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Potential bioassay of natural seawaters and influence of
certain trace elements on the growth of phytoplankton
organisms
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KURZFASSUNG: Potentielles Bioassay natiirlichen Meerwassers und Einflufl bestimmter
Spurenelemente auf das Wachstum von Phytoplanktonorganismen. Zum Zwedk einer Giite-
beurteilung wurden Wasserproben, die aus dem Armelkanal und dem Atlantik siidlich Irlands
im Jahr 1949 zu verschiedenen Jahreszeiten entnommen worden waren, mit N, P und Fe an-
gereichert und durch Kulturen der Diatomeen Chaetoceros didymus, Phaeodactylum cornutum
und einer nicht determinierten Cryptophyceen-Art getestet. Die Vermehrungsrate von Chaeto-
ceros didymus diente als Kriterium zur Beurteilung der Wassergiite, die in Abhingigkeit von
den Stationen und den Jahreszeiten erhebliche Unterschiede aufwies. Wasser aus dem Gebiet
stidlich Irlands induzierte im Test mit Chaetoceros didymus Auxosporenbildung, die durch
Zugabe von Cu gehemmt werden konnte. Li-Zusatz zu natiirlichem und kiinstlichem Seewasser
bewirkte eine Verlingerung der Zellen von Chaetoceros didymus; der gleiche Effekt wurde
auch bei entsprechenden Versuchen mit der Chlorophycee Stichococcus spec. festgestellt.

INTRODUCTION

The problem of “good” and “bad” seawater dates back to the classical culture
experiments of ALLEN & NIELSEN (1910) and Arren (1914) at Plymouth (England),
who suggested that natural seawater contains some substance or substances which are
essential for the growth of diatoms. This hypothesis was tested by MaTupaira (1939)
in Japan, who made experiments on the physiological effects of different seawaters
(collected at different depths and seasons) on the growth of diatoms. They enriched
seawaters with P, Si, Fe, inoculated them with diatom cultures and concluded that
surface and bottom waters afforded better growth of diatoms than intermediate waters,
while coastal water also maintained better growth than oceanic water.

De VaLera (1940), likewise, found that waters from the Fucus-Ascophyllum
zone permit better development of zygotes of Enteromorpha than water from 30 m
depth. H. Kyrin (1941, 1943, 1946), used germinating zygotes of Enteromorpha and
Ulva species as the bioassay organisms of infertile water from 30 m depth to which
various enrichments were added and found that such water was usually poor in NOs,
POy, Fe and Mn. A. KyLiN (1943, 1945) could improve the qualities of such water by
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addition of trace elements such as Zn, Mn, Fe and Co; while Ni, Al and Cd were
inert. H. Kyrin thus ascribed the improvement of the infertile water to the addition
of trace elements.

Meanwhile, WiLson (1951), working on the rearing of sea-urchin larvae and of
two other marine worms in both Plymouth water and Celtic sea water (later also in
water from the Clyde), found that Celtic water was more favourable than Plymouth
water for better development of such organisms.

The problem of “good” and “bad” water has been acknowledged by zoologists
at Plymouth, ever since RusseLL (1935) published his original observations on plankton
indicators of the qualities of different water masses, taking the Chaetognath, Sagitta
elegans as being characteristic of “good” water, while S. setosz was taken as an indi-
cator of “bad” water. It was also concluded that the water around Plymouth had
become progressively comparatively infertile from the 1930’s onwards.

The experiments described were undertaken at the Plymouth Laboratory in 1949
at the suggestion of Dr. W. H. HARVEY, in an attempt to test the fertility of different
waters, using phytoplankton species as bioassay organisms. Phytal organisms provide
better test organisms, because they can be grown under controlled conditions, their
growth can be more easily assessed, and their growth requirements are better known
than those of invertebrate larvae.

Since then, a considerable amount of work has been published on the nutritional
requirements of fresh water and marine phytoplankton organisms and references to
these are found in the works of Provasorr (1958, 1963), Focg (1965), Droor (1957,
1962, 1966), WiessNER (1962) and others. Reference is also made to the bioassay
experiments undertaken by JornsTon (1963, 1964), using Skeletonema costatum. It
must be emphasized, however, that in all these experiments attention was given prin-
cipally to the influence of organic substances such as vitamins and to that of chelating
agents on growth, rather than to individual trace metals.

In our experiments at Plymouth, no organic substances were added to the culture
media employed, and (since these cultures were nonaxenic) it is assumed that such
substances are provided in the culture media by the bacterial flora which are associated
with the phytoplankton organisms. Attention was also given to the possible improve-
ment of the qualities of the so called “bad” waters by the addition of trace elements
and interesting results were obtained, particularly with Cu and Li.

No chelating agents were added to our culture media as with such substances it
is difficult to test the influence on growth of individual trace metals.

MATERIAL AND METHODS

Organisms. The organisms employed in these experiments include three
phytoplankton species (isolated by the writer from the Plymouth water) as well as a
strain of ALLEN’s original culture of Nitzschia closterium forma minutissima. This
latter organism belongs, according to HEnDEY (1954), to Phaeodactylum tricornutum
BonLiN. It has three morphological phases, viz. ovoid, fusiform and triradiate.
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The former three organisms isolated from the plankton are: (1) the pelagic diatom
Chaetoceros didymus; (2) a green alga, Stichococcus sp. similar to that described by
ButcHER (1957) as S. cylindricus; and (3) a reddish, small flagellate belonging to
Cryptophyceae (referred to as flagellate “A”). All these organisms were subcultured in
artificial sea water.

The size of inoculum used was kept to a minimum (0.05-0.1 ml), unless otherwise
stated, in order to avoid the influence of the stock culture on the media employed. The
initial concentration of cells in the waters assayed range between 20 to 50 cells/ml,
unless otherwise stated.

Media. The artificial sea water used was made according to the formula of
LyMAN & FLEMING (in SVERDRUP et al. 1942) and as modified by Cuu (1946). A solu-
tion of the minor elements Al, Mn, Ba, Rd, Li, Fe (as citrate), Cu, I, As, Zn was
prepared separately and 1 ml of this (solution “A”) was added, when required, to 11
of the solution of the major constituents. Solution “A” was often replaced by a solution
of Laminaria ash or soil extract. When testing the effect of individual trace elements,
these were added separately. Cau (1946) had been able to grow the following diatoms
in this type of artificial sea water: Asterionella japonica, Biddulphia mobiliensis, Chae-
toceros didymus, Coscinodiscus excentricus, Ditylum brightwelli, Fragilaria striatula,
Nitzschia seriata, Rbizosolenia alata, Streptotheca thamensis and Thalassiothrix lon-
gissima.

The artificial sea water used at Plymouth had a salinity of ca. 33.4 /00 and a pH
of ca. 8. The following maximum impurities in the major constituents used (AR) are
recorded as percentages of the molecular weights. This was essential to explain the
growth of the test organisms which were often noticed occurring in a solution of the
major constituents only.

Impurities. Impurities in NaCl: SO4 (0.003 %), Ca (0.005 %), NO3
(0.002 %), Mg (0.005%), Pb (0.0010/), NH; (0.001%), Ba (0.003 ), Fe
(0.0005 9/p), AsgQg (0.0001 %/o). Impurities in NagSO4 - 10 HzO: Cl (0.0005 %), Fe
(0.0002 %/), NOjz (0.001 %), Zn (0.0005 %/s), NOs (0.0002 %), NH; (0.0005 %/a),
Pb (0.0004 %/s), AspOg (0.0002 %s). Impurities in CaClp - 6 HyO: SOy (0.005 /o),
Pb (0.001 %/g), NOj (0.002 %/o), Fe (0.0005 9/o), PO, (0.001 %), Ba, Sr (0.01 %), SiOs
(0.002 %/5), AszOg (0.0001 %/p). Impurities in KCl: SO4 (0.003 %/o), Ba (0.003 /o), NOg
(0.002 9/g), Ca (0.005 %/5), Pb (0.001 %/o), Mg (0.005 /o), Fe (0.0005 9/0), NHj (0.001 /o),
moisture (0.3 %), Impurities in NaHCO3: NapCOs {1%/s), Pb (0.001 %), Cl (0.005 %/s),
Fe (0.0005 %), SO, (0.005%s), Ca, Mg ete. (0.019/p), NOs (0.002 /o), NHj (0.0005%/c),
SiOg (0.019%0), T (0.006 %), AseQs (0.0001 %/). Impurities in H3BOg: Cl (0.0002 %/0),
Fe (0.0005 %), SOy (0.002 %), Ca (0.0029/), Pb (0.001 %), As;O5 (0.0001 %),
Impurities in KBr: Cl (0.25 %), SO, (0.01 %/o), Bromate (0.001 %), Heavy metals
(0.001 %/s), Todide (0.05 /o), Fe (0.0005 9/o), Moisture (0.5 /).

Enrichment. Natural sea water as well as artificial sea water used for bioassay
experiments were initially enriched with N, P, Fe in the following concentrations:
NaNOj (2000 mg/m3), NaHPO; (200 mg/m?) and Fe (as ferric citrate) (5 mg/m3).
When testing the influence of Cu and Li on growth, these two metals were added as
CuSOy4 and LiCl.

Characteristics of the natural sea waters. Bioassays were
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made on Plymouth waters from outside the breakwater and collected in February,
March and July, 1949. These will be referred to as “outside” or E; (Eddystone) waters.
Such waters are compared with those taken from the Celtic Sea and collected in
March, May and July, 1949. These will be referred to as 80 W or Celtic waters. The
characteristics of certain of these waters are given by Witson (1951) and are sum-
marized as follows:

(1) Celtic Sea (8° W) water of March: Position 50°36'N & 8004' W (over
Labadie Bank). Vertical mixing should have been possible. Plankton (night): abundant
Sagitta elegans, large Aglantha, Enphausians. No sign of phytoplankton. Physical and
Chemical (0-5 m): Temperature 9.95° C; S 35.24 %/09; Phosphate (organic 0.18; in-
organic 0.51; total 0.69 mg at/m3).

(2) Outside (E;) water of March: Exact position unknown. Plankton (day): very,
very sparse; no sign of phytoplankton. 1 Sagitta setosa present. Physical and Chemical
(at E; [Eddystone] surface): Temperature 10.1° C; S 35.38 9/po; Phosphate (organic
0.08; inorganic 0.43; total 0.51 mg at/m3).

(3) Outside (E;) of February: Characteristics unknown.

(4) Celtic water of May (collected by pump from 20 m): Position 49° 44' N &
80 50" W. Plankton (night): rich in zooplankton and Phaeocystis. Physical and Chem-
ical: Temperature 11.50° C; S 35.36 /00; phosphate {organic 0.22; inorganic 0.12; total
0.34 mg at/m3).

(5) Outside (E;) water of July: Rich in zooplankton; other characteristics not
recorded.

(6) Celtic water of July: Characteristics unknown.

Copper content of natural waters. Natural seawaters were filtered
through clean Brekefeld filter candles, followed by fine grade Whatman filter paper.
Cu-content was determined according to the method employed by Arkins (1933),
utilizing the colour test obtained by diethyl-dithio carbamate. Results are shown as
follows: (1) Celtic water of March: no colour developed. (2) E; water of March: no
colour developed. (3) E; water of February: 30 mg/m3 before ageing; 2—4 mg/m? after
ageing. (4) Celtic water of May: 8—10 mg/m83. (5) E; water of July: 2 mg/m3. (6) Celtic
water of July: 2 mg/m3. (7) Artificial sea water: 6-8 mg/m3.

It has also been observed that storing sea water in glass carboys in the dark for
1-2 months results in a reduction of its copper content as occurred in the case of
Plymouth water of February.

Culture conditions. All glassware and vessels employed were of Pyrex
glass. They were thoroughly washed with chromic acid, tap water and distilled water.
Double-distilled water was used for the preparation of antificial sea water. All chemi-
cals used were A.R.; their maximum impurities were recorded. Culture flasks of
100 to 200 ml capacity were used. Usually, 25 to 50 ml of the medium was placed in
each flask and, after inoculation, the flasks were plugged with cotton wool. Duplicate
experiments were usually made. Culture media were sterilized by heating to 65° C,
cooled and then aerated by shaking.

From March to the middle of July, cultures were kept exposed to a North win-
dow at room temperature. As from July 17th, the cultures made were kept in a
constant temperature room at 15¢ + 0.20 C, exposed to continuous fluorescent “day-



Bioassay of natural seawaters 233

light” illumination of 4,000-5,000 Lux. No mechanical shaking was employed, but
the culture flasks were carefully shaken at frequent intervals.

Assessment of growth. Growth was assessed by counting aliquot samples
in a haemocytometer and/or in a 1 ml graduated counting cell. Counts were usually
made 7-10 days following inoculation. Growth was usually observed for longer or
shorter intervals for about 2 months. Over 40 random counts were made each time.
The standard deviation was in the range of * 10 to 15 %/p of the mean. The relative
growth constant (k) of Chaetoceros didymus in the different sea waters was used as an
index to classify such waters according to their degree of “fertility”. This was obtained
according to the formula:

k = 2—t3 (log Nt — log Np)

where Ng = number of cells/unit volume at time O, Ny = number of cells/unit
volume at time T, and t = time in days.

RESULTS

Growthof ChaetocerosdidymusinEi,andin Celticsea waters
collected in Mazch

The results of this experiment are shown in Figure 1. Although both waters were
enriched with N, P, Fe, no growth occurred in the Plymouth water, and both waters
were poor in Cu. The addition of 10 mg Cu/m3 to the Plymouth water resulted in a
slight improvement in growth of Chaetoceros didymns (from 20 cells/ml to 1,400
cells/ml in 10 days).
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Fig. 1: Growth of Chaetoceros didymus in outside sea water Plymouth (E1) and Celtic water
(8° W) both collected in March
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Conversely, good growth was obtained in Celtic sea water (from 20 cells/ml to
7,900 cells/m] in 10 days). The crop of Chaetoceros didymus in this water averaged
36,250 cells/ml in three weeks (not shown in Fig. 1).

The addition of 10 mg Cu/m3 to the Celtic water further improved its qualities,
which resulted in a crop of 10,750 cells/ml after 10 days and about 19,000 cells/ml
after 2 weeks. Addition of traces of Mn and SiOs to the Celtic water had an effect
similar to that of Cu.

Mixing equal quantities of the “infertile” Plymouth water and the “fertile” Celtic
water improve the quality of the Plymouth water; however, growth declined after
10 days.

These cultures had been further observed and it was interesting to notice that a
slight growth (300 cells/ml) occurred in the Plymouth water (without additives)
3 weeks after the beginning of the experiment. This could be explained, (a) either by
the secretion in the medium of a substance essential for growth by the bacterial flora
or (b) to the elimination of some toxic substance in the infertile water. Cells grown in
a mixture of the two waters showed a tendency to form auxospores.

The results of this experiment demonstrate clearly that the Celtic water collected
in March was much more favourable for the growth of Chaetoceros didymus, than the
Plymouth water collected in the same month; furthermore, the properties of both
waters were improved by the addition of traces of Cu.
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Fig. 2: Growth of Chaetoceros didymus in mixture of outside sea water (Ei February and
March) with 8°West water collected in March

Effect of mixing “sterile” waters of Plymouth collected
in February and March, with “fertile” Celtic water of March

This experiment was made with mixtures of aged waters as follows: (a) E; water
of February stored for about 3 months, (b) E; water of March stored for about 2 months
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and (c) Celtic water (8° W) collected in March and stored for about 2 months (in the
proportions shown in Fig. 2).

The results after 8 days showed little or no improvement when using Plymouth
water of March or with a mixture with 8¢ W water added in the proportion of 4:1.
The “sterile” water of Plymouth collected in February showed a better result (during
the same period) when mixed, using the same proportions with Celtic water of March.
When the latter water was added to the sterile water of March in the proportion of
4:1, substantial growth was noticed and auxospores were also formed.

Figure 2 also shows a rather long lag period when using the above mixtures, as
well as when using February water alone, after which exponential growth took place.
Moreover, addition of 20 mg Cu/m? to the sterile water of March yielded no growth
in 17 days. It is notable that while in experiment (1) Plymouth water of March
yielded no growth for 3 weeks, the same water without additives improved slightly in
experiment (2) yielding 350 cells/ml in 2 weeks. This may have been due to the further
ageing of this water.

Effect of Cu on the Celtic water of March
Cultures were made of Celtic water of March, enriched as usual with N, P, Fe

and the following concentrations of Cu were added successively: 5, 10, 25, 50,
100 mg/m?. These media were inoculated with Chaetoceros didymus from a previous
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Fig. 3: Influence of copper on growth of Chaetoceros didymus in Celtic water (8°W)
collected in March

culture grown in the same water with no Cu added. The results are shown loga-
rithmically in Figure 3. Concentrations of 5 to 25 mg Cu/m3 had a stimulating effect
on the growth of C. didymus. The crops obtained after one week could be arranged
in a descending order according to the following concentrations of Cu: 10, 5,25 mg/m3.
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The maximum crop after 11 days was, however, obtained in cultures to which 5 mg
Cu/m3 were added, and yielded an average of 13,000 cells/ml.

A long lag period was obtained with 50 mg Cu/m3, after which exponential
growth started. This has often been observed when using such concentrations both in
natural and in artificial sea water and could be due either to adsorption of the heavy
metal on glass, on organic matter or on bacteria in the medium; or to the adjustment
of the remaining viable cells of Chaetoceros didymus to the new culture conditions
or due to the effects of both.

No growth was obtained with 100 mg Cu/m3. It is notable that traces of Cu
inhibited auxospore formation of the Chaetoceros didymus grown in Celtic water of
March.

Growth of Chaetoceros in Celtic sea water collected in May

Celtic sea water collected in May and enriched with N, P, Fe, yielded poor
growth with Chaetoceros didymus. The number of cells increased from 60/ml to
1,900/ml in 3 weeks, A large number of the cells counted were auxospores. Addition
of traces of Cu to this water almost doubled the growth in the same period, but
inhibited auxospore formation.

Growth of Chacetoceros in Plymouth water and in Celtic
water both collected in July and influence of Cu

Both waters were initially poor in Cu. Cultures were started on July 20th, Both
waters were enriched as usual with N, P, Fe. Each culture vessel was inoculated with
0.25 ml of a stock culture of Chaetoceros didymus (which had been grown in artificial
sea water) thus providing a concentration of 320 cells/ml in each flask, and kept under
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Fig. 4: Growth of Chaetoceros didymus in outside (E1) and Celtic waters collected in July
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constant temperature and illumination. The results of this experiment are shown on a
logarithmic scale in Figure 4.

Plymouth water was only slightly more favourable than the Celtic sea water for
the growth of Chaetoceros didymus, but no auxospores were formed in this medium.
The Celtic sea water favoured the formation of auxospores, and C. didymus gametes*
were observed prior to the formation of auxospore.

Addition of traces of Cu further stimulated the growth of Chaetoceros didymus
in both waters, but inhibited auxospore formation in the Celtic sea water. A long lag
period was observed in cultures which utilized Celtic water to which 50 mg Cu/m?

had been added.

Effect of Li on the growth of Chaetoceros in Celtic water and
in Plymouth water of July

Conditions of this experiment are the same as in the last experiment, with the
exception that Cu was replaced by Li. Growth of Chaetoceros didymus in Plymouth
(E1) water of July was improved by the addition of 10 mg Li/m3, whereby cells
increased in number from 320/ml to 37,500 cells/ml in 4 weeks. This growth is com-
parable to that in Celtic water to which was added 10 mg Cu/m3 (Fig. 4). Lithium,
however, had another important effect, causing elongation of cells of C. didymus,
whether added in traces to natural or to artificial sea water. Cells up to 5 times longer
than usual were noticed in such cultures.

The effect of Li was also tested in cultures utilizing Celtic water of July to which
the following concentrations were added: 5, 10, 20, 50, 100 mg/m?. In these cultures
there were no substantial differences in the crop of Chaetoceros didymus after 4 weeks;
the numbers of cells yielded, thus ranged between 7,000-9,000/ml. The only difference
between these cultures and the control cultures, when utilizing the same water with
no Li added, is the elongation of cells when the Li is added. Auxospore formation in
Celtic water of July was not inhibited by the addition of Li, and Li in concentrations
up to 100 mg/m3 does not seem toxic to C. didymus.

Growth of Phaeodactylum tricornutum in different sea waters

Phaeodactylum tricornutum (from a stock culture in artificial sea water) was
inoculated into culture flasks containing the following media, all enriched, as usual,
with N, P, Fe:

(1) Plymouth (E;) water of February, (2) Plymouth (E;) water of March, (3)
Celtic water of May, (4) a mixture (1:1) of Plymouth water of March and Celtic
water of May and (5) artificial sea water with Laminaria ash.

* Such structures, although observed at the time of the experiment, could be identified
only after a visit to Helgoland, where Professor voN Stoscu was making his earlier obser-
vations on the sexuality of centric diatoms.
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These cultures were kept for about one month. The results of the final crop are
shown in Table 1. The above media could be classified in a descending order, accord-
ing to the crop of Phacodactylum tricornutum obtained.

Table 1
“Fertility” of different waters as assayed by Phaeodactylum tricornutum

Type of water Crop olzziﬁlst;g] ;3)26 days
Celtic water (May) 970

Artificial sea water

+ Laminaria ash 760

Celtic water (May

+ Plymouth water (March) (1:1) 651

Plymouth water (February) 387

Plymouth water (March) 192

The results of this experiment show clearly that Plymouth water of March is the
least favourable for growth, followed by the February water, while the Celtic water
gave the best results. Artificial sea water to which Laminaria ash is added approaches
in its effect the Celtic water of May.

Effect of Cu on the growth of Phaeodactylum tricornutum
in Celtic water of May

In this experiment concentrations of Cu: 5, 10, 20, 50, 100 mg/m3 were added to
Celtic sea water of May, enriched with N, P, Fe. Inoculation was made of a previous
culture grown in the same water. The initial concentration of cells in the culture flasks
amounted to 4.4/mms. These cultures were kept under constant temperature and
illumination. The results are shown in Figure 5. Counts made after 12 days of inocu-
lation showed that the best growth was obtained in cultures without addition of Cu
(control); these yielded ca. 100 fold the number of cells inoculated. This may be ex-
plained by the fact that the original Cu concentration in the water (8-10 mg/m?) was
adequate. After about 12 more days, the best crop was obtained from cultures to

Table 2

Relative growth-constants of Phaeodactylum tricornutum in Celtic water of May
with different Cu concentrations

Concentration k
Control 0.52

5 mg Cu/m? 0.32
10 mg Cu/m?® 0.30
20 mg Cu/m? 0.25
50 mg Cu/md 0.18
100 mg Cu/m?® 0.0
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which 5 mg Cu/m3 had been added. After this period growth more or less declined.
With 50 and 100 mg Cu/m? growth was almost insignificant after a long lag period.

Such high concentrations of Cu had an influence on the morphology of this species;
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Fig. 5: Influence of copper on growth of Phaeodactylum tricornutum in §8°W (May)

cells tended to aggregate in clumps and the ovoid form predominated over the fusiform
or triraidate forms of cells. Table 2 shows the relative growth constants of this species
in different Cu concentrations after 12 days.

Bioassay of different sea waters with flagellate “A”

Flagellate “A” was grown successively in Plymouth (E;) water of February and
of Mardh; in Celtic water of May; in artificial sea water minus the minor constituents;
and in artificial sea water in which trace elements were replaced by Laminaria ash in
solution. All media were enriched with N, P, Fe. The inoculum had been previously
grown in artificial sea water. The media could be graded in a descending order as
follows: (1) Artificial sea water + Laminaria ash, (2) artificial sea water — minor
constituents, (3) Celtic water of May, (4) Plymouth water of February, (5) Plymouth
water of March.

The same organism also grew well in Plymouth water and in Celtic water which
had been collected in July. This flagellate seems to tolerate higher concentrations of
Cu or Li in the medium, because cultures made in Celtic water to which 50 mg Cu/m3
had been added yielded a crop of 150,000 cells/ml in 4 weeks. Addition of as much
as 100 mg Li/m? to the same water appears to be tolerable. Cultures made of Plymouth
water of July to which 5-100 mg Li/m?® had been added, yielded crops varying be-
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tween 32,000-80,000 individuals/ml in 4 weeks. In these cultures the concentrations
of cells do not proportionally follow the concentrations of the Li added.

Growth of Stichococcus sp. in artificial sea water

This green alga was not used as a bioassay organism for different sea waters. It
grew fairly well, nonaxenically, in artificial sea water without the minor elements.
In this experiment investigations were made on the influence of Cu and Li on the
growth of this alga in artificial sea water. For this reason artificial sea water consisting

4001 °

O-O no Cu added
®-® 10mg Cu/m?
a—a 20mg Cu/m?

A—A 50mg Cu/m3
3004

2004

NUMBER OF CELLS/ mm3
»>

1004

LI 0 0 A o |
5 10 15 20 25 30 35 40
17.VIlL DAYS 28 V.
Fig. 6: Influence of copper on growth of Stichococcus sp. in A.S.W. enriched with N, P, Fe

of the major constituents and enriched with N, P, Fe was used. The following con-
centrations of Cu or Li were added separately: Cu: 0, 10, 20, 50 mg/m3, Li: 0, 5, 10,
20, 50, 100 mg/m3.

Culture flasks were inoculated with 0.5 ml of a stock culture (grown in artificial
sea water devoid of minor constituents) and the initial number of cells in each flask
was about 32/mm3. The results which show the influence of Cu are illustrated in
Figure 6. This alga seems to be sensitive to Cu in low concentrations, best growth
was obtained without addition of Cu. Lower crops were obtained with 10 and 20 mg
of Cu/m3, while 50 mg Cu/m?® seems to inhibit growth; the number of living cells
which were observed after 6 days was minimum. However, about a month later, the
growth increased to about 130 cells/mm3. A possible explanation for the lag period
and the rise in the growth curve with 50 mg Cu/m?® was mentioned previously.

Conversely Stichococcus sp. seems to tolerate up to 100 mg/m3 of Li. As in the
case of Flagellate “A”, the magnitude of crop obtained with the different concen-
trations of Li (Fig. 7) does not proportionally follow such concentrations. Li, however,
causes elongation of cells of Stichococcus sp. as is also the case with Chaeroceros
didymaus.
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Effect of different trace elements on the growth of
Chaetoceros didymus in artificial sea water

The artificial sea water employed was the same as in the last experiment (minor
constituents omitted), it was also enriched with N, P, Fe, and the following other
enrichments were added separately: (1) Artificial sea water =+ soil extract, (2) artificial
sea water + Li (traces), (3) artificial sea water + Mn (traces), (4) artificial sea water
-+ Cu (traces), (5) artificial sea water -+ Zn (traces), (6) artificial sea water + drops
of solution “A” and (7) artificial sea water -+ As.

500_} O 100 mg.Li / m?

® SmglLi/m?
A no Li added

10mg Li / md
O s0mgLi/ m?3
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Fig. 7: Influence of Li on growth of Stichococcus sp. in A.S.W.

The Chaetoceros didymus inoculated, grew in Celtic water of May; the initial
concentration in each culture vessel was about 20 cells/ml. These cultures were ob-
served for two months, and the results are reproduced in Figure 8. This figure shows
that no growth occurred in artificial sea water (control) for almost 4 weeks. After
such a very long lapse of time, growth occurred and, by the end of the experimental
period, the number of cells attained ca. 4,000/ml.

Traces of As inhibited growth completely and there seems to be no recovery
under the influence of this metal. Zn had a little stimulating effect on growth during
4 weeks; such cultures were not followed later on. Both Laminaria ash and solution
“A” (mixture of minor elements) had more or less the same effect, but the final crop,
after 2 months, was higher with Laminaria ash than with solution “A”. Traces of Mn
resulted in better growth than either of these two latter media. Li also stimulated
growth (similar to that of Mn) but the final crop was less than that obtained with Mn.

The best crop was, undoubtedly, obtained in cultures to which soil extract had
been added. Due to the complex nature of soil extract, its richness in trace elements
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and, probably, to its chelating capacity. The relative growth constant of Chaetoceros
didymus in this medium amounts to 0.41 and compares favourably with the “good”
natural waters.
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Fig. 8: Growth of Chaetoceros didymus in artificial sea water with different trace elements

DISCUSSION

Wizson (1951) worked on the development of eggs and larvae of Edhinus esculen-
tus, Ophelia bicornis and Sabellaria alveolata in waters from the Plymouth area (English
Channel, Eddystone or Ey station) and in waters from the Celtic Sea sampled at differ-
ent seasons. He discovered that the Celtic Sea waters were more favourable for healthy
development of these organisms and concluded that the Channel water lacked some
unknown constituent, essential for development, which was present in the Celtic Sea.
WisoN repeated his experiments for a number of successive years (cf. Wirson &
ARMSTRONG 1952-1961) and concluded that English Channel water was not always
an unfavourable medium and that, in one instance, growth improved with the addition
of small amounts of copper. Addition of antibiotics; filter sterilization; variation of
pH; the addition of vitamin Bys, ascorbic acid or a metal-chelating agent (EDTA};
etc., did little to improve bad water for the afore-mentioned organisms (WiLson &
ArMsTRONG 1954, 1958). However, a mixture of good and bad water improved the
quality of bad water. This suggested that it is the presence of some beneficial sub-
stances in the good water rather than a toxic substance in the bad water which makes
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the difference. WiLson & ARMSTRONG, therefore, made extracts with activated carbon
and acetone of the bad and good waters, but such a procedure gave confusing results.

The difficulty of assaying good and bad waters by rearing larvae as used by
Wison (1951) has been demonstrated by Provasort (1963). In fact, little is known
about the physiological and nutritional requirements of such organisms and several
other factors might interfere, and, the results obtained are mostly qualitative.

On the other hand, the use of phytoplankton as bioassay organisms gives more
precise results. The nutritional requirements of such organisms and a good deal of
their physiology and metabolism are fairly well known, and it is easy to count them
and assay their crop.

The experiments quoted were made in 1949 at the Plymouth Laboratory using
waters collected at different months both from outside the breakwater and from the
Celtic Sea around 8° W. These waters are the same as were used by Wirson in his
rearing experiments. These waters were bioassayed by using a pelagic diatom viz.
Chacetoceros didymus, by Phaeodactylum tricornutum as well as by a cryptophycean
“flagellate A”. A green alga, viz. Stichococcus sp. (comparable to S. cylindricus BuTt-
CHER) was also used as an experimental organism to test the influence of Cu and Li
on growth. This organism, together with the flagellate and C. didymus, were isolated
by the writer from the Plymouth plankton and subcultured without difficulty in
artificial sea water.

It is notable that the results obtained with these organisms support the general
conclusions obtained by WiLson (1951), regarding the grading of the different waters
as “good” or “bad” for rearing larvae, also the conclusion that the quality of the
“bad” water is improved by mixing it with the “good” water. However, the Plymouth
water was not always bad, neither was the Celtic water always good; a conclusion
which Wirson obtained in later years.

For a more quantitative grading of these different sea waters, we have used as an
index the relative growth constant of Chaetoceros didymus, which is a pelagic diatom.
The chemical and hydrographical data obtained could not always be used as criteria
for describing the biological qualities of the different waters. For example, some of

Table 3

Relative growth constants of Chaetoceros didymus as index of potential bioassay

kg ko
Type of water (without Cu) (with traces of Cu)
Celtic water March 0.59 0.62
Celtic water March + Eq March (4:1) 0.59
Celtic water March + E; March (1:1) Q.57
Eq February + Celtic water March (4:1) 0.44
Eq February 0.42
Artificial sea water + soil extract 0.41
Celtic water May 0.20
Eq July 0.13 0.15
Celtic water July 0.12 0.20

E1 March 0.0 0.39
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the “bad” waters contain higher phosphates than the so-called “good” water, for this
reason, the bioassayed waters were all enriched with equal concentrations of N, P, Fe.
The relative growth constant (ki) of Chaetoceros didymus in such waters was com-
puted; (kp) is the relative growth constant obtained with addition of traces of Cu.
The waters employed could thus be arranged in a descending order as follows (Table 3).

It is notable that both Plymouth and Celtic waters collected in March and July
were poor in Cu. Their properties had been improved by the addition of traces of Cu
as shown in the table. Artificial sea water with soil extract approaches in quality that
of the “good” natural waters as illustrated by the relative growth constant of Chaeto-
ceros didymus.

Natural waters could, therefore, be classified according to their suitability for the
growth of Chaetoceros didymus as follows: (1) Celtic water of March, (2) Plymouth
water of February, (3) Celtic water of May, (4) Plymouth water of July, (5) Celtic
water of July and (6) Plymouth water of March.

Thus, it becomes evident that not all Celtic waters are good and not all Plymouth
waters are bad. It is also clear from Table 3 that mixtures of “good” and “bad” waters
improve the qualities of “bad” water, in accordance with the proportions of “good”
water added. However, growth declines after a few weeks in such mixtures.

An important quality of the Celtic waters collected in May, July and (to a lesser
extent) in March, is the capacity of such waters to induce auxospore formation in
Chaetoceros didymus cultured in them. This was not the case with the Plymouth
waters, in spite of the fact that all these waters were enriched with N, P, Fe. This
capacity of the Celtic water to induce auxospores in C. didymus is inhibited by the
addition of traces of Cu.

Our knowledge is scanty of the conditions under which auxospores in centric
diatoms are formed in nature. Auxospores usually develop from newly formed zygotes.
It has been suggested that a certain size range of cells in diatoms is necessary for meiosis
and gamete production, and thatsuch size range is subject to environmental factors (von
StoscH 1954, BRUCKMAYER-BERKENBUSCH 1955, ERBEN 1962). However, ERBEN (1962)
states that in Melosira nummuloides, it was not possible either to inhibit or to initiate
formation of auxospores by varying the concentrations of NOs, PO, or by addition
of organic compounds such as dinitrophenol. BRUCKMAYER-BERKENBUSCH (1955) was,
however, able to inhibit auxospores in this diatom by continuous illumination at 24°C.

Sor1 (1963) suggests a relationship between the presence of bacteria in cultures
and formation of auxospores, since he found that in bacteria containing cultures,
Chaetoceros didymus formed auxospores in 8 days, while it took longer in cultures
without bacteria subjected to the same environmental conditions. From our culture
experiments, the role of trace metals could be suggested as a possible factor condition-
ing auxospore formation; however, this requires further experiments under more
controlled conditions.

The addition of traces of Li to natural or artificial sea water had interesting
morphological effects on cells of both Chaetoceros didymus and Stichococcus sp. Cells
of both plants became elongated in such media; sometimes, up to 5 times the normal
length of cell in C. didymus was obtained with 20 mg Li/m3,

It is interesting in this respect to draw attention to the work of RUNNSTROM
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(1935) and others, on the action of this element on sea urchin egg development. The
most important changes in this case involve the enlargement of the entomesoderm at
the expense of the ectoderm. RuNNsTROM has shown that Li penetrates the cells of the
sea urchin and has an effect on the animal pole greater than that on the vegetative pole.
This element also has an inhibitory action of respiration in sea urchin eggs.

The bioassay of different waters with Phaeodactylum tricornutum gave a similar
result to that of Chaetoceros didymus. The waters in which this organism was grown
could be arranged (according to the crop obtained) as follows: (1) Celtic water of
May, (2) mixture of Celtic water of May and Plymouth water of March, (3) Plymouth
water of February and (4) Plymouth water of March.

Phaeodactylum tricornutum seems to be more sensitive to Cu than Chaetoceros
didymus, because its growth was reduced with additions of 10-20 mg Cu/m3. At higher
Cu concentrations, a long lag period was observed as is the case with C. didymus.
Cells which survive Cu toxicity then begin to multiply. This could be ascribed to
removal from the water of the excess Cu by adsorption on dead cells of the diatoms;
on bacteria; on glass surface; or even to the chelating properties on the organic
metabolites in the medium. These surviving cells could also have become adjusted
to higher Cu concentrations in the medium. Spencer (1957) found that cupric ions
are toxic to Phaeodactylum tricornutum in excess of ca 2 X 107¢ M, but with EDTA,
this toxicity is at 5 X 103 M. Haywarp (1968) also noticed that this imperfect,
brackish water diatom may be atypical as compared with the coastal or oceanic
members of phytoplankton. Evidence has been obtained that higher Cu concentrations
favour the formation of ovoid cells in this species, and cells tend to aggregate in such
concentrations.

Flagellate “A” gave a picture similar to Chaetoceros didymus and Phaeodacty-
lum tricornutum in the bioassayed waters. This species, however, grew best in artificial
sea water with Laminaria ash, and it appears to tolerate higher concentrations of Cu
and Li.

Traces of Cu inhibit and traces of Li stimulate the growth of the green alga
Stichococens in artificial sea water. This alga tolerates up to 100 mg Li/m?. Both
flagellate “A” and Stichococcus sp. also grew in artificial sea water made of the major
constituents only. Taking into consideration the contamination of the pure chemicals
with trace elements, it seems, however, that the growth requirements of these two
algae of such elements are limited. PinTerR & Provasour (1963) grew some
chrysomonads in artificial media with no addition of trace elements. They suggested
that the trace elements required by such organisms, such as Cu, Co, Zn, Mn, Fe, are
supplied by the impurities brought in by the chemically pure salts of the medium. Such
impurities have been incorporated in our artificial sea water.

In an attempt to discover the trace metal requirements of Chaetoceros didymus,
this species was grown in artificial sea water enriched with N, P, Fe and with additions
of individual elements such as Cu, Li, Mn, Co, Zn, As. The best growth was obtained
with the addition of soil extract, which gave far better results than any individual
element. In these cultures, no chelating agents were added because, as advocated by
Provasorr (1963) and JouNsTON (1964), chelating agents interfere with the trace
element assayed as several other ions are disturbed. Furthermore, as stated by Prova-
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SOLI, many organic substances which occur in natural waters, such as peptides, amino
acids, hydroxy and nucleic acids, can chelate heavy metals in various degrees.

Our culture assays, as previously stated, are nonaxenic. Therefore, vitamins and
other organic substances necessary for the growth of the above organisms could thus
be made available by the natural bacterial flora associated with these algae. Bacteria,
as suggested by Provasor1 et al. (1957) may also exercise a beneficial action upon
the diatoms with which they grow, by slowly buffering the medium, by influencing the
heavy metal solubility or by lowering the oxidation reduction potential of the medium
during the early phase of growth, apart from also providing active metabolites.

Such bacteric cultures may reflect a more realistic approach to the characters of
the waters assayed. JorNsTON (1963) employing bacteria free cultures of Skeletonema
obtained either no growth or poor growth in over 200 samples of sea water from the
North Sea (enriched with N, P, Si, with or without trace metal additions). Evidence
was also obtained, which agreed with SpeEncER (1954) that ageing of sea water improves
its qualities. This is probably due to the adsorption of toxic heavy metals.

SUMMARY

1. Natural sea water collected at different months from the English Channel at
Plymouth and from the Celtic Sea were enriched with N, P, Fe and bioassayed
with unialgal cultures of the pelagic diatom Chaetoceros didymus, a reddish
flagellate “A” and Phaeodactylum tricornutum.

2. The first two organisms together with the green alga Stichococcus sp. (cf. S. cylin-
dricus BurcHER) were isolated from the Plymouth plankton and subcultured in
artificial sea water, and the Phaeodactylum cornuntum was supplied from the
strain culture of the Plymouth Laboratory. The relative growth constant of Chae-
toceros didymus was taken as an index to classify the different waters according
to their suitability for the growth of this diatom. These waters could then be
classified in the following order: (a) Celtic sea water of March, (b) Plymouth
water of February, (c) Celtic sea water of May, (d) Plymouth water of July,
(e) Celtic sea water of July and (f) Plymouth water of March.

3. Mixing of “good” and “bad” waters improved the qualities of the bad water, but
growth again declined after 10-15 days.

4. Artificial sea water with soil extract approximates the qualities of “good™ natural
sea water.

5. Properties of the “bad” or “sterile” waters could be improved by additions of Cu,
particularly when this metal in the natural water was impoverished.

6. Celtic Sea waters of May, July and (to a lesser extent) of March, induced auxospore
formation in Chaetoceros didymus. This capacity was inhibited by additions of
traces of Cu.

7. Li causes elongation of cells in both Chaetoceros didymus and Stichococcus sp.
The morphological effects of this element on phytoplankton cells require further
studies.
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8. Phaeodactylum tricornutum and flagellate “A” gave similar results to those of
Chacetoceros didymus with regard to the bioassayed waters employed.

9. Phaeodactylum tricornutum and Stichococcus sp. appear to be sensitive to traces
of Cu, while the latter species, together with flagellate “A”, can tolerate high
concentrations of Li.

10. Evidence has also been obtained that the ageing of sea water could improve its
qualities.
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