lie within
the sexual induction size range.

The initial percentage of spore formation and mean generation
time are shown in Table X,

It was observed that male gamete formation usually began within
72 hours, and auxospore formation within 120 hours, after inoculation.
Their induction usually took place during the exponential phase of
growth.

Another investigation was made to determine the percentage of
cells involved in male gamete and auxospore formation, as well as
vegetative division, at two salinities - 23.2 ?/ow and 26,7 O/oo -
using cells in the diameter range 109 to 127 p. The diameter range

of the cells Tall ftowards the lower limit of the sewxusl induction
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TABLE X. The relation between spore formation and growth rate at
different salinities and for different sizes of cells

Salinity liesn generation time Initial  Diameter
(1&?{} (hour) Spore formation range (p)

A, 26.7 27.3 15
200 - 218

3 days later 26.0 10)

B. 29.8 18,2 5%

2%,2 18.2 5%

C. 26,7 16.9 10
182 -~ 200

23.2 15.9 7)




Fig., 7. Percentage spore formation and of vegetative
cells at two salinities,
Ommimme,  total spore formation,
o--0--G male gamete Tormaiion,

o-e=0mes  zygote formation.
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size range. The inoculum was large (about 100 cells). The
observation was made during the period of exponential grwoth and
the results are expressed graphically in Fig. 7 (a) and (b).

It was obsevrved that although twice as many male gamete
mother cells were produced initially at 26.70/00 3 than at
23.2?/0@ 3, about the same percentage of auxespores were formed.
The initiel induction of male gamete formetion and consequently
their release was a 1little earlier at 23.2?/00 3 than at 26.7?/00 Sa
Barly stages of developing suxospores were observed on the second
day at the lower salinity. Male gamete formation took place
throughout the exponential phase but the percentage of eells
involved decreased with time, wheress developing suxcspores were
6n the increase vntil the end of the exponential phase when their
numbers declined rapidly. The percentage of "vegetative" cells
dropped rapidly with the inception of male gamete formation and

the drop was more pronounced when more cells were involved,
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7. BRFRCT OF HATEENAL  FACTORS ON SPORE  FORMATION

Preliminary observations on the growth of the diatom indicated
that salinity has an effect on spore formation. It was decided +to
investigate this factor further and also the effect of other factors
such as temperature, light intensity and photoperiod. In the
experiments on photoperiocdic effect a 12 hour photoperiod was
chosen as this is approximately the ecological photoperiod of the
diatom in the estuary.

1. Salinity

The producilon of male gamebes and suxospores was First
examined in all the established cultures in the different salinities
of the medium and then in subcultures prepared by transferring
cells from one salinity into ancther., The cells used were those
of diameters which lie within the sexusl induction size range.

The working temperature range was 24 to 2806.

Spore Tormation only occurred within the salinity range of
19 to 33 O/ooe None occurred in the 16.5 0/00 salinity(s) and
below, Relatively greater spore formation occurred in cultures
of salinity 26.7 /oo (Tables XI and XIf). Usually within 72 to
96 hours some 10% of the cells would have started male gamete
formation, depending on the diameter of the cells, This
percentage then decreased with time, as the percentage of cells

commencing suxospore formation increased.
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TABLE XT. ¥ale Gamete Formation

Original Salinity (?/008}
Transferrved 4o 7

(%/008) | e

32.9 26.7 19.9 16.5

A R T S s e R g B e e
z 1
32 09 X o -+ -
26, 7 et X ExN e ‘}3
E e

23.2 4t 44 4 : +
19 s 9 4 b X +
16.5 - - - %
Tpia not proceed further than 44+ 10 - 15%

spermatogonia stage :
++ 5 = 0¥

+ less than 5%

- no male gamete or
auxospore formation

ki

A ro transfer made
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TABLE XTI. Auxospore Formation

Original Salinity (°/oos)
Transferred to ) L
o < .

(*/008) 52,9 | 26,7 | 19.9 | 16.5
32.9 : X - - -
29.8 - + + +
26.7 ; P X -t o

25,2 { e b + +

19.9 ! + + X +

16.5 - - - e
;

+++ 10 - 15%

e

++ 5 - 10%

f

‘‘‘‘‘

- no male gamete or auxospore formation

X no transfer made
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The results c¢bitained in subeculturing experiments in which the
cells were ﬁfansferre& from one salinity level to another are
surmarized in Tables XI and XIT, The diameter range of the cells
used was 255 to 273 p.

From the results it can be seen that there was no inhibition
to spore formation in subculturing cells from a higher to a lower
salinity level except at the 16.5 O/ooS level, where spore formation
did not occur normally. Some inhibitien waé noted on transferring
cells from a lower to a higher salinity level especially at the

32,9 ?/ooS level, At the 32,9 g/ooS level spermafogenesis usually
Whether the male gametes were released or not, no auxospore
formation was observed., It therefore appears that spore Tormation
occurs within a given salinity range and is not induced by mere
dilution.

Cells showing various stages of male gamete and auxospore
formation were traﬁsferred to fresh medium of 16.5 é/ooS.
Spermatogenesis usually proceeded until the male gametes were
released and auxospore development was completed, When some
cells,which included various stages of male gamete formation,
were transferred from cultures actively producing male gametes
and auxospores, into fresh medium of 16.5 ?/003, BUXOSPOTEs were

produced. These germinated to give cells with diameters ranging

o)
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from OO to L50 p. It would seem, therefore, that when
gametogenesis had begun the production of male gametes and

guxospores was not affected by changing salinity,




2. Temperature

dpore formation in cells of diemeter range 291 - %09 B was

investigated at five temperatures and two salinities. The
0 0 o .0 0 L
temperatures were 15, 20, 25, 28 end 29 C; the salinities -
5 0 - . 0 ‘ L

23.2 /oo and 26.7 Joo. The cells were from those arising from
the auxospore of the original clone. The size of cells and the
salinities lie within the sexual induction size and salinity ranges.

The results are shown in Fig. 8 (@ - d) and Table XTII.

.0 . . N K
&t 157C the growth of the diatom was erratic and no spore formation

Spore formation wes more pronounced in cultures at 26.7?/00 3
(Salinity) then in those at 23.2 /00 . At the 26,7%/00 & it was
slightly better at 25° than at 28°C (Table XITI). No spore formation
ocourred either at 20° or 2900. At 23.20/00 5 developing auxospores
appeared on the fifth dey after inoculation at 250 and 2800. At
26.7?/00 S they appeared on the fourth and fif'th day at the two
temperatures respeétively.

Cultures of 23.2?/0@ 5 grew at the same rate in temperatures
of 250, 280 and 2900 even though sporé Fformation ocecurred at
25° ana 28°C. In those of 26.7°/00 5 the growth rate was sbout the
same at 250 end. 2800, the temperatures at which spore formation
occurred, but slower then at 2900. It is apparent that the slower

o4

growth rate is a result of the pronounced spore formation at this

salinity. The growth rate was the same in both salinities at
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TABLE XIIX. Effect of temperature on the growth rate and spore
formation at two different selinities

Salinity Temperature Mean generation time | Initial Spore
€] Q / .
(*/o0) ("¢ {hour) formation

s

’; %)

! 23.2 20 2245 Nil
25 ) 17.8 5
28 : 18.2 5

29 ; 18.0 Nil

L 26,7 20 23 .4 il
25 20k 12
28 21.5 10

29 18.3 ' mil




Fig. 8. Growth curves at two salinities and at different

temperatures.
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20 and 29 € respectively.
N B e A . nrD o) ,O ® * =
1t appears that the temperatures, 25 end 28°C, lie within

the optimum renge for spore formation in the diastom. 4lso the

. ; . o . .
meximum temperature for spore formation seems +o be 28 C as it did

0 , s e . . -
not oceur at 29°C. Thus a difference of one centigrade degree

above the meximum temperature was enough to inhibit spore formation.
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5. Alternating Light/Dark Cyele and Contimuous Tllumination

-

The salinity level of 26.7?/00 was chosen because it had
been found that cultures of this salinity at 28°%¢ produced more
spores than those within the sexual induction salinity range .

Cells (originating Trom auxospores of the original clone) of diameter
range 255 - 273 p were used. The mother culture, which provided

the inocula for the cultures, was obtained from subculiures which

hed received the light/dark treatment for over s fortnight.

The alternating light/dark cycle wes a twelve hour Jlight
period followed by a twelve hour dark period., Two series of
experiments were carried out at this light treatment. One of
them was sampled every twenty four hours and the other every
twelve hours. The, latter samples were taken in order to investigate
the effect of the individual light and dark periods. A4 control
experiment was carried out simultaneously under continuous light
and sampled every twenty four hours.

The results are sﬁbwn in Fig. 9 (@ ~ €) and the mean
generation time and percentage initial spore formation in Table XV.

It was found that many more male gemetes and AUXOSPOTes were
produced under the light/dark cycle treatment than under continuous
light., During the exponential phase of growth, the mean generation
time under the light/dark cycle treatment was slower by about four

hours than that under continuous light (Table XV). Developing
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TABLE XV, Comparison of the influence of two light treatments
on male gamete and auxospore formation at 280C

Light treatment llean generation time % initial
(hour) Spore formation
Continuous light 12.8 10

Alternating light/
dark cyele 16.7 20




Fig. 9.
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Growth curves of the diatom in
&, continuous light sampled every 24 hours,
b, alternating light/dark cycle sampled every

2k hours

£
@

alternating light/dark cycle sampled every

12 hours
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sht than in the

auxospores appeared earlier under continuous 1ig

g

alternating light/dark cycle treatment (Fig. 2a, b).

For the first five days during the exponential phase of growth
the number of cells in the cultures under continuous light was
about twice that under the light/dark cycle, Thereafter the number
of cells in both sets of cultures approached each other., Thus the
light treatments had different effects on the diatom during the
exponential phase of growth, though their subsequent effects on
gréwth were the same. The 12 hour photopericd was more conducive
to spore formation than the continuous light treatment.

When sampling was done every twelve hours (Fig. 9¢), it was
observed that during the first four days of growth under the light/
dark cycle, the normal division rate was promoted by both the light
and dark periods, Thereafter the dark periods produced a decrease

in the number of live cells, until the onset of the stationary phase,
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L, High Light Intensity

It has been shown that when cultures Wefe subjected to an
alternating 1ighﬁfdark sycle of twelve hours light and twelve
hours darkness, more spores were produced than under continuous
light. Consequently it was decided to determine the effect on
spore formation when the light intensity was doubled (i.e., 11,000 -
12,000 lux). The experiment was cerried out at the salinity of
26.7°/00 and cells of the diameter range 255 - 273 p were again
used. The results are set out in Table XVI.

The mean generstion time was the same for the continuous low

!Je

light treatments,and no spore formation

Lo

light and &lterpnating high 1
tookrplace under the alternating high light treatment. The
difference in mesn generation time between the alternating low

light and altermating high light trestments was about four hours.
The same difference in mean generation time was observed between

the continuous low light and slternating high light treatments.
Although the same amount of light energy was received by the

cells in the two latter treatments, and the growth rate was the
same, yet no spore formation ocecurred. Therefore the inbhibition .
of spore formabtion in the alternating high light treatment was a
direct effect of the duration of illumination. When about half the
high light intensity was used in the same period of time, the growth

rate was slower and spore formation promoted., Therefore it

)

fad
pre
by
2
%3‘
Cﬁ

igh light intensity, whilst promoting a growth
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oL

three light treatments on
growth rate and spore formation Lo

£ XVI. Comparison of the effect of

Light treatment Mean generation Spore formation
time (hour)
Continuous low light 12.5 Yes

Alternating low light/
dark cycle 16.7 Yes

Alternating high light/
dark cyecle 15,2 o
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rate in which spore formation was possible, also inactivated those

metabolic processes which would lead to spore formation.
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8, THE TFFECT OQF VITAMINGS

1. Growth

In the course of the inves;igations the guthor ran out of
biotin and a biotin-free medium was prepared and used. Good growth
of the diatom was obtained as in the case of the complete medium. This
indicated that blotin was not regquired by the diatom for growbh,

In genersl dilatoms have seldom been shown to require biotin Ffor
growth. Consequently the result was not surprising. In spite of
this, it was decided to investigate whether the same result would

be obtained by the presence or absence of one or some of the vitamin
component of the complete medium,

It was realized that since the cultures of the diatom were not
necessarily bacteria frse the results would be difficult to
interpret. But since bacterial growth was not appreciable during
the exponential growth of the diatom it was felt that any observed
effects can be interpreted as a direct action on the diatom.

Since vitamins are only required in small quantities the
inoculum was prepared such that there was a minimuim of carrv-over
of the vitamins.

The cells used in this investigation were taken from cultures
in the complete medium of salinity 26. 7O oo. They were washed
five times in sterile plain medium of the same salinity before
inoculating into the six variants of the complete medium (see

£

Materials and Methods) which were also of the same salinity. Six
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TABLE XVIT. Successive subculture experiments in variants of
the complete medium

(-, no growth; +?, doubtful growth; + to 44, slight to moderate
growth; +++, abundant growth)
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TABLE XVIII, The growth rate in three vitanin medis

Mediam Mean generation time
(hour)

PLATH 4+ 1 27 .4

PLATN 4 312 7ole

Ol - BIOTIN 20,2

T

oM 22.3




successive subcultures were made in each case under continuous
light (5,500 - 8,000 lux) and in a temperature range of 24 - 28°C.
The diemeter range of the cells was 327 - 345 p. The growth rate
of the diatom in those variations of the complete medium which
supported abundant growth was subsequently determined.

The results indicated that the diatom requirved vitamin B12
for growth but not bictin or thiamine. In the media where growth
was inhibited the cells were pale, and with increasing inhibition to
vegetative growth they became markedly elongated (the length of
the pervalvar axis was more than twice the value in a recently
divided cell) and failed to divide,

The biotin free medium produced the best growth rate. However,
the growth of the diatom in the Cli medium was better than in the

PLATH medium,

+ P

The results are outlined in Tables XVII and XVIIT.




- 11k -

2. 3Bpore formation

It was shown in the last secbion that the vitamin media
Cif, CM - BIOTIN and PLAIN } Bl2 favoured the growth of the diatom.
As a result it was decided to determine the influence of thess
media on spore formation. Cells, of diameter range 255 - 273 m,
were obtained from cultures of 16.5 /oo 5 (& salinity in which
spore formation does not oceur,, washed several times and inoculated
into the three media at 26.7?/00 8. The percentage of each type of
spore was debermined during the exponential phase of growth and
shown in Table XIX and Fig. 10 (A - C). The inoculunm of 1 ml,
contained about 100 cells,

Spore formation was earlier in the Cil - BIOTIN medium and
better than in the other two vitamin media. With the decline in
the percentage of male gamete formabion the percentage of auxospore
formation increased, The latter observation indicated a definite
relationship between the two kinds of activity. Biotin seemed to

influence spore formation adversely. Vitamin B12 was necessary

S

and it appears that the other constituents of the vitanin mixture

had some influence on spore formation.




TABLE XIX.
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Percentage spore formation in three vitamin media.

Type of
Spore

Farmation |

Type of
Hedium

% Spore formation per day

2nd

Ard

NNl S o

Lth

ST

¥ale Gamete

PLATN 4 I
PLATN BlQ

M

Ol = BIOTIW

22.5

17.4

Bygote

PR e —

PLATN + 312

CH

Cd - BIOTIN

2.6
2.6

2.8

0.8

6.5




i
[
(3¢
(AN

]

Fig. 10. Percentage spore formation in three vitamin medis
Om——0———0 male gamete formation,

OmwmQm=wg  zygote formation.
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6, OBSERVATIONS ON THE LIVING WATERIATL
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THE MATHODS OF b?OﬁL rO?MATION IN THE LIVING CBLLS OF
THE DIATOM R CONTINUOUS —ILLUMI

Whilst spore formation was occurring in cells within the
sexual induction size rahge, the methods of formation wer
investigated. Accounts of the methods for male gamete and
auxospore formation and development are given below. Photomicrographs
the sequence of the events as well as drawings made from the
photomicrographs are used as illusirations of the taxt,

The method of male gamete formation, as relsted below, was

®

followed in one cell., However, the sequence of events 1ls essentially
the same in other cells in which it was observed, The account
auxospore formation is based on a nunber of observations made on

many cells undergoing this ftype of spore formation,

1. Male Gamete Pormation

It was not possible to determine exactly the initiation of

gamete Tormation as the cells usually rest on the flat surface

& e

male

of thelr frustules and the first division often took place parallel
to the flat surface, However, occasionally the first division of
‘1

the nucleus can be observed in valve view (Plate VII). The oommence-

ment of the second division could be recognised by the slight

shrinking away of the protoplasts of the products of the first division

from the frustule wall, the presence of two nuclei, and the first

signs of constriction of the protoplasts,




Legend to
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Plates VII - XVIIT and Pig, 11

Plate VIL
Plate VIIT - IX
and Tig. 11 ‘

(a - a)

Plate X and
Fig. lle

Flate XL and
Fig, 111

Plate XIT and
Fig. 1lg

Plate XIIT and
Fig. 1lh

Plate XIV

Plate IV and
Pig., 11i

Plate XVI =
ZIVIL

Flate ZVIII

a and b

Plate IX a, b

Plate IX ¢

Two daughter nuclei in undivided protoplasm,

2nd division of protoplasm
Completion of 3rd division, x 875.
Lth- division in progress, x 875.
5th division in progress, x 910,
6th division in progress, x 910.
6th division nearing completion and

comnencement of 7th division, x 910,

Completion of 7th division and formation
of Spermatogonia, x 910,

Production of actively swimming male gametes
from spermatogonia, x BOO -

Liberation of male gametess & — X 1,5
b - x 5E&O

z 1,050





















Fig.!!
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The account of male gamete formation as seen in one cell now
follows., At 10.30 a.m. on 10,.7.65 it was observed that the protoplast
of a cell had divided once, parallel to the flat surfaces of its
frustule and that each of the resulting division products were
undergoing further division (Plate VIII). This second division
took about an hour and a half to be completed (Plate IX a to ¢
and Fig. 11 a to d). After a further two hours it was observed
that a third division had been completed and a fourth division was
in progress {Plate X and Fig. 1le). After this observation the cell
was transferred from the original medium into fresh medium in a
watch glass by means of a mircopipette and its course of develop-
ment followed. At 2.50 p.m. the fourth division was still in
progress (Plate XI and Tig. 11f) and it was completed in sbout an
hour and a half. By 3,50 p.m. the fifth division had commenced
(Plate XII and Fig. 1lg). By L4.50 p.m. the diatom cell was almost
filled with non-flagellated rounded protoplasts and this was
believed to be a division phase towards the sixty-four "“eelled"
stage (Pléts XIIT and Fig. 11h). By 5.50 poii. the diatom cell was

entirely filled (Plate XIV), and a further division had begun,

By 7.00 p.m. the 128 "celled" stage had been completed (Plate XV
and Fig. 11i): this being adjudged by the reduced size of the
rounded protoplasts. There followed a period of about three to

four hours when no further division was observed. Suddanly
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at about 10.30 p.m. there was much sctivity. The presumptive

spermatogonia were in constant motion and division was taking

place producing uniflagellated bodies (male gametes) which were

geen movin 25t the spermatozonia (Plates IVI and XVIL),

3y 11.00 p.m. the valves of the diatom frustule were slightly
pushed apart and the motile male gametes were liberated in
large numbers into the medium (Plate XVII). During the liberstion

© these gametves it was observed that not all of the rounded
protoplasmic bodies had divided (Plate XVIII). Wany of them of
various sizes never escaped from the diatom cell except when the
valves were completely freed from each other. The male gametes were
apparently not viable for more than a day after liberation., The
roundec protoplasis usually possessed meny chromstophores and the
male gametes only a few. |

Hach motile male gamete possessed a single long flagellum;

they were pear-shaped and about 8 p.long. Two kinds were observed:
one had a "sheath" arising from the rather rounded enterior end
enveloping sbout a quarter of the length of the flagellum; the
other type had no such "sheath" (Fig. 12). The proportions of each
kind -could not be determined owing to their small sizes, large
number and were also actively swimming within the cell. The

vtion end liberation of the male gametes probably took place

=y
o]
I
=
(:n

in twelve hours, No fusion between two male gametes has been

observed after their liberation Ffrom the mother cell.




Fig. 12 4. & B. Two kinds of male gametes; B, male gamete
with "sheath" towards anterior end of gamete

bodye x 125, 666.




Fig. 12




Male gamete formation did not seem to take place at any
particular time of day. Usually various stages of their formation
could be séen at the seme time in the same culture. Male gamete
mother cells were morphologically similar to the vegetative celils
and spermatogenesis oceurred entirely within the mother cell,
without the appearance of siliceous or membraneous partitions
within it., Although in this cbservation some spermatogonia fail
to undergo meiosis, it is presumed that the number of gemetes
produced per cell is L x 128,

From previous observations of cells extruding their protoplasm,
which had been transferred into fresh medium, it had been noted that
tmammmmhwmummlhrﬂmmmimm'mefnwhﬂebﬁbmayamml
extrusion was recommenced. This is thought to be simply an example
of the common osmotic effect which oceurs when plant cells are
transferred to fresh solutions isotoniec with the original old
solution, This behaviour must have slowed down the process during
the fourth division stage as the cell contents were becoming adjusted
to the new conditions. The loss in time during this period of
ad justment was confirmed by observations on other cells which were

not removed from the original medium after the initiation of male

gamete formation,
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2. Auxospore Zygote} Formation and Development

Auxospore development begins with the protoplasm of the
auxospore becoming detached from the frustule walls of the mother
cell (Pla%e XIX and Pig. 13a). The two valves, comprising the
frustule, are severed along the girdle band and the auxospore
gradually either enlarges between the two valves, thus pushing
them further apart before freeing itself from them, or energes
directly into the medium. The former is the usual way in which
development commences. WMeanwhile the auxospore is enveloped in
& delicate non-silicified membrané which is capable of expansion
an@ known as the perizonium. The auxospore ususlly assumes a
spherical shape in the medium and has a single nucleus suspended
by several protoplasmic strands attached to the periphery. The
nucleus is not usually cenirally placed but is found more to cne
end of the auxospore (Plate XX and FPig. 13b). The pretoplasm contains
mimerous chromatophores,

Pletes X¥I and XXII show the emergence of an asuxospore from
one of two attached daughter cells. It should be noted that neither
daughter cell has had time o develop & second valve and separation
has not yet'oocurreé. Plates XXIIT and XXIV and Fig. 13c, d show the
developing auxospore attached to the two valves of the original cell,

When the auxospore is liberated directly into the medium,
development proceeds until s large size is attained., An suxospore
developing between two valves of the mother cell frees itself from

them in one of two ways. It can completely free itself from them
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Iegend to Plates XIX - XXXV and Fig. 13

Flate ZIX and enlargement of zygote within diatom frustule, x 1,250,
Mg. 5a

~spherical zygote liberated into medium with

~

distinet nmucleus, x 1,250,

Flates XXT and energence and liberation of gzygote into medium

e o

WER Serados e

from one of the attached daughter cells, XXI- x 1,060
XXIT = x 875,

FlatesXXITY and developing gygote attached to the two wvalves
XXIV and

Fig, 5¢ -~ 4 of the parent diatom frustule, x 875.

Flate XXV : detachment of zygote from both valves of parent

frustule, = 875.

Plates XXVI - complete detachment of one valve and secretion
XEVIIL and
Fig, be -~ ¢ of new valve on the side where the nucleus

is situatedy XXVI & XXVIT - x 875 ; XXVIII - x 1,250,

Plates XXVIIL - shedding of part of perizonium at end of-
XXE and

Fig. 5i - J sgeretion of new velwel XXIX & XXX - xz 875,
Plates XXXT - secretion of second new valwve, x 875,

5& WLTI all(:i.

Fig. 5g ~ b
Flate XXXIIX zygote mother cell and new cell (larser)
arising from zygote, x 560,
Flate XXXIV partial extrusion of protoplast into a thin
transparent sphere; sphere is about twice
diameter of cell, x 560,

Plate IXLV complete detachment of sphere, which floats

o
in the medivm, x 550.



















Fig.13
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before it secretes its First valve within the perizonium (Flate XXV),
or from one of them after the secretion of its first valve (Plates
XXVI and XAVIL), and from the other after the secretion of its second
valve,

When the auxospores have attained their maximum possible size,

the contents then contract from one side of &

1,

he perizonium and

secrete a new valve, Usually this valve is secrebed on the side

w2

where the nucleus is situated (Plates XXVI, XXVIII and Pig. 13e, r, 1),
The wvalve is almost flat and has the markings and shape of the
£ ; £

species, When the first valve is completely formed, the part of

-

the perizonium under which it has formed is shed (Plates XXIX,

T

XXX and Fig. 13j). The contents then contract from the perizonium

ko

on the opposite side to the newly formed valwve, and the second

valve is sscreted and Fig. 13g, h), The

perizonium may be shed in halves when the valves are completely
formed, or may enveliop the newly formed cell before it finally
ruptures and is liberated. Flate AXXIIT shows a cell which has
Jeveloped from an auxospore and the auxospore mother cell, the
whole proesss of an suxospore developing into a new cell of the
maﬁimum diamebter range of the species usually lasts for about two
to three days,

Usually one or two days after the liberation of the male
gametbes, auxospore development is observed., This observation

was madse alter transferrving a cell undergoing spermatogenesis,
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together with a few other vegetative cells, into fresh medium in
a wabtch glass. The course of evenbs was then followed after the
male gemeltes had been liberated. It has not been possible to
determine optically which cells are male gamete or egg mother cells
or normal vegetative cells, Occassionally cells with two nuclei in
the undivided protoplest have been obssrved using phase contrast
objectives. Probably this type of cell becomes the egg mother cell,
At no time has a male gamete been observed to penetrate
another diatom cell, although many have been sesn %o swim, directly
~after release, to a cell and become attached to the girdle region
of its wall. Auxospore development has never been chserved to
ceeur before male gamete formation. Some cells have been seen to
extrude all or part of their cytoplasm into a sphere which does not

develop frustules. These spheres may remain attached +to the cell

{34

(Plate XXXIV) or become completely detached or Liberated (Plate XEXVY
inte the medium. These sphere producing cells are not associated
with zygote formation, for they have been seen in old cultures; in
cultures with cells outside the sexual iﬂ&ua@ian size range; in
enltures of salinity outside the sexual induction salinity rangs;
and in cultures where no male gamete Tormation has oceurred. They
may or may not possess chromatephores, depending on whether the
cytoplasm is complebtely or not complstely extruded. A nucleus

is never readily seen by means of phase contrast light microsceopy.

On ocecasions the spheres ¢ cen reach comparatively larse dimensions
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{500 to 1,000 p in diameter), Probably these are abnormal products
as surmised by Holmes (1967) for similar structures in his cultures.
The cultures used in these observabtions contained aormal
vegetative cells of similar size with o diameter differsnce of
18 u (i.e. 255 to 275 p}e There was no apparent gradation
in size within this range. About 80% of the cells were of the
smaller diameter. Both sizes of cells produced male gametes and
zygotes but many more of the smaller diameter cells were prone
to do so than of the larger dismeter ones.

Heny attempts were made to follow nuclear divisions during
male gaﬁ te and zygote formation using acetocarmine and Feulgen
staining techniques, but without sucecess. Staining was not

A T L S TR, o p 28 et
satisfactory and Pesbures of nuclear schivi

k

7 ware indistinet,
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. 4 Possible Case of Iscgamy in the Diatonm
ABOgamy

Two cells Weré seen joined together aleng the girdle region
and also showing protoplasmic extrusion into a sphere (Plate XXKVI).
This observation wag msde in a culture under continuous illumination
in which male gemete and zygote formationwére sceurring, The
protoplasmic extrusion appeared to have originated principally from
one of the cells. Proteplasmic streaming was glso evident. Two hours
af'ter the observations were started the thin transparent sphere grew
larger, apparently at e Taster rate than that at which the protoplast
streamed into it (Plate XXXVII). Marked shrinkage of the protoplasm
from one side of one of the cells was also noticed. 4 side‘view
revesled that the protoplasts of both cells were in intimate
connection and the nueclei of each could be seen clearly (Plate XXXVIII).
After two further hours (Plate XAKIX) it was observed thst the
protoplast of the cell from which the sphere did not appear to
originate was moving into the other, though there was not an
cbvious increase of protoplasm in the sphere, At this stage the
cells were corefully transferred into fresh medium to make further
observations. TImmediately after this the sphere shrank (Plate XL).
in hour later (Plate ILI) the sphere was seen enlarging agein and
the migration of the psotoplast resumed until after a further three
hours the condition shewn in Plate XIIT wes reached. The cells

were then left overnight and the condition shown in Plate TLITT
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Legend to Plates XXXVI ~ XIIV

Plate AXRVI two cells joined together:; extrusion of
protoplast of one cell into a thin,

transparent, and sphericel body, x 560.

Flate XXXVII enlargement of spherical bedy, x 560.
Flate XXXVIIX intimate comnection of both cells, x 550.
Plate XXATIX migration of protoplast of one cell into

the other, x 560,
Plate XL shrinkege of spherical body when transferred

into fresh medium, % 560,

Plate LI enlargenent of spherical bedy in fresh mediumy x 560,
Plate ZI1LIT further enlargement of spherical body and

partial migration of protoplast of one cell

inteo the otheri; x 560.

Flate XLIIT almost complete migration of protoplast; x 560.
Plate XLIV speck of protoolast remaining in cell whose

-y

protoplast has completely migrated into the
other cell; and partial extrusion of "coalesced"

.

protoplasts into spherical bodyy x 350,
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was observed. The sphere had grown very large (out of focus in the
photomierograph, and the migration of the protopiast of ‘one of the
cells into the other was completed. The "coalesced" protoplast

had become derker in colour and did not look very heelthy. Hive
hours after the last observation (Plate XLIV) a speck of protoplasm

can be seen in the empty cell and the "coalesced® protoplast had

partlially moved into the sphere. WNo further change occurred.

s

The deseribed anomelous behaviour s very rare, Onl
instances were observed in almost a year of culture work.
The significance of this observation is no% clear. Probably
the speck of protoplasm in the empty cell contained the nucleus.
If the nueleus is left behind, then what is the purpose of the
s
¢

movement and the apparent fusion of the protoplasts? This cannot

be readily guessed at.




2.

DISCUSSION
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DISCUSSION

Unicellular marine phytoplankton, in common with other algae,
are influenced by three main factors in nature, These are light
~ (intensity and duration of illumination), temperature and the
chemical composition of the environment. Some knowledge of the
effect of these fa¢tors on the growth and life history of these
organisms 15 essential to the understanding of their ecology and
relative abundance in marine envirocuments, Field observations have
indicated a variety of patierns in the compositlon, distribution
and succession of plankton communities. The details of this
succession may change annually in the same habitat.  Thus an
analysis of such changes also demands knowledge of the reaetion of
each species or group of species to the environmental cenditions.
In this regard the present studies have been mainly concerned with

the influence of some asy

the growth and reproduction of Coscinodiscus pavillardii,

GROWIH STUDIES

L. Affect of cell size

Cell size of most centric diatoms varies in two ways.
Firstly, in vegetative growth the length of the pervalvar axis
inereases to almost twice its value Trom one cell division o
another, Secondly, the cell diameter ususlly decreases by a

e

constant decrement at zach vegetative divisiom. Thus the




surface/volume ratio changes with veyetatlve multiplication,
Fogg (1965, p. 19) has pointed out that the reletive growth

constant measured under standard conditions does not vary tc a

=

great extent for a given species, Its value may depend on a

variety of physiclogical and metabolic factors but size is generally

[
most Important, since it determines the surface/volume ratio and
thus the relative rate of intake of nutrients for growth, For a

cylindrical cell like C.pavillar 311, the surface/volume ratio is

s

given by -

K’?
' IIr21

3 = 2IIT2 -« 2TTrL

or simply -

2(r + 1)
rl

where r is the radiuns of the valve, and 1 the length of the pervalvar

axis,

Thus a change in surface/volume ratio in C.pavillardii for a

reduction in cell diameter from 4LOG poto 100 p will be 0.0247 to
0.0547. Conseguently the surface/volume ratio will increase with
reduction in béll size or the smaller the éell the greater the
amount of surface area per unit volume of cytOplaémg This means s
Taster rate of absorption of nutrients per unit mass by smaller
calls than by larger ones,

In the present study the velative growth constant was fairly

] L) 03 = = N - . 7o 2 -
invariable and independent of cell size {Zection 5.4). The growth
/
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rate (division rate) was influenced by cell size. Therefore,
il recently divided cells in the course of their development have

}

to double their volume of cytoplasm before &
JLoyp

ivision cen occur,
smaller cells would do so faster than larger ones because of their
relative surface area. 7This indicates that the proportion of
cytoplasm to vacvole in the cells remainsg unchanged.,

Jfrgensen (1964) in his studies on thé relation of cell size

Y

tec photosynthesis in the centrie diatom Cvelotella meneghiniana,

found that fﬂ@ chlorophyll e content, as well as the rate of

photosynthesis per unit of chlorophyll & in the cells of

varying volume, are approximately constant and i wdependent of cell

g
volume. He suggested that this is due to a decrease in the cell

B

vacuole with decreasing cell volume while the volume of cytoplasm

is nearly unchanged. The assumption here is that a given amount of
chiorophyll a is always uniformly dispersed in a definite volume

of eytoplasm. Therefore if the chlorophyll iyconﬁent is independent
of cell volume than the proportion of cytoplasm to vacuole changes
with cell size i.e. it is inversely pxﬁporhional to increasing

cell size. This hypothesis seems rether curious in the light of work

by Paasche (1960) on a number of phytoplankton {princiyally diatom)

pecies, He demonstrated that the chlorophyll content per unit of

a

cell surface area is more nearly constant then chlorophyll per volume

s

of cell or per cell., PFurthermore uév ensen’'s hypothesis does not
P g

-

explain the difference in division rates between smaller and larger

cells,
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Iig Jd%gensen's hypothesis is tenable one can expect, as a
result of continued vegetative growth, smaeller cells lacking vacuoles.
Paasche has pointed out that the correlation between the relative
growth constant and surface/volume ratio may not hold when large
cells with vacuoles are compared with cells lacking vacuoles, He

-

felt that in the large vacuolated cells the part of the cytoplasm

in which photosynthesis will occur may have Jjust as much surface
aveilable for the absorption of nutrients as would the same volume

.

of cytoplasm in smaller cells lacking vacuoles, Consequently both

kinds of cells nay have the same division rate., However, ri
well as laboratory studies on the division rates of diastoms
indicate that in general large diat@m‘speciés tend to have a lower
division rate than smaller ones. ZHvidence as to whether this is
the case within a species is as vet wanting or unavailable, though
the euthor's results appear to indicate this,

2. Effect of Ldisht

Rain and Pogg (1958), using fluorescent lights, found that

) -

the saturating light intensity for Asterionella japonica was about

4,000 lux. Thomas (1966) found that it was about 6,480 lux for
atropical species of Chasetoceros. In this investigation the value

Tor Loscinodiscus pavillardii has been found to be about 6,000 lux

(Section 5.5). This value is slightly less than that for +the

Chaetoceros sp. How is it then that the diatoms are able to survive

in the tropics where the total incident solar radiation is usually
oy (5

very high?
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The daily average of total illumination Ffrom solar radiation
during the dry season is of the order of 67,000 lux on the surface
2

water of the estuary (Bainbridge, 1960 estimated it as O,L g cal./em. /min.)
Ryther (1956) found great inhibition of vhotosynthesis in marine
diatoms at such an illumination from solar radistion but Llittle at
oy y 2 3 \ =
25,000 to 33,000 lux (0.15 ~ 0.20 g cal./cm.”/min.). TFollowing
Strickland (1958) Bainbridge has suggested thet about 507 of the total
incident solar radiation lies within the photosynthesis range of

P ? & - o - - R - ol 1% B ) e &
3,800 - 7,200 &, Such a high illumination within the photosynthetic
ange would greatly irhiblt the growth of distoms at the surface.
Bainbridge found that the transparency of the estuarv water is
poor and es a vesult the depth of the euphotic zone is rather shallow.
e also found that the high detritus content coupled with the tidal
water movements compliceted the picture when considering the depth
of the euphotic zone in relation to the average depth of water.
There was no clear cycle of turbidity between springs and neaps, as
the extinction coefficients varied Trom 0,1 4o 0.5 with a mean of
0.27. The average depth of the estuary water is about 15 4o 20 m,
at low water. He calculated that the maximum depth of the euphotic
zone at low water is about 4 m. at springs and about 9 m. at neaps.
Thus the plant materisl is suspendsd as a result of the intensive

vertical mixing taking place during the tidal water movements.
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Strickleand (1965) has defined the depth of the euphotic zone

o 2.

as the depth at which 1% of the surface visible 1is ght energy
remains, Thus the incident daily radiation is greatly attenuated

within the euphotie layer and the amount of light available to
the diatoms in the estuary must be greatly reduced, Bainbridge
also Tound that throughout the whole vear concentrations of

holoplanktonic forms within the estuary showed no appreciable

differences between the surface and 10 m. levels, either at spring

or neap tides. Therefore it is not surprising that the saturating

£

light intensity for C.pavillay is about 6,000 lux, end that

[9]4]

can suffer little or no inhibition of growth even at 18,000 lux.

3. Effect of Temperature

The optimum temperature renge for exponential growth appeared

to be 25 - 2900 for the eultural conditions employed (Section 5.5).
Temperatures below or above this range either reduced the growth

rate or inhibited its growth. A change in temperature of IOOC,
i.e. from 25 to 1500, resulted in erratic growth, This effect
may be due to the previous history of the cells as the stock
cultures were usually kept in a temperature fange of 2 - 28°C.

Some studies have been made on the combined effect of
temperature and light on cell division retes (Spencer, 1954 ;
Kain and Fogg, 1958; Sorokin and Krauss, 1959 Jitts et al.,
196k ; Jyrgensen and SteemamiViels sen, 1965), These studies have

shown a wide tempersture snd light tolerance especlislly if the
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cells are allowed to adept themselves on transfer from one culture
condition to another. This was found to be Iimportant when cells
are changed from a higher to a lower temperature, or from a

i

higher to a lower light intensity. TFor the adverse effects of low
tempe rature are exaggerated at low light intensities, and the
damaging effects of high light intensities are made worse at

high temperatures.

In thiz study no attempt has been made to study the combined
effect of temperature and light on the growth rate of the diatom.
Thug the diatom's temperature and light tolerance range and itg
ecological implicetions cannot be assessed. This will form a

basis for further study.

L, Effect of Salinity

The slower growth rate at the 52.90/00 S was probably a
consequence of the larger dlameter of the cells. Since size has
been shown to affect the growth rate (Section 5.4) it can be
assumed that the rate would not have chariged hadthe cell size
been the same as those at the other salinities, Thus the growth
rate can be considered as the same in the salinity range 15.32/00
to 52.9%/00. |

Spencer ilQEk} hes shown that swmall inccula sometines
produced a short lag when cells sre subcultured into fresh medium
during the exponential phase. He found that such a lag did not

af'fect the growth rate during the exponential phase, Probably
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the observed lag at the iD.lé/eo 5 can be explained as such for

the same size of inoculum ﬁaé used at the 13,3?/0@ 5. However it
is felt that the slower growth rate of the diatom at the 10.1?/00 5
is 8 direct effect of ﬁﬁe difference in:'salinity. Therefore it is
probeble that the growth rate SlOWS. &own appreciably at salinities
below 13,3?/00.

During the dry season (November to Aprii) when the distom
can be found as part of the standing croylaf phytoplankteon the
minimum and maximum monthly salinity recorded were 12.2?/00 and
54,40/@9 respectively (Watts, 1960). Within‘ this range of
salinity the diatom has been found to grow well; This, therefore,
must be an adaptation to the salinity changes in the estuary.

For to survive in estuarine conditions an organism must adapt
itself to a wider range of fluctuations in environmental factors
than in the sea or freshAwater. It is, therefore, not surprising

that Coscinodiscus pavillardii ean tolerate such a wide range of

salinity changes as borne out by the experimental results,

5, Bffect of Vitamins

About 70% of the marine phytoplankton orzenisms thus far
examined have been found to be auxotrophic and require cebalamin
(B12}, thiamine (Bl> and biotin, either singly or in combination.

Coscinodiscus pavillardii appears to require vitamin B, . only

12
(Section 5.8).
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The CH and CY - BIOTIN media contain other vitaming than the

three mentioned above whereas the PLAIN 4 B, _ lack them. The

12

faster growth rate in the CM and Cil — BIOTIN media, as compared with

that determined in the PLAIN + Bl° medium, probably indicates that

the other vitamins (apart from B LB_i and biotin) are complementary

12’
in enhancing the growth of the diatom. The difference in growth
rate of the diatom in CH and CH -~ BIOTIN media also probably
indicates that biotin, although neot required by the diatom, has a

retarding ef'fect on the growth rate,

The moderate growth of the distom in the PLATN, CM - B., - BIOTIN,

12
PLAIN 4+ BIOTIN, and PLAIN + THITAWINE media, on the first transfer,

may be due to the carry-over of vitamins in the inoculum or the
effect of the guantity already absorbed by the cells. The failure
of the cells to divide from the third transfer onwards and their

consequent death indicate that the specific action of vitamin B

12

is on cell division or that vitamin B., 1s involved at some stage

12

in the processes of nuclear synthesis which affect cell division.

6. EBffect of Spore formation

If cells of culbures A& (Table X) were grown outside the
salinity range for the induction of spore formation thelr growth
rate would have been 21.6 hours (calculated from Fig. 4e).

Because of spore formation the growth rate was slower (27.3 hours).
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In cultures B and C the growth rate should hawve been the
same at the different salinities for the given diametér range of
cells, TWhere the initial percentage spore formation was the
same the growth rate was similar irrespective of the salinity,
Where the initial percentage spore formation was greater the
growth rate was slower. Therefore the amount of spore Fformsbion
determined the extent to which gfowth rate would be affected.

At any time during exponential growth the "vegetative!
cells would consist of three kinds ~ presumpiive male gamete
end auxospore mother cells as well as the normal vegetative cells. .
The presumptive spore mother cells could not be easily determined
as there are no apparent morphological differences between them
and the normal vegetative cells, Thus the percentage of "vegetative"
cells may have been over-estimated, and that for spore formation
under-estimated. WNevertheless the percentage drop has been
considered real and significant., If the growth rate of the diatom
had not been affected by spore formation the percentage "vegetative"
cells would have been higher than observed. PFurtheraocre it was
noted that spore formation had its greatest effect on the growth
rate during early exponential growth, for it was then that a high
proportion of the cells were induced to spore formation. It was
also considered probable that induction of male gamete and suxosHore
formation took place simultaneously during the pericd of exponential

growth,
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HEPRODUCTION STUDIES - (SPORE FORMATION)

With regard to the problem of the factors promoting SDOTE
formation in diatom, one must first consider how far spore
formation is a normal part of their life history., The continual
reduction of cell size is a consequence of the method of vegetative
division. When a very smell size is achieved death ensues. This
limi%t is reached at ghout 70 p in the G.pavillardii clone,
Reﬂeneration of the maximum size is only achieved by auxospore
formation, so thal spore formation may be regarded as essential
for the continued existence of the clone, On %}e her hand, in
those diatoms which do not decrease in size, spore formation does
not apparently occur (von Denlfer, 1949), Canseqnently spore
formation does not appear to be an invariable requirement fo
every diatom. It is theoretically possible to envisage continued
growth of a diatom species without spore formation. Starting
from a cell of meximum diameter, the epivalve will always remain
the same size, and will always form part of the frustule of one

-

£ such

apr
3
s

of the daughter cells resulting from vegetative growth,
daughter cells remain immortal then a population, which would die
out because a majority of the cells had become too small, can be
maintained by such cells. Under natural conditions this is

extremely unlikely as it is reasonably probable that such daughter

cells will be ingested by a grazing animal or suffer some other

calamities,
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Spore formation can then be considered to be an essential

i_h

part of the 1ife history of those diatoms undergoing continued

decrease in cell size. Hence, if such Speeies‘growing in eulture
doas not produce spores, it can be sald thet it is not growing
naturelly i.e. not under satisfactory environmental conditions.
One wmay therefore ask what are the optimum conditions whieh bring
about the formation of spores? They seem to be a combination of
an internal conditicn governed by cell size, and of external

environmental factors.

1. Internal Condition

It has been shown by Geitler (1932) that sexuality in
diatoms is intimately connecbed with a progressive decrease of
aversge cell size. It only occurs in cells of a definite size
range which is charactefistic for each taxon, and is ¢orrelatsed
with a specific internal physiclogical condition., In the
Centrales this critical size is within the 1 renge of 10 - 507 of
the maximum valve length or diameter., Geitler (1932) and -
von Stosch (l95&} have also shown that in the ugper Limit of the
critical size range, more female cells were produced than males;
in the lower limit movre msle cells than female; and in between
about the same proportions of male and female cells, The present

-

observationg oa J.pavillardii are in agreement with the findings

of Geitler and von Stosch,
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The formation of male gametes and auxospores in Centric

7/

diatoms has besn reported principally by von Stosch {1956

and Holmes (1967). Both von Stosch and Holmes found that thay

were only produced in smaller diameter cells., However, the
author's observations indicate that male gamete and asuxospore
formation oceurred throughout the sexuél induction size range.
There was a tendency for the relatively small diameter cells to
becone pamete nother cells, but +this was not restricted to them
alone. .

Not all cells of a culture were induced to form spores. Some

-

regetative growth resulting progressively in smaller and

smaller diameter cells - & assocliated with

vaegetative sultiplication, VWhilst this redunetion in cell size
(=3 I

was in progress small diameter cells became large dismeter cells

with respect to their products. Then the oceurrence of spore

P « 4
¢

Formation ln the velatively smeller diameter cells changed

! k]

progressively., In efTect both large and small cells prodused

)

spores as was observed in the experiments using cells of the same

average diameter, However, the relstively sma Ller cells did so

"G., 4 A

more readily then the larger ones in the ssme culture, Lhmf@fﬂ?@

I S Y

it is felt that there dis= not a definite restriction of

formation to smaller diameter cells only. Woreover, it would

w

thet von S8tosch and Holmes arrived at their conelusion

from an unselected group of cells of widely varying sizes and
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not from observations on a uniform size of cells within the sexuval
induction size range.

" The relative growth aonsﬁant, as measured by the volume of
cell material produced, did not change over the range of cell
size, Consequently the induction of sexuallity cannot be related
to a change in the reslative growth constant., This is also apparent
in the experiments, as spore formation only oceurred during the
exponential phase when growth is unrestricted. The invariability
of the relative growth constant of cslls of different dlameters
is interesting, as the surfaﬁe/ﬁolume ratio increased with cell
size., The rate of absorption of nubtrients depends, smongst other
factors, upon the surface ares of the cell. Therefore the
absorption of nutrients is not limiting the growth of the diatom
vnder the experimental conditions. This will be the case unless

]
RN

absorption is limited to certain areas of the cell surface which
remain constant despite changes in cell size or unless the
propertion of cytoplasm to vacuole changes as the cells decrease

in size.

2. Bxternal Factors

(2) Salinity

It ig clear that salinity olays an important role. Although
cells remaining ia mediumof 32.9?/00 S and cells growing in
26e7é/oo 5 and transferred ﬁ§ 32,9?/00 S5 produced male gametes in

small gquentity, cells grown in 19.90/00 5 and 16.5?/00 3 do not
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X

complete the process of nale gamebte formation (Table XI). The
absclute value for the change in salinity does not appear to be as
lmportant as the level to which the cells are transferred. Thus
- s A Of; o o w

an increase in 13.3 /oe & {(from 16.5 to 29.8) gives normal

R 0
development of male gametes, but an increase of 13.0 to 16.h4 foo 8
(from 16.5 or 19.9 to 32.9) gives male gametes which are not
released. The former btransfer also gilves auxosporss which the

latter transfer does not., Horeover, in contrast to the findings

of Schreiber (1931) with Melosira nummuloides, there does not

Y

sppear to be much difference in the rate of prnquctlan of
auxospores in transfers from low to high salinity or vice versa.

The results with Coscinediscus pavillardii suggest that there is

an optimum salinity renge for sporve formation to take place,

o,

This eould possibly be an adaptation to the estuarine habitat

of this clene. TFor very large forms of the diatom, ranging from
3&%m1£0p,am1mmﬁhrﬁmm1m&%eeﬁmwytmmﬁstMamﬁ
of November, when the average salinity is 21.5?/00, until
January when the aversge salinity is 28.1°%/oo (Wa tts, 1960).

Nevertheless there is s clear interaction between the salinity

difference and the levels of transfer. This most probably

» o

operates through an effect on the internal ionic cencentrations.

Horeover, it is possible that there is & significant difference

between the loniec concentrations st which male gametes and
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auxospores are formed, and at which they are liberated from the
parent cell. TFor when cells undergoing spore formation were
transferred to an unfavourable salinity gametogenesis was not

Y

inhibis

-

ed

(b) Lemperatvre

Temperature appears to have an important effect. Presumably
the effect is concerned with the rate of enzymatic processes in
the diatom cell (Jdrgensen and Steemann-lielsen, 1965)., HExperiments
with the diatom at a single light intensity range have shown an
optimum temperature range for the promotion of spore formation,

Y,

Bruckmayer-Berkenbusch (1955) has suggested that one of the fsotors

responsible for spore formation is a preferential synthesis of protein.
i1t is likely therefore that the way in which temperature acts is
by regulating the protein synthesis necagsary for spore formation.

It is considered that temperature and lisht interact in the
production of spore formation as shown by Holmes (1966). To

attempt was made in this study to investigate their combined

effects on spore formation.

3. Light
Light has been considered to play a significant role in sex

deternination (von Stosch, 1954) . However further study of its
effect would appear to be desirable. In the present study a higher
light intensity has been shown to inhibit spore Tormstion in

competent cells at the optimum salinity, At lower light intensities,
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under the same experimental conditions, spore formation is

promoted. This finding lends support to the hypothesis that light
intensity determines the nature of sexvality in the diatom cells.

& normal vegetative cell within the sexual induction range is
considerad to have both potentials for maleness or femaleness,

‘The expression of either potential  is dependent on the state

of metabolism of the cells as well as on light intensity. Under
high light intensity the metabolism bf the cell is sueh thet no
expression of sexuality is favoured. This may be due to the
production of organic material at a faster rate, and perhaps

in greater quantity than is required for growth. Under low light
intensity this does not occur and hence spore formation is promoted.,
hOT%QVbE, Sorckin and Krauss (1962) observed that in noen=synchronous
cultures, cells approaching and begiming cell divi Lsdon may have

a low rate of metabolic activity end growth. Consequently the

metabolism of some cells would be such +that light cen influence the

ga.u

nitiation or non-initiation of rameto enesis, Under low lieght
g g

T

ntensity sore cells will be able to express their inherent potential

E.J-

for sexuality, resulting in the production o? votential male and
female cells, The foregoing are tentative suggestions and verifice-
tion would require the use of synchronous cultures. Tt was

however cbserved that in the experiments with alternstin ng low

light intensity, when cells had been induced to form ganmetes the

process went on to completion whether or not they remained in the
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light. Cells in the induction size range when kept in the dari,
producsed no gameﬁésﬁlouﬁ heceme bleached and dled after a few days.
It will be recalled that spore formation cconrred earlisr under
continuous light than in the alternating light/dark cyvele, and
also the ﬁrcwfz rate was fasber under coatlinunous light than in

the alternating light/dark cycle, It is probable that under

ells were producing organic matter at

continuous light the

(¢4

Taster rate than was necessary for the optimum production of spores.
Warburg (1958) has pointed out that continuous light is unnatural
with respect to the evolutionsry history of all cells., Tor

"cells are forced to produce organic material continuously, and
more material than they need for their owa synthesis, Consequently

sohion of

the energy yield of the cells is reduced to a small
the optimum yield,” Thus the light/dark btreatment favoured an.
increase in the energy yield of the cells which in turn enhanced
the attainment of the necessary physiological state for sexual
PR

induction in many of the cells., This may also account for the

observed increaze in male gamete and auxospore formabtion under

the alternst ght/dark treatment.
& nurber of workers have reported a reduction of algal growth

rates with shortened daylength (Talling, 1955; Tamiya, 1957; Huling,

19603 Jones et al., 1963, Castenholz, 1964). Talling sugees

thet the growth rate way be proportional to the duration of the

effective light period. Castenholz has pointed out that if such




a proportionality exists then it may not hold through a great range

of possible daylengths in weny species. Whether such a proportionality

%

exists for Coscinodiscus pavillardii has not been determined as only

two light periods were investigated, But it did seem significant

L -

that there wes proportionality between the number of cells sh the

1

ne exponential phase of growth., This

W&

i

two light perieds during

&

proportionality was also evident in the percentage soorb fermation
at the two light treatments.

Whilst a 12 hour low 1ight/12 hour dark cycle did not alfect

o
B
[]
c-."
r,, .

ame of dnductlion of male gametes snd auxospores, it did inerease
o > 2

e produced compared with that in continuous low light,

«

This is in conformity with the results of Holmes (1966). Although

the 12 hour light/12 hour dark regime also reduced the growth rate,

P

7et this is a result of the proportion of cells involved in spore

L]

formation, If it were possible to determine the truly vegstative
celis and follow their multiplication then perhaps their growth

rate would be found to be the same as for those in sald
outside the range for the promotion of s
The observations of Holmes (1966) and those of the author are

»

consistent with the working hypothesis that spore Pormation in

diatoms iz & result of a shori-d piotoperiodle

respouse. I is also suggested that this response is complicat

T

5

2,

r.an donle effect dependent on temperature. This suggestion will

be used as a basis Tor further experimentation.
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A

. Initiation of gametogenesis and 1liberation of apores

The initiation of male gamete formation always precedes

X

auxospore formation, It is very difficult to observe the early

. . o e e - R £ 2 (.t “ s s N e
stages of auxospore formation (1l.e, meiotic division) in the
living cell, Both male gsmete and auxospore Formation may he

initiated simultaneously, but auxospore formation only becomes
obvious after welosis has occurred and probably after penetration

of the egg cell by a male gamete., If both are initiated simulta-

&%

neously, synchrony may be achieved by the mitotic divisions of the

30

male gamete mother cell being initiated

vy the faetor which

initiates melosis in the auxospore mother cell, Although not

impogsible, it seems more likely thet meiosis in both is induced

by the same factor. If light is considered as the factor which
determines the sexuality of the cells, then it must influence

A v

vegetative cells in some significant way such that some become

nale, some female and the rest remain vegetative, It is suggested
therefore that in male cells light stimulates the build=-up of some
metabolite which canses them to divide to form spermatogonia.
During the production of the spermatogonis it is also suggested
that a hormone is produced which causes them to undergo meiosis,
This hormone diffuses out and causes the Female cells, whose
&etabolism differs in some significent way, to undergo meiosis

directly. The delay which has been observed between the formation

of male gametes and the formation of auzospores can be largely
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explained by the time lag ired to build up an effective concen-

ag
tration of the hormone in the region of auxospore mother cells. Tt
will be recalled that meiosis in the male gamete mother cells

oceurs in some four hours, whereas auxospore formation is delayed

for a further one to two days.

The exnerzmentu on the tr from one salinity

to another provide some evidence for the above proposal. When cells
ril o & %] e L o

were transferred from 19.9 foo 8 or 26.7 /oo 8 to 32.9 /00 male

gamete formation took place without the formation of auxospores.

Tt may be objected that meiosls might have teken place in the

auxospore mother cells but it seemed significant that in the Former

transference, male gamete formatio topped before the stage of

melosis. HMoreover, in both transfers less than 1% of the cells

;_:

een to be undergoing male gamete formation. Probably in

W

were

Qs " £ 1 + g2
the 26.7 /oo 8, where male gametes were rcle&seo the concentration
of the hormone produced in the relatively few male gamete mother

A 2

sells was dnsufficient to stimvlete melosis in

P

£

he sle cells,

ot

5k

i3

Among oogamous algae suggestions of chemotaxis between
ized egg cells and male gametes are quite numerous (Cook
and Elvidge, 1951; Hoffman, 1960). In this observation of

.

auxospore formation in C.pavillardii the male gametes, after their
liberation, were seen to move towards certain cells whilst bypassing

others, If th

fes)

cells they approach are the egg cells then there

mey be some chemobactic substance secreted by the egg cells which
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ald the MJTP gametes in locs them,  This suggestion needs

further investigation.
What Pactor(s) initiates the enlargement of the protoplasm

cell and the 1liberstion of the male gametes from theilr

Lol

of an e

g8
mother cell? Both wvon Stosch (1954) and Holmes (1967) have
sugheateg that an dpcreased internel pressure eppsrently csus

complete separation of the valves of a spore mother cell, It is.

in terms of

Hy
[0
it}
o
P
&
o
<t
t-va
I3
E..i "
‘-
fde
£

ased pressure can be considered
an osmotic effect caused by azn increase in the solute cortent

of gametes and the resultant stress on the girdle bands {points
28 P

3

of weakness) of the diatom frusiule

However, folmes (1967) has described slight separation (as

don, of the two girdle bands of

opposed to complete separs

-

release of gametes.  This method was a2lso

guite ancther method of

observed in the release of male gametes of pav;]xg§§}3, In this
ce i though two kinds of male gemetes were .observed no one kind

was particularly active at the girdle region. There was clustering

at the girdle region but it secmed o be a result of thelir being

trapped by others imredlately surrcunding fthem. The significence

the "shesth" towards the base of the flagellum of one of

of male gametes can only be guessed at. Probably it is a
fary (14

strengtbening device against flagellar demage from activity at the
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girvdle regiom, For this flagellum is used in a spear-like action
with only the tip reglon performing a sinuous motion,

It is not eclear what factors are responsible for the time
ag between the liberation of the male gametes and germination

of the auxospores. Holmes (1966) has observed a time lag of up

F3

to 76 hours in Coscinodiscus concinnus o In the case of

Copavillardii the time lag was sbout L8 hours. Pos sibly this lag
may be due to the time spent by the male gametes in penetrating
] %

the egg cell, coming into contact with it and fusion of their

el

Ton 8tosch (1954) reporbed, in the case of Biddulphia

mobilieusj thet the valves of the egz mother cell ovened afier
e Ao 55

" sy *

] .2

the second melotic division of the egg nucleus, thus meking it

§

available for fertilization by the male gametes, He observed

the unlon of the egg and male gamete in vivo in two instances

and later confirmed it eytologically. After fertilization some

nine hours elspsed before germination of the auxospore began.

Fad
a3

in general fertilizmetion only possible when the egg is mature,
If it is conceded that chemotaxis is involved in the locstion of
egg cells by the male gametes, then the production of the
chemotactic substance is most Llike ely to take place during maturation
of the egg. It is possible that the production of the chemotactic

substence triggers off the enlargement of the egg protoplasm, It

is felt that the production of the chemotacthic substance and the
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build-up of csmotic pressure Witﬂin the frustule (it took some L
hours to build up and effe ¢t the separation of the valves of the
male gamete mother cell) must also contribute to the time lag

between the liberation of the male gametes and the appearance of

germinating auxospores.

L, General Considerationsg

T

- - - ra -y
and Guillard {1963) ex cpressed the visw thet Ysome

conditions promoting the early onset of gamete production may do
so merely by promoting more rapid cell division, while others may

have a more direct effect by inducing gametogenesis in relatively

miltiplication in some, and spore.formetion in others, of the

r diameter cells of 2 culture. In the in

e

. T .
vely lar;

srdiments some cells unqerwent cell division whilst others

compenced ganetogenesis, Woreover this occcurred durin ng. the
exponential phase of growth when, although the growth rate was

constant, the relatively larger cells were giving rise to cells

of their own size as well as to cells slightly smaller than

'!

themselves. However not &ll the cells in the exponertisl phase

of growth would he in the same stebe. of metabolism at the same

time in a non-synchronous culture, Thus under the

r
=

conditions of culture, depending on the state of metabolism of
the cells, external factors may have a threshold effect on some

cells and not on others. As a result some would mailtinly




vegetatively whilst the others would be induced to spore Formstion.
Such an effect would increase the number of relatively smaller

cells which are readily induced to form spores. Presumably this

accounts for the large proportion of relatively

culture observed undergoing spore Tormation,
Since spore formation ocours during the exponential phase of

growth then there would seem to be no antogohism between the

4 {3

avouring spore formation and those favouring vegetative

%..4 .

growth, This accords w

Iy

th the view of Kreiger (1927) and Geitler
(1830). Thus the factors Favouring vegetabtive growth and spore
Formation appear to be the same, but the extent to which either
aativity'may ocour in a cell is dependent on its state of mebabolism,
If spore formation can be induced more readily in relatively smaller
cells then this quality’musﬁ be considered to be associaﬁei with
some Tactor which, as reduction in cell size oceurs, alters their
metebolism to that required for spore formation., It is suggested
that such a factor must be ag,expression of the genetlic appearstus
o .

off the cell,

Srb and Owen (1958, p. 296) maintained that although some

plents, as we enimals, regularly rely on environmental

influences to direct the course of sex differentiation, this
cannot imply en absence of a genetic basis for sexuality, Rather

it illustrates that sex, like all other charscteristics of

developing orgenisms, is subject to threshold effects. Moreover,




3
o
o
heS
E

% . - .
von Stosch (1965) h s pointed cut that despite the importance

.

of relative cell size as an internal factor in dlatoms, their
physiological qualities are also dependent on the genotype and on
environmental oénd1+ﬂons as in other organisms. However, cvtological
inveéﬁigation& on diatoms have only been concerned with elucidating

- . N

the method of mitotic and meiotic nuclear divisions. Sueh investi-

gations have revealed thet the chromoscmes of diatoms are very smell
and it is not known whether sex chromosomeﬁ‘occur as in other
orgenisms, VWhen such evidence is availablekit may be possible to
explain the relationships emong the internal physiological conditions,

critical cell size, the influence of external factors and sexuality
y .

in diatoms,
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Unialgal but non-axenic cultures were used in laboratory

studies on the marine diatom foscinodiscus pavillardii,

Forti isolated from samples tsken from the Sierra Leone
River estuary,

The morphological characteristics of the clone and the
taxonomic problems involved in its identification are

discussed,

; , SO P 0
Growth rate was unchanged over the salinity range of 13 - 33 /oo

and the dlatom survived at g Saligity of 100/00 but not at
6”fi/oo, |

| The smaller cells (73 - léé.p} grew faster than the
larger cells (327 - 345 p) but the relative growth constant
remained unchanged for both categories ofvcells. The
saturating light intensity was found to be sbout 6,000 lux
and no inhibition was evident at nearly 15,000 lux,
Cells of 20 - 60% of the mean maximum cell diameter
(450 4 44.p> could be induced to become sexual using an
illumination of 5,500 - 8,000 lux in contimious light or
in an slternating twelve hour light/dark treatment: at

o o] e ags 0
peratures of 23 - 28°C; and at salinities of 19 - 00 .
2 .

tem
A Light intensity of 11,000 - 12,000 lux inhibited sporse

Pormation. The alternating light/dark treatment was more
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favourable to spore formation then continuous light.
Cobalamin appeared to favour spore formation in as

much as vegetative growth was maintalned, Biotin influenced

the quantity of spore formation. Thiamine and biotin

media dnhibited spore formation in as much as they inhibited

vegetative growth,

Spaﬁe formation depressed the growth rate, the degree of

depression being dependent on the initial number of cells

involved in the activity., Induction of spore Pormation

ocourred during the early part of the exponential phase of

growth,

Light, temperature and salinity are shown to influence +he

initiation of gametogenesis. Iight plays the most

important role in the determimaéion of the sexuality of the

cells, Horeover, it is considered that spore Formation in

the diatom is a result of a short-day quantitative photo-

periodic response complicated by an additional ionic efféctﬁ

Temperatures above 2800 and below 2300, as well as salinities

of 16.5?/00 and below, inhibited spore formation.

Hale gamete and zygote formation in the living material are

described and illustrated by photomicrographs.,
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The oceurrsnce of two cells in-fusion is also described
"

and illustrated by photomicrographs. This was obssrved

>

in cultures of the diatom conteining cells within the

sexusal induction size range.
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9. APPENDIX
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Diatoms isolated and established in culture

The following diatoms were isolated and established in
-

(i) Hemidiscus cuneiformis Wallich

(i1) DBucampia zodiscus Hhrenberg

Y s o3
(iii) BStrevtotheca thamesis Shrubsole

(iv) Skeletonems costatum (Greville) Cleve




- 169 =

10. ACKNOWILEDGEMENTS




- 170 -

ACKNOWLEDGEMENTS

This work was begun during the tenure of a two year Research
Assistantship grant made available tovFourah Day College, University
of Sierra Leone,by the Nuffield FPoundation Which I gratefully
acknowledgs,
I am very grateful to the following for their help during
the course of this Wérk - Dr, G. H, Banbury, Mr, N, I. Hendey,
Professor J. K, Horton, Professor H.‘Am von Stosch and Dr, F. J. Taylor.
I am also deeply grateful to my supervisor, Dr. B, 4. W
for his advice, help and encouragement.
Finally to all those who have helped me in any way, particularly

members of the acadenic and technical staff of the Rotany Devartment
9 par

off Fourah Bay College, I would like to express my thanks.




- 17L =~

11. REFERENCES




- 172 =
REFERENCES.

ALLEN, B.J., & NELSON, ®.W, (1910) On the artificisl culture of

marine plankton organisms., J. mar. biol, Ass., U.K.,

8 L21-474.
BATWBRIDGE, V. (1960) The pleankton of inshore waters off Freetown,

Sierra Leone. Fish, Publ. 13, H.M,5.0, Londen.

BRAARUD, T, (194)) Hxperimental studies on marine plankton diatoms.

4&vh, norske Vidensk-Akad. 0slo, I, Mat, - naturvidensk,

Kl, 10: 1-16.
BRUCKHAYER-BERKENBUSCH, H. (1955) Die Beeinflussung der

Auxosporenbildung von Melosira nummuleides durch

Aussenfsktoren. Arch, Protistenk,, 100: 183-211,

ey

ASTENHOLEZ, R.W, (1964) ~ The effect of daylensth and light
intensity on the growth of littorsl marine diatoms in

culture. FPhysiol. Plant. 17: 951-963.

COOK, AJH., & ELVIDGE, J.A. (1951) Fertilization in Fucscese:
investigations on the nature of the chamotactic substance -

produced by eggs of Fucus serratus end F. vesiculosus.

o

Proc., Roy. Soc. P.138: 97-114.

CUPP, B, (1943) MHarine plenkton distoms of the West Qoast of

North Americe. Bull. Scripps Inst. Oceanogr., 5: 1-237.




!

=

=
1

DROOP, M.R. (1954) & note on the isolation of small marine

s

algae and flagellates for pure cultures. J. mar. biol,

Ass. UK., 33: 511~-D5lh.

{1961) Some chemical considerations in the design of
synthetic culture media for marine algae. Botanica
Marina, 2: 231-246.

ERBEN, X, {1959) Untersuchungen uber duxosporepentwicklung und

lieioseauslosung an Melosira nummuloides (Dillw.)

C.A. Agardh, Arch, Protistenk., 10L: 165-210.

FOGE, G.E. (1965) "Algal Cultures and Phytoplankton Ecology."
Univ,. of London, The Athlone Press. p. 126,
FOLLMAT, G, (1957) b%er Kappenplasmolyse und Vaeuoien Fontraktion, II.
Die Reizplasmolyse mariner Flanktondiatomeen,
Planta, 48: 393-417.
FRITSCH, F.B. (1935) "The Structure and Reproduction of the
Algae,” Vol,I, Cambridge U,P.
GRITLER, L. (19%2) Die Formwechsel der pennaten Diatomeen

(Kieselalgen). Arch. Protistenk., 78: 1-226.

1935) Reproduction snd 1ife history dn diatoms.,
Bot. Rev., 1: 149-161.

GRAN, HH., & ANGST, E.C. (1931) Plankton distoms of Puget Sound.

Publ. Puget 8d. Mar. (biol.) Sta. (1929-31), 7: L17-519,




GRELL, K.G,. (1956) Protozoa and Algee. Ann. Rev, lierobiol., 1

e wey

»e

307-328.
GROSS, F. (1937a) The life history of some merine plankton diatoms.

Phil, Trans. roy. Soc. Lond., 228B: 1-L7.

(1937b) Notes on the cultures of scme marine plankton

organisms. J.mar. biol., Ass, UK., 21: 753-768.

HARVEY, H.W. (1957) "The Chemistry and Fertility of Sea Water."
2nd ed. 234 pp. Combridge Univ, Press.
HENDEY, W, 1. (19%7) The plankton diatoms of the Southern Seas.

Discovery Rep., 16: 151-364.

(196)) An Introductory account of the smaller algae of
British coastal waters. Part V. Bacillariophyceae

P AY w
(Diatoms). H.M.S.0., London.

HOFFHMAN, L. (1960) Chemotaxis of Oedogonium sperms. The Southern

Naturalist, 5: 111-116.
HOPEER, J. (1928) Die Tielung, Mikrosporen-und Auxosporenbildung

von Coscinodiscus biconicus v. Breemen. Ann. Protist.,

1: 167-19%.

BOFLER, K. (1963) Zellstudien an Biddulphia titiesna Grunow.

Protoplasma., 56: 1-53. \
HOLMES, R.W. C1966) Short-term temperature and light conditions

associated with auxospore formation in the marine

centriec diatom, Coscinodiscus concinnus W, Smith,

Nature, Lond,, 209: 217-218.




HOLMES , R.W, (1967) fuxospore formation in two marine clones of
' the alaton genus Coscinodisens. JAmer. J. Bob. Skt
163-168.
HULING, R.T. (1960) The effect of various photo perieds on

population inereases of Buglena gracilis var. bacillaris

Prings. Irans. Am. Microscop. Soc., 79: 384-391,

HUSTEDT, F. (1930) Die Kieselalgen Deutschlands, Osterreichs und der
Schweiz-Kryptogamenflora. Rabenhorst's 7.
IYENGAR, M.0.P. & SUBRAHMANYAN, R. (1944) On reduction division and

auxospore formation in Cyclotella meneghiniana,

d. Indian bot. Sec., 23: 125-152,

JITTS, H.R., McALLISTER, C,D., STEPHENS, K., & STRICKLAND, J.D.H. (1964)
Thé cell division rates of some marine phytoplankters as
avfunction of light and‘temperature; J. Fish. Res.

Bd. Cansds, 21: 139-157.
JONES, R.F,, SPEER, H.L., & KURRY, W, (1963) Studies on the growth

of the red alga Porphyridium cruentum. Physiol. Plant.,

16: 636-643,

JARGENSON, E.G. (1955) Solubility of silica in diatoms. Physiol.
Plant., 8: 846-851.
(196L) Chlorephyll content and rate of photosynthesis
in relation to cell size of the distom Cyclotella

meneghiniana. Physiol. Plant,, 17 LO7-413,




- 176 -

JYRGENSON, E.G., & STERMANN NIRLSIN, B. (1965) Adaptation in

Plankton algae. Mem. lst. Ital, Idrobiol,, 18 Suppl.

37-16.
KAIN, J.M., & FOGE, G.B. (1958) Studies on the growth of marine

phytoplankten. I, Asterionella japonica (Gran).

J. mar. biol. Ass. UK., 37: 397=L13%,

KALLE, K. (1951) Einige Vereinfachungen der Chlor-Titration {ur
biologische und wasserbau Kundliche Zweck in
Kﬁstemgewéssern, Def Deutsch Hydrographischen Zeitschrift,
4 (No. 1/2).

KARSTEN, G. (1928) Bacillariophyte (Distomeze). Die Naturlichen

Pflangenfamilien, Zweite Auflage, II: 105-303,

KLEBSHN, H. (1896) Beitrage sur Kenninis der Auxosporenbildung, I.

Rhopalodis gibba (Fhrenb.) 0. Mull, Jb. wiss. Bok., 29:
595"’ 6)4-5 ®
KRIKGER, W. (1927) Zur Biologie des Flussplanktons. Untersuchungen

uber das Potamoplankton des Hgvelgebietes. Pflanzenforsche.,

—

herausgegeben von ROLOKWITZ, 10,
LEBOUR, M.V. (1930) The planktonic diatoms. of northern seas.
3 kY by

Ray Soc. Publ., 1162 1-24k.

LEVIN, Joyee, C. & GUILLARD, R.L.L. (1963) Reproduction in diatoms.

Ann, Rev, Microbiol., 17: 373-ilk.




- 177 =

LUND, J.%.G. (1949) Studies on Asterionella I. The origin end
nature of the cells producing sesasonal méximag,
2. Beok., 37: 389-419.

LoD, J.7.6., EIPLIN, G. & LeCREN, E.D.)(IQBB) The inverted microsceope
method of estimabting algal numbers and statistical basis
of estimations by counting. Hydrobiol., 1l: 144-~170,

%Oﬁéb, J. (1949) The growth of bacterial cultures. dnn. Rev.
Microbiol., 3¢ 371-3%. |

HURRAY, &. (1896) On the reproduction of some marine distoms., Proc.

roy. soc, Edinb,., 2: 207-219.

PAASCHE, B. (1960) On the relationship between primery production

and standing stock oft phytoplankton., J, Cons, int, Expler.

Uer., 26: 33-48.

PARSONS, T.R., STEPHENS, K., & STRICKLAND, J.D, (1961) On the chemical
composition of eleven spepiesvof marine phytoplankters.
J. Fish. Res., Bd. Canada, 18: 1001-1016,

PATRICK, R, (1954) Sexual reproduction in diatoms, In: WENRICH, D.H,

. "3ex in microorsanisms" dmer. Ass. Advancem, Sei.,

Washington. |

PAVILLARD, J. {191l4) Observations sur les diatomees. TII Bull. Sec.
bot. Fr., 61: 164-172.
(1925) Bacillariales.'Reﬁ. Danish Oceanogr. Exped.

1908-1910 to the Hediterranean and adjacsnt Seas,

2, Biology, J.k.




- 178“

/
PRAT, 8. (31934) Stimlation plasmolysis on marine algae.

Acta adrist., 1(4). 20 pp.

PRINGSHEIM, E.G. (1946) "Pure Cultures of Algae." Cambridge Univ,
Press, London and New Yorik,

PROVASQLI, L., MCLAUGHLIN, J.J.A,, & DROOP, M,R. (1957) The
development of artifieial media for marine algae.

Arch, Mikrobiol., 25: 392-428,

RABENHORST, L, (1853) "Die Susswasser Diatomeceen." Leipzig.
RAMSFIFLL, ®. (1959) Dimorphism and the Simultaneous oceurrence of

auxospores and microspores in the diatom Rhizosolenia

hebetata f. semispina (Hensen) Gran,

Wytt Magasin for Botanikk, 7: 169-173.

RYTHER, J.H, {1956) Photosynthesis ia the ocean as a funetion of

light intensity. Limnol. & Oceanogr., 1: 61-70.

SCHMIDT, A, (1874-194)) "Atlas der Diatomaceen-Kunde,"
Leipzig, Pl 1-460.
SCHMIDE, P, (1931) Die Reduktionsteilung bei der Mikrosporenbildung

von Goscinodiscus apiculatus (Ehrenb.). Int, Rev.,

Hydrobiol., 25: 68-101.
SCHRETBER, B, (1931) Uber Reinkulturversuche und.experimentelle

Auxosporenbildung bei Melosira nummuloides.

Arch, Protistenk,, 73: 331-345.

w

BLK, H. (1913) Coscinodiscus - Mikrosporen in der Elbe,

Ber, dtsch. bot. Ges., 30: 4k,




- 179 -

SOROKIN, C., & KRAUSS, R.W. (1962) Effects of temperature and

illumination on Chlorella growth uncoupled from cell

division, Plant. Physiol., 37: 37-46.

SPENCER, C.P, (1952) On the use of antibiotics for isolating

bacteria free cultures of marine phytoplanikbon organisms.

J. mar. bicl. Ass. U.K., 31: 97-106,
(1954.) Studies on the eulture of o marine diatom. J. mar.

biol. Ass. T,K., 333 265-290.

SRB, A.¥, & OWEN, R,D. (1958) '"General Genetics" W.H. Freeman and

Company, San Francisco, Galifornia.

STR?CKL&ND, J.D.H, (1965) Phytoplankton and Merine Primary Production.

Ann, Rev. Microbiol. 19: 127-162,

STRICKLAND, J.D.H., & PARSONS, T.R. (1960) A mannual of sea water

8T
o

analysis. Bull. Fish. Res. Bd. Canada, 125: 1-185.

TBRAHMANYA, R. (1945a) On the cell division and mitosis in some

South Indian diatoms. Proc. Indian Acad. Sci., 22:

531=35l..
(1945b) On somatic division, asuxospore formation and

sex differentiation in Navicula halophila (Grunow)

Cleve. Curr. 3ci., lh: 75-77.
(1946) 4 systematic account of the marine plankton distoms

of the Madras Coast. Proc, Indian Acad. Sci., 2L

85~197.

TALLING, J.7. (1955) The relative growth rate of three planktonic




-~ 180 -

diatoms in relation to underwater radiation and

tempersture. dAnn. Bot. N.8. 19: 330-34L1,

TANTIYA, H, (1957) Mass cultures of algae. Ann. Rev. Plant Physiol.

§_: ' ,509"351%*
TAYLOR, F.Jd. (1966) Phytoplankton in the Sierra Leone River.,

de W, &fri, Sci, Ass. 11: 107-122.,

THIEMANY, K. (1934) Das Plankton der Flussmundungen. Wiss. Ergebn.

dtsch. atlant. fAxped. "Meteor", Bd,12: 199-273.

THOMAS, W.H. (1966) Effects of tempersture and illuminance on cell
division rates of three species of tropical oceanic
phytoplankton., J. Phyeol., 2: 17-22.

UTERIOAL, H. (1931) Neue Wege in der quantitativen Erfassung des

Planktons. Verh. int. Ver. Limmol., 5: 567-5%.
ven HEURCK, H. (1880-1885) Synopsis des Diatomées de Belgique.
‘ Anvers. 2358, 132 Tafeln, Suppl. Taf. 4=C.

von DENFFER, D. (1949) Die planktische Messenkultur pennater

Grunddiatomeen. Arch. Mikrobiol., li: 159*202.

von STOSCH, H.A. (1951a) Zur Entwichlungsgeschichte zentrischer
Heeresdiatomeen. HNaturwiss., 38: 191-192.
ﬁl?ﬁlb) Entwichlungsgeschichte Unterschungen an zentrischen

Distomeen., I. Die duxosporenbildung von Melosira

varians. Arch. Hikrobiol,, 16: 101-135,

(1954) Die Oogamie von Biddulphia mobiliensis und die

bisher bekannten Auxosporenbildungen bei den Centrales.




- 181 -

f

. . d e -
Rapp. Comm. 8ieme Congr. int. bot. (Seote)} 17: 58-68,

r

(1955) Pennate Diatomeen. %.B0t., L3: 89-99.
(1958) Entwicklungsgeschichtliche Untersuchungen an
zentrischen Diatomeen, II. Geschlechtzellenreifung

Befruchtung und Auxesporenbildung einiger grundbewohnender

Biddulphiasceen der Nordsee,

Arch, Hikrobiol., 23: 327-365,
- ' v » o ” ‘ L .
(19@%}',manlpullerumg der Zellgrosse von Diatomeen im

Phyeologia. 5(L): 21-Ll.,

von STOSCH, H.A., & DEBRES, G. (1964) FEatwicklungsgeschichtliche
Untersuchungen an zentrisch Diatomsen. IV. Die

Planktondiatomee Stephanopyxis turris, ihre Behandlung

und Entwicklungsgeschichte, Heligoland Wiss., Ileeresunt.,

1l: 209-257.

WARBURG, 0. (1958) Photosynthesis, Science, 128: 68-73,

WATTENBERG, H. (1957) Die Verteilung des Phosphats im Atlantischen

Lt L

Ozean. Wiss, Ergebn. dtsch, atlant. Exped. "Meteor",

9: 133-180,
WATTS, J.C.D, {1957) The chemical composition of the bottom deposits

from the Sierra Leone River estuary. Bull. Inst. franc.

Afr. noire, T194: 1020-1029,

(1958) The hydrology of a tropical West African Estuary.

Bull. Inst. franc., Afr. noire, T20A: 697-752,




- 182 -

(1960a) A summary of the neteorological and hydrological
observations made in the Sierra Leone River estuary ares,

Bull. Inst, franc. Afr, noirve, T224: 1159-1164,

(1960b) Sea water as the primary source of sulphate

in tidal swamp soils from Sierra Leone. Nature, Lond,,

186: 308-309.

(1961} Seasonal fluctuations and distribution of

nitrite in a tropical West African estuary. Nature, Lond.,




