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ABSTRACT

Amphidinium carterae, Cylindrotheca closterium, Dunalielly tertiolecta, and Phaeodgcty-
lum tricornutum were grown under acid and alkaline conditions produced by varying the
COy supply.  Increasing the phosphate in the growth medium from 2 to 20 #g P.mi-? had
only smal] effects on the rates of photosynthesis and respiration and on the photosynihesis:

. respiration ratio, unless inocula were so large that the subsequent cell concentrations used
more than 2 2g P. ml~* culture medium in the 48 hour growth period. Such a rate of phos-
phorus utilization was not found for Amphidinium. With the other algae, such high utiliza-

- tiox gave calls of greatly decreased phosphorus contentt, with small decreases in the photo-
synthatic vates of Cplindrothzea and Dunaliella and reduction to half with Phaedactyinm.

' When inocula were smaller so that less than 2 Bg P, mi™ culture medium were used, ten-
fald phosphate increased cell phosphorus only with Amphidiniem,

The mzan content of ¢ell phosphorus as #g P. 41 cell volume was: Amphidinium 1 4.
Cylindrothzea 5.3, Dunaliella 14.0, and Phaeodactylum 8.3 when grown in media containing
"2 pgP. ml=!. I enfold phosphate, corresponding figures were 1.7, 5.2, 14.1, and 8.5,

INTRODUCTION

It was previously shown that the photosynthetic rate and the ratio photosynthesis:
respiration of Cylindrotheca closterium decreased with age of culture (Humphrey
and Rao, 1967). During the 14 days of culture, the medium contained excess nitrate,
but inorgani¢ phosphate decreased to zero in seven days and the pH rose to 9.2 at
three days indicating that the carbon supply also was decreasing markedly. This
study was extended to include Amphidinium carterae (Humphrey, 1973) and it was
shown that if cultures of either alga were grown under the same conditions of sta-
tionary batch cultures as used by Humphrey and Rao (1967), disappearance of phos-
phate was caused mainly be precipitation brought about by the medium becoming
increasingly alkaline as growth proceeded. Even when the initial phosphate con.
centration was increased tenfold, most of it was removed by precipitation rather
than being taken up by the algae. The total phosphorus content of the algae was
slightly increased as compared with algae grown in the usual medium with only
2 g P. mi-%, but the rates of photosynthesis and respiration were slightly decreased.

The effects of carbon dioxide supply on these metabolic rates were studied in
several algae (Humphrey, 1973), and it was found that ceriain levels of carbon dig-
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xide supply produced large increases in photosynthetic rate and in the ratio photo-
synthesis : respiration. Further it was found that with some algae (eF Amphidiniun)
: photosynthesis decreased markedly when the final culture pH was less than 7, but
‘with others (e.g. Cvlindrotheca) photosynthesis was still high below pH 7. There-
“fore these two algae were chosen as contrasting types in order to study the effects -
of increasing the phosphate concentration in the culture medium at both acid and

alkaline pH.

It was also shown in the previous study (Humphrey, 1975} that Phaeodactylum
behaved differently from all the other algae used, in that it gave maximal rates of
photosynthesis only at the acid and alkaline extremes of its growth range. Probably
Phaeodactylum suffered from extreme nutrient limitation in the middle of the pH
range because there, cell concentrations as high as 38 x 10¢ cells. ml~ were obtained.
Therefore Phacodactyium was included in this present study of the effects of phosphate.
In order to provide a more direct comparison for Phaeodactylum, some experiments
were carried out with Durnaliella which is also a commonly-used, rapidly-growing alga.

METHODS

Bacteria-free coltures were grown as described by Humphrey (1975), The level
of carbon dioxide supply was adjusted to give acid or alkaline growth conditions. -
Phosphorus in the culture supernatant, the washed cells; and the wash fluids was
determined as in Humphrey (1973). Photosynthesis and respiration weré deter-
mined as in Humphrey (1975). Nitrate was determined by the method of Harvey

(1929).

RESULTS

None of the metabolic effects of tenfold phosphate was large. The results show
that there is little point in increasing the phosphate in the growth medium except
where the cell concentrations produced are so high, that they exhaust the phosphate
already supplied. With the culture conditions used, such concentrations in millions
of cells. ml-! are about 2 for Cylindrotheca, 1 for Dunaliella, and 4 for Phaeodactylum.

Amphidiniom

Under acid conditions, tenfold phosphate decreased growth, slightly increased
the content of total phosphorus, increased photosynthesis and respiration, and
decreased the photosynthesis : vespiration ratio. Under alkaline conditions, extra
phosphate decreased growth, increased the content of total phosphorus, usually
increased photosynthesis, increasec respiration, and decreased the photosynthesis:
respiration ratio. Table | shows the types of changes obtained. In no experiment
was the nitrate or phosphate in the growth medium completely used. :

Cylindrothecs

~ In the experiments where cell concentrations rose to about 3 x 10°% ml-?, the
phosphate in the 2 ug P. ml~! medium was completely used but nitrate was always in
¢xcess ; phosphorus in such cells was less than 1 ug, 10-* cells and photosynthesis
elecreased as compared with cells grown to lower concentrations in media contammg

’
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Taste 1. Amphidinivm carterae, pH is the value at the end of the 48 hr growtk period and the cell
concemtration obtained is given as 10-% cells mI='3 Py is the total cell phosphorus as
B P02 cells; photosyathesis (Ps) and respivation (R) are given
as 0% 10-3 cefls. hrdt,

ACID CONDITIONS ALKALINE CONDITIONS

Phosphate supply 24gP.ml! 208gP.ml! 2pgP.ml! 20pgP. ml!

pH . 6.50 6.45 8.00 8.06
Cel] concentration .. 0.6 0.4 1.1 0.9
l’t s 1.03 1.2 1.0% 1.30
Ps . 6.5 8.7 111 12.5
R .. 2.1 4.4 3.2 39
Ps/R : o a2 2.0 s 3.2

2 ug P. mi~? (Table 2), Tenfold phosphate maintained the usual cell phosphorus
content even at high cell concentrations. When cell concentrations were kept
below 2 x 10% ml! so that less than 2 pg P. ml-! was used, under acid conditions
tenfold phosphate slightly increased growth, had no effect on cell phosphorus, usually
decreased photosynthesis, had a vartable effect on respiration, and usually decreased
the photosynthesis : respiration ratio ; under alkaline conditions tenfold phosphate
decreased growth, had no efiect on cell phosphorus, usually decreased photosynthesis,
increased respiration, and decreased the photo-synthesis-respiration ratio.

DPunaliella

In some experiments the phosphate in the 2 ug. P mi-! medium was completely
used but nitrate was always in excess. Tenfold phosphate increased growth irres-
pective of the initial phosphate (Table 3). Cell phosphorus was greatly decreased
only when cell concentrations were high. Tenfold phosphate sometimes decreased
photosynthesis slightly, decreased respiration a little more, and consequently increas-
ed the photosynthesis: respiration ratio. Cells with a deficiency in phosphorus had a
slightly lower rate of photosynthesis,

Phaeodactylum

Tenfold phosphate had only small inconsistent effects unless cell concentrations
were so high that they vsed more than 2 ug P. ml-). When only 2 ug P. ml~! was
supplied to large inocula, growth continued after phosphate was exhausted and cell
phosphorus fell t0 0.2 -0.4 ug P, 10-¢ cells (Table 4) instead of the normal range of
0.5—0.7,(Table 5). Under these conditions tenfold phosphate increased cell phos-
phorus, photosynthesis, and the photosynthesis: respiration ratio. The highest
rates of photosynthesis and the highest values for the photosynthesis: respiration
ratio were found under alkaline conditions with final ¢cell concentrations less than
4 x 10° ml* (Table 4). These rates and values were up to twice those obtained if
cultures were grown to ‘higher concentrations,



TABLE 2. Crlimdratheca closteriun:

ACID CONDITIONS

ALKALINE CONDITIONS

CE B E E E B K E
Phosphate supply & a -t a o . AL
' (3 Y @ L g Y by &
© & « 8 re R a ]
pH 6.82 671 6.41 6.39 7.31 7.25 7.92 8.15
celt concentration 12 L3 3.0 27 16 1.5 27 2.5
Py 1.49 145 0.83 1.2 1.2 1.3t 091 1.9
Ps 8.6 77 58 6.5 8.0 7.1 57 6.1
R 1) 12 1.0 11 0.8 09 12 1.2
Ps/R 7.6 67 58 6.1 10.5 438 5.1

138

Symbols as in Tabte 1.

*indicates phosphate exXhausted during growth period.

AVOTY JO SISTHINASOLOHd GNY LNILINOO SNYOHISOHd

19t



TABLE 3. Dungliella tertivlecta

ACID CONDITIONS

ALKALINE CONDITIONS

| k B k| s k: B k- k:
Phosphate supply a o a® -9 A o ot 2
2 Y 2 £ ® £ 2 ?
- ] ™ & o ] « &
pH 6w 6.30 6.34 6.86 721 7.20 8.08 8.02
cell concentration .. 08 0.5 0.9 1.2 1.0 1.2 26 2.7
Pe 38 365 290 33 13 3.8 118 283
Ps 165 160 14.2 4.5 171 1.4 12.5 1.2
R 17 1.5 1.6 1.2 1.4 1.0 1.0 0.9
PyfR . 98 1.0 9.1 12.3 12.4 14.4 12.5 14.3

Symbols as in Table 1.

* indicates phosphate exhausted during growth period.

wy

AandHdWNH 4D



TABLE 4. Phaeodactylum tricornution

At least 2 #g P ml ' used Less than 2 #g P, ml ' used

ACID CONDITIONS ALKALINE CONDITIONS ACID CONDITIONS ALKALINE CONDITIONS

' ‘B K E B E "B "

Phesphate supply A a & a al a ar A
g £ y P g £ g 3
pH 673 6.90 7.41 7.27 6.77 6.77 8.00 7.94
Cell concentration 2.3 us . s 120 22 26 3.0 - 26
P, 0.28 0.45 0.8 0.56 0.61 0.57 0.53 0.64
Ps 1.4 17 12 1.5 1.6 1.8 24 2.2
R 03 0.4 0.4 0.3 0.4 0.4 0.3 04
PR 42 44 34 58 43 51 75 s2

Symbols as in Table 1.

gVD1V 40 SISTHINASOLOHJ -GNV INSINOD SNHOHISOHd

19¢
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In one experiment where a range of acid conditions was used (pH 6.15 to 6.97)
for some unknown reason no growth was obtained. After inoculation the tubes
contained 1.5 x 10° cells ml-* and after the 48 hr growth period, cell concentrations
were from 1.4 to 1.59 x 108 cells ml-t. Microscopic examination showed the cells
were about to divide; in the 2 ug p. ml~! medium each million contained 1.10 to 1.32
#g pt, and in the tenfold phosphate 0.80 to 1.43 pg P.' i.e. twice the normal amount,

14
¢
- 10° cells. m!
R XH———)(\
! ] i e
& 7 8 ¢ ®

pH

Fig. 1. Growth and metabolic rates of Phaeodactvium trico-
rautum ¢ symbols and units as in Table 1.

Tenfold phosphate was never exhausted even when initial cell concentrations
of 7 x 10% ml-* were used (final concentration 36 x 10° ml-Y), However, at these
high cell concentrations, nitrate was usually exhausted or almost completely so.
Therefore the data and curves presented previously (Humphrey, 1975) for Phaco-
dactylum grown in media containing 2 pg p. ml-Y, to cell concentrations of 38 x 10¢
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mi™, were for cells grown under nitrogen-and phosphorus-deficient conditions.
Curves similar to those presented previously for other algae, were obtained with
Phaeodactylur if cell concentrations were kept below 4 x 10% mi-1 (Fig. 1).

DiscussioN

In stationary cuitures of Amphidinium (Humphrey, 1973), tenfold phosphate
decreased photosynthesis. The present results show that the changed culture condi-
tions brought about by supplying carbon dioxide during growth, produced cells
which increased their photosynthesis when grown in tenfold phosphate, Such
cells alse had twice the phosphorus content of cells from stationary culture. Even so,
cell phosphorus (Table 5) was less than that found by Sakshaug, Myklestad, Krogh
and Westin (1973) who used stationary cultures grown for several days in the pre-
sence of penicillin and streptomycin ; 2.6 pg Pe. 107¢ cells was found at a medium
concentration of 0.2 pg P. ml~* and 4.5 pg P. mi-! at 1.2 ug P. ml~*. Cell concentra-
tions were never more than 0.6 < 10% ml-%

TaBLE 5. Cell phosphorus

The values are for cells grown for 48 hours without exhausting the medium phosphate ; values
in brackets are maans ; cefl volume was calculated from algal dimensions,

ORGANISM ug P 1076 cells am® cell sg Pl gt cell volume
2p3P . ml 20uzP.ml™t volume 24P mi’l 20 4gP.mi"1

Amphidinium 0.9-2.2 1.1-3.6 1050 0.9-2.1 1.1-3.4
{(1.46) (.73 .4 a.n
Cylindrotheca 1.1-2.3 12:2.2 334 3.6-6.9 " 3.6-6.6
(1.78) {1.74) (5.3) (5.2)
Dunaliella 3.2-4.2 2.5-4.6 281 11.3-14.9 8,9-16.3
3,91 (3.95) (14.0) (14.1)
Phaeodactylum 0.5-0.7 0.4-0.7 ©75 6.7-9.3 5.3-9.3
0.62) (0.64) (8.3) (8.5

In general the effects of tenfold phosphate on Cylindrotheca were slightly adverse.
Supplying carbon dioxide during growth gave cells with twice the amount of cell
phosphorus previously obtained in cells from stationary cultures (Humphrey, 1973).

On the basis of cell volume, Dunaliella accumulated phosphorus to a greater
extent than the other algae (Table 5). The phosphorus-deficient cells produced by
growing cultures to between | and 3 x 10* cells ml-? showed slightly decreased photo-
synthesis, The cells used previously (Humphrey, 1975) must have been very defi-
cient since concentrations up to 6.4 < 10° cells ml~* were used, Such cells also had
slightly lower photosynthesis. Previously a maximum rate of photosynthesis of
14,7 pl 04, 1079, hr-! and a maximum value of the photosynthesis:respiration ratio
of 10.9 were found, each at a cell concentration of 5.3 x 10% celis mi-9%, The maxima
found in the present study were 17.1 pl 0, 1072 cells. hr=* at 1.0 x 10% cells mi-3, and
a ratio of 15.0 at 1.1 x 10* celis m!-%
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Kuenzler and Ketchum (1962) showed that Phacodactyium would continue o
grow after exhausting phosphate from the medium, and that this growth lead to
decreased cell phosphorus. This has been confirmed (Table 4). The cells used .
previously (Humphrey, 1973) would have had a very low cell phosphorus content,
probably about 0.1 ug 1075 cells. They would also have been suffering nitrogen
deficiency. They had half the photosynthetic rate (and consequently half the photo-
synthesis: respiration ratio) of cells grown at concentrations less than 4 x 108 mi-}
where there is no nitrogen or phosphorus deficiency (Table 4).  This table also shows
that even cells grown to 12 x 108 ml-! (phosphorus-deficient but not nigrogen-defi-
cient} had a higher photosynthetic rate than those used previously which had been
grown to concentrations as high as 38 x 10* ml-!. The maximum rate of photo-
syathesis now found is 2.6 pl 0, 1079 cells. hr-* (260 mol 0,. mol-! chl a.h-1)at
2.9 x 108 cells ml~* and the maximum value of the photosynthesis-respiration ratio
is 7.8 at 2.4 x 10 cells mi-1,

The high range of values for cell phosphorus found in the cells about to divide
are twice the normal range (Table 5). The cells were larger than normal and the pg
Pe. pl™ cell voume would thave been within the normal range. The only previous
values for phosphorus in cells together with values for the volume of those cells,
are those of Kuenzler and Ketchum (1962) and Parsons, Stephens and Strickland
(1961). The Phaeodactylum used by Kuenzler and Ketchum had a volume of 133 pm?®
and a phosphorus content of .8 ug Py. 10-% cells when grown 48 hours in a medium
containing 2 pg P, mi-! (same growing time and normal amount of P'supplied in the
present studysl. Thus Kuenzler and Ketchum found 6.0 ug Py. pl-? cell volumes, a
value with which the results in Table 5 agree, The Phaeodactyliin used by Parsons,
Stephens and Strickland (1961) had a volume of 120 um® and a phosphorus content
of 0.44 pg Py. 107¢ cells when grown to within the exponential phase in a medium
containing 1.6 ug P. ml-1. These values show 3.62 ug P,. ul-! cell volume, a value
below those given in Table 5. Parsons, Stephens and Strickland (1961) also analysed
Amphidinium grown as above and found 2.8 pg Py, 10-% cells with a cell volume of -
740 pm® thus giving 3.74 pg Py, 1~ which is higher than the value given in Table 3.
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