Marine Biology 43, 19-31 (1977) MARINE BIOLOGY
© by Springer-Verlag 1977

Marine Diatoms Grown in Chemostats under Silicate or Ammonium
Limitation. lll. Cellular Chemical Composition and Morphology of
Chaetoceros debilis, Skeletonema costatum, and Thalassiosira gravida*

P.J. Harrison, H.L. Conway**, R.W. Holmes*** and C.0O. Davis****

Department of Ocsanography, University of Washington; Seattle, Washington, USA

Abstract

Three marine diatoms, Skeletonema costatum, Chaetoceros debilis, and Thalassiosira gravida
were grown under no limitation and ammonium or silicate limitation or starvation.
Changes in cell morphology were documented with photomicrographs of ammonium and
silicate-limited and non-limited cells, and correlated with observed changes in
chemical composition. Cultures grown under sillicate starvation or limitation

showed an increase in particulate carbon, nitrogen and phosphorus and chlorophyll a
per unit cell volume compared to non-limited cells; particulate silica per cell
volume decreased. Si-starved cells were different from Si-limited cells in that the
former contained more particulate carbon and silica per cell volume. The most sen-
gitive indicator of silicate limitation or starvation was the ratio C:Si, being 3
to 5 times higher than the values for non-limited cells.The ratios Si:chlorophyll a
and S:P were lower and N:Si was higher than non-limited cells by a factor of 2 to
3. The other ratios, C:N, C:P, C:chlorophyll a, N:chlorophyll a, P:chlorophyll a
and N:P were considered not to be sensitive indicators of silicate limitation or
starvation. Chlorophyll a, and particulate nitrogen per unit cell volume decreased
under ammonium limitation and starvation. NH4-starved cells contained more chloro-
phyll a, carbon, nitrogen, silica, and phosphorus per cell volume than NH4-limited
cells. N:Si was the most sensitive ratio to ammonium limitation or starvation,
being 2 to 3 times lower than non-limited cells. Si:chlorophyll a, P:chlorophyll a
and N:P were less sensitive, while the ratios C:N, C:chlorophyll a, N:chlorophyll a,
C:51i, C:P and Si:P were the least sensitive. Limited cells had less of the limiting
nutrient per unit cell volume than starved cells and more of the non-limiting nu-
trients (l.e., silica and phosphorus for NH4-1limited cells). This suggests that
nutrient-limited cells rather than nutrient-starved cells should be used along with
non-limited cells to measure the full range of potential change in cellular chem-
ical composition for one species under nutrient limitation.
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phorus because it was thought that these
two elements were most likely to limit
phytoplankton growth in the natural en-
vironment. Early studies by Ketchum and
Redfield (1949) showed that deficiencies
of nitrogen or phosphorus in culture
medium could decrease the N:P ratio in
Chlorella pyrenoidosa by a factor of 2 for
nitrogen deficiency and increase the
ratlio by a factor of 5 for phosphorus
deficiency.

Batch cultures can be used to measure
the chemical composition of logarithmi-
cally growing (non-limited) cells and
starved cells, which are assumed to rep-
resent the extremes in the possible de-
grees of nutrient limitation. However,
at intermediate degrees of limitation,
and at lower concentrations of the limit-
ing nutrient, the chemical environment
changes so quickly that the degree of
limitation can never be precisely known.
Some workers (Kilham, 1975; Paasche,
1975) have used very low cell concentra-
tions at low substrate concentrations so
that the change in the substrate concen-
tration would be slower. However, it is
difficult to conduct chemical composi-
tion méasurements at these low cell den-
sities.

This problem in using batch cultures
can be overcome through the use of con-
tinuous culture techniques, where the
culture can be maintained at steady
state at a specific growth rate and a
specific degree of nutrient limitation.
Changes in chemical composition of ma-
rine phytoplankton in continuous culture
have been studiled for various limiting
nutrients including nitrogen limitation
(Caperon and Meyer, 1972; Thomas and
Dodson, 1972; Conway, 1974; Eppley and
Renger, 1974), phosphorus limitation
(Fuhs, 1969; Fuhs et al., 1972; Droop,
1974; Perry, 1976), and silicate limita-
tion (Paasche, 1973a; Davis, 1976;
Harrison et al., 1976}).

In the above studies, little attempt
has been made to correlate the morpho-
logical changes that accompany the
changes in chemical composition. Only
Paasche (1973a) has documented the mor-
phological changes that occur in continu-
ous culture and a few studies have been
conducted on starved cells grown in
batch culture (Braruud, 1948; Holmes,
1966). Paasche's photomicrographs show
extensive modifications in the frustule
of 7Thalassiosira pseudonana when 1t was
grown under silicate limitation.

This paper presents data on the cel-
lular chemical composition and morpholo-
gy of three marine diatoms that were
grown in chemostats under silicate or
ammonium limitation and semi-continuous-
ly under unlimited and nutrient-starved

conditions. The nutrient uptake kinetics
of these three species will be presented
in a subsequent paper (Conway and
Harrison, 1977).

Materials and Methods

Three marine centric diatoms were used
in this study. The source of skeletonema
costatum has been previously described
(Davis et al., 1973) . cChaetoceros debilis
Cleve was isolated at Friday Harbor,
Washington, in 1970 by Dr. J. Lewin (Uni-
versity of Washington). fThalassiosira gra-
vida Cleve was obtained from the Universi-
ty of California culture collection,
Santa Barbara (USA); it originated for-
merly from the Scripps Institute of
Oceanography culture collection.

The chemostat system was the same as
that described previously (Davis et al.,
1973; Conway et al., 1976), except that
the lighting system was changed. The new
system consisted of three, 110 W, day-
light, fluorescent bulbs held in a para-
bolic reflector. A sheet of blue Plexi-
glas (No. 2069, Rohm and Haas) 0.3 cm
thick, was used to modify the spectrum
and make it comparable to 5 m underwater
light for coastal conditions (described
as Jerlov type 3 in Holmes, 1957). Con-
tinuous light was used and the intensity
was 0.08 ly/min.

The cultures were grown at 180C in
artificial seawater (Davis et al., 1973).
Nutrients and vitamins were added in the
proportions of medium f (Guillard and
Ryther, 1962). The concentration of the
limiting nutrient was about 8 to 10 ug-
at/1-1 in the inflow medium, and the
other nutrients, trace metals and vita-
mins were considered to be saturating at
approximately £/50 levels.

The dilution rates for the nutrient-
limited cultures were chosen from the re-
gion where there was little or no changde
in effluent substrate concentration over
a range of dilution rates (defined as
region 2, Harrison et al., 1976). It was
felt that dilution rates from this re-
gion (generally D ~ 1/3 to 1/2 ugax) Pro-
duced representative nutrient-limited
cultures. Thalassiosira gravida grows more
slowly than the other two speciles and,
therefore, 1t was grown at a lower dilu-
tion rate in order to obtain chemical
composition data from a comparable re-
glon of the growth curve (region 2). Un-
limited cells were obtained from semi-
continuous cultures (daily dilutions of
batch cultures) in which cells were grow-
ing logarithmically and nutrients were
saturating. Starved cells were obtained
by allowing these semi-continuous cul-
tures of logarithmically growing cells
to deplete the limiting nutrient (ammo-
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nium or silicate) in the medium while
other nutrients were maintained at sat-
urating levels. The starvation period
lasted 72 h. At the end of this period
the cells were still capable of taking
up the limiting nutrient, indicating
that they were still viable (Conway and
Harrison, 1977). Recognition of viable-
looking cells was facilitated by count-
ing live, rather than preserved samples.

When cultures growing in the chemo-
stat reached steady state, which was de-
termined by no trend in cell numbers or
fluorescence over several days, effluent
nutrient concentrations, cell numbers
and volumes were measured. Samples for
particulate carbon, nitrogen and silica
were oObtained by filltering about 100 ml
of the effluent culture.

Nutrient analyses, fluorescence mea-
surements and cell counting techniques
were the same as 1in previous studies
(Davis et al.,1973).The chlorophyll a de-
termination was simllar to the SCOR
UNESCO method (Blasco, 1973); the main
modification was that the glass—-fiber
filters were put directly into 90% ace-
tone and allowed to extract in the dark
in a refrigerator for 3 to 20 h. Partic-
ulate silica (PSi) was analyzed by the
sodium fusion procedure of Busby and
Lewin (1967). Particulate nitrogen (PN)
and carbon (PC) were analyzed with a
Carlo Erba CHN analyzer (Model 1100).

Cell volumes were calculated from
microscopical measurements of cell diam-
eter and length. The cells were taken
to be cylindrical in shape, except for
Chaetoceros debilis which was assumed to be
elliptical with semi-axes of a and b =
3/4 a. The mean cell volume reported is
from a measurement of 50 cells.

Photomicrographs were taken of live
material under phase contrast using a
Zelss compound microscope.

Estimates of particulate nitrogen and
silica were made by direct analysis and
by mass balance (inflow minus outflow
nutrient concentrations). Direct analy-
ses were found to be more variable
(Harrison et al., 1976) and therefore par
ticulate silica, nitrogen and phosphorus
were measured by mass balance in this
study. Higher variability in the direct
analysis was also observed by Caperon
and Meyer (1972). The mass balance meth-
od assumes that a negligible amount of
the 1norganic nutrient in the inflow
medium is converted into digsolved or-
ganic compounds.

Rasults

Cell Morphology

Distinct differences in cell morphology
of a speciles resulted from growth under

silicate-limited (Si-limited), ammonium-
limited (NH4-limited), and non-limited
nutrient conditions. These differences
for the three species are shown in the
photomicrographs (Fig. 1). The morpho-
logical changes in starved cells were
not as striking as in limited cells, but
otherwise they were similar. Photomicro-
graphs of starved cells have not been
included.

A comparison of Si-limited, non-
limited, and NHy-limited cells of skele-
tonema costatum 1s made in Fig. 1A, B and
C, respectively. The number of cells/
chain was generally greater than 10 for
non-limited cells, greater than 6 for
NHy-1limited cells and less than 4 for
Si-limited cells. The length of the con-
necting rods between cells was normal
(3 um) for non-limited and NH4-limited
cells and almost zero for Si-limited
cells. Many Si-limited cells appeared to
have more or larger chromatophores than
non-limited or NHy-limited cells. The
largest cell vacuole was observed for
NHg-limited cells. Si- and NH4-limited
cells were usually very long and narrow,
typically about 12 um x 3 um.

The changes in morphology of chaetoce-
ros debilis are shown in Fig. 1D, E and F.
Again the number of cells/chain was less
(~4) under silicate limitation than un-
der no limitation (~10) or ammonium lim-
itation (~10). The length of the project-
ing setae was normal under no limitation
and ammonium limitation, but setae were
shorter or absent under silicate limita-
tion. Usually there were two chromato-
phores rather than one, under silicate
limitation. The size of the vacuole in

- relation to the rest of the cell was

difficult to estimate.

Changes in the morphology of Thalassio-
sira gravida were similar to the other two
species (Fig. 1G, H and I). The number
of cells/chain was lowest under silicate
limitation (<4); frequently a large por-
tion of the population appeared as sin-
gle cells. The width of the cell was
usually less than the length under sili-
cate limitation, whereas the width was
greater than the length under no limita-
tion and a mixture of cell widths oc-
curred under ammonium limitation (Table
1). Si-limited cells had more chromato-
phores than non-limited and NH4-limited
cells. The frustule appeared to be ir-
regular and bumpy in Si- and NHg-limited
cells. The size of the vacuole was smal-
lest in Si-limited cells and greatest in
NHgy-limited cells. The mucilagenous
thread connecting the Si-limited cells
was generally shorter and thinner in com-
parison to non-limited and NHgz~limited
cells.
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Table 1. Cell volume, surface area, and pigment ratios of 3 marine diatoms grown under dif-

ferent nutrient limitations

Species Limitation Cells/l Cell dimensions (ym) Cell Cell Area: Pigment
(x 107) width Length volume area volume ratio
(um)3  (um)? D430: D665
Skeletonema Si-gtarved 15.0 4.0 11.9 150 175 1.17 5.70
costatum Si~1limited 35.2 4.0 10.6 133 158 1.19 2.53
Non-limited 15.1 5.3 8.2 181 180 0.99 2.71
NHy-starved 14.4 4.6 10.4 173 183 1.06 2.39
NH4-1limited 21.0 3.6 12.9 131 166 1.27 3.44
Chaetoceros Si-starved 4.5 7.9 8.1 300 371 1.24 3.71
debilis Si-limited 13.0 7.2 7.5 229 290 1.27 2.84
Non-1limited 7.8 8.6 8.7 380 466 1.23 3.25
NHg-1limited 6.6 8.5 6.4 270 357 1.32 2.66
NHg-starved 16.0 8.7 6.3 280 370 1.32 3.90
Thalassiosira Si-starved 0.7 17.2 22.5 5230 1680 0.32 3.51
gravida Si-1limited 0.9 16.1 23.7 4820 1605 0.33 2.28
Non-1limited 1.2 19.8 19.6 6030 1834 0.30 2.42
NHg-starved 1.1 20.0 17.9 5620 1750 0.31 2.38
NHg4~-1limited 4.4 18.1 14.3 3710 1327 0.35 2.99
In all three species, cell volume was phyll a, and N:chlorophyll a ratios and

the lardgest in non-limited cells
1). The
limited
creased
‘was not

(Table
reduction in cell volume in the
and starved cells was due to de-~
cell width, and this reduction
entirely off-set by the increase
in cell length which occurred in some
species. The gurface area:volume ratios
were highest in limited and starved
cells.

Cellular Chemical Composition

The cellular chemical composition of the
three diatoms is expressed as ratios in
Table 2 and on a volume and per cell
basis in Table 3. Cells grown under no
limitation are used as a standard
against which an increase or decrease of
a particular chemical constituent of lim-
ited or starved cells 1s evaluated. An
examination of the differences within
each species, due to a different nutri-
ent limitation or starvation revealed
the following changes in chemical compo-
sition:

(1) Cells grown under silicate starva-
tion showed an increase in carbon, chlo-
rophyll a, nitrogen and phosphorus and a
small decrease in silica, on a per cell
volume basis. These changes resulted 1in
an increase in the C:N, N:Si, C:chloro-

a decrease 1n the Si:P ratio.

(2) Under silicate limitation the
cells showed a similar increase in car-
bon, chlorophyll a, nitrogen and phospho-
rus and a decrease in silica per um3, as
observed under silicate starvation. Cel-
lular carbon and nitrogen per volume was
generally less than starved cells, and
therefore the ratios C:chlorophyll a and
N:chlorophyll a were also lower. Si-
limited Skeletonema costatum and Chaetoceros
debilis showed a marked decrease in the
silica per unit cell volume, compared to
Si-starved cells.

(3) Ammonium limitation resulted in a
decrease in chlorophyll a, carbon and
nitrogen per unit cell volume. The ra-
tios N:chlorophyll a, N:P and N:Si de-
creased, while C:N and C:chlorophyll a
increased.

(4) Cells grown under ammonium starva-
tion showed similar trends to those un-
der ammonium limitation, except that car-
bon, silica, phosphorus, and nitrogen
per unit cell volume were higher.

Discussion
Cell Morphology

Changes in morphology of the three spe-
Cies were most striking under silicate

{Fig. 1.
limited Skeletonema costatum (2000 x);
costatum (1500 x);
(F) NHy-limited C. debilis (1500 x);

Photomicrographs of three marine diatoms grown in different nutrient environments.
(B) non-limited S.
(D) Si-limited Chaetoceros debilis (1425 x);
(G) Si-limited Thalassiosira gravida (1425 Xx);

() si-
(1425 x); (C) NHy~limited S.

(E) non-limited C. debilis (1040 x);
(H) non-limited

costatum

T. gravida (1425 x); (I) NH4-limited T. gravida (1425 x); all material was living and photographed

at 500 x with phase-contrast objectives
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Table 2. Cellular chemical composition of 3 marine diatoms expressed as ratios (by atoms), except
C:chlorophyll a and N:chlorophyll a, which are ug:ug

Species Limitation C:P N:P Si:P C:S81 N:51i C:N C:chl a N:chl a Si:chl a P:chl a
Skeletonema Si-starved 104 7.7 2.8 36.5 2.8 13.2 178 15.7 11.4 4.6
costatum Si-limited 57 8.4 2.0 27.7 4.1 6.8 65 11.2 5.5 3.0
Non-limited 51 10.0 5.4 9.4 1.9 5.1 61 14.0 15.0 2.8
NHy-1limited 46 4.8 5.9 7.8 0.8 9.5 72 8.8 21.6 4.2
NHy-starved 62 4.2 5.2 11,9 0.8 14.8 98 7.7 20.8 4.6
Chaetoceros Si-starved 33 8.0 1,7 19.6 4.8 4.1 76 21.9 9.0 6.2
debilis Si-limited 43 7.9 1.9 22.5 4.1 5.4 55 11.7 5.6 2.6
Non-limited 39 12.0 6.7 5.8 1.8 3.2 32 11.6 13.0 2.2
NH4-limited 29 4.6 9.7 3.0 0.5 6.4 47 8.5 36.3 4.3
NHy-starved 24 6.0 6.6 3.6 0.9 4.0 43 12.6 28.1 4.8
Thalassiosira Si-starved 51 11.1 1.3 39.2 8.5 4.6 46 17.2 2.4 2.1
gravida Si-limited 40 9.7 1.6 24.4 6.0 4.1 34 9.8 3.3 2.3
Non—-limited 24 8.8 3.8 6.3 2.3 2.7 26 11.4 9.8 3.0
NH4-limited 24 2.0 3.2 7.6 0.6 12.3 55 5.3 17.1 6.1
NH4-starved 18 5.1 3.7 3.5 1.4 3.5 106 15.1 50.7 15.7

Table 3. Cellular chemical composition of 3 marine diatoms expressed on a per cell and volume
basis. Values of carbon and chlcrophyll a are in ug and nitrogen, silica and phosphorus are
in ug-at 1-1

Species Limitation Per cell (x 10=7) Per um3 (x 10~10)
Chl a C N si P Chl a C N Si P

Skeletonema Si-starved 1.6 285 1.8 0.65 0.23 10.6 1900 12.0 4,33 1.53
costatum Si-limited 2.0 130 1.6 0.39 0.19 15.0 977 12.0 2.93 1.43
Non—-limited 1.4 85 1.4 0.75 0.14 7.7 470 7.7 4.14 0.77
NHyg-limited 1.0 72 0.6 0.77 0.13 5.8 416 3.6 4.33 0.75
NHy-starved 0.9 96 0.5 0.67 0.13 7.4 733 4.1 5.11 0.99
Chaetoceros Si-starved 7.1 538 11.1 2.29 1.38 23.6 1794 36.9 7.63 4.60
debilis Si-1limited 5.5 300 4.6 1.11 0.58 24.0 1310 20.1 4.85 2.53
Non-limited 6.5 208 5.4 3.02 0.45 17.2 549 14.2 7.95 1.18
NHy-limited 2.1 98 1.2 2.72 0.28 7.8 365 4.7 10.07 1.04
NH4-starved 3.0 128 2.7 3.01 0.45 11.1 455 9.6 10.62 1.59
Thalassiosira Si-starved 128.0 5893 91.6 10.80 8.30 24.5 1127 17.5 2.06 1.59
gravida Si-limited 109.0 3747 76.6 12.78 7.89 22.6 778 15.8 2.65 1.64
Non-1limited 57.3 1520 46.8 20.00 5.33 9.5 252 7.8 3.32 0.88
NHy-1limited 21.9 1216 8.2 13.36 4.18 3.8 216 1.5 2.38 0.74
NHyg-starved 9.0 957 22.5 16.30 4.41 2.4 258 6.1 4,39 1.18

limitation. A reduction in the length of normal chromatophore and pigment comple-
the rods joining Skeletonema costatum cells ment. Coombs et al. (1967) suggeste@ that
together, reduced setae in Chaetoceros de- the biprotoplastic cells observed in

bilis, and many elongated cells with a Si-starved cultures of Navicula pelliculosa
malformed mucilagenous thread in Thalas- were due to cessation of the cell cycle
siosira gravida, were the most prominent just after arganelle duplication oc-
features observed. An increase 1n the curred, and before formation of daughter
pigment concentration per cell was easi- cells.

ly detectable visually. Holmes (1966)

observed an increase in the number of The decrease in the pigment concentra-
chromatophores in a Si-starved culture tion per cell for all three species un-
of coscindodiscus sp. He suggested that der ammonium limitation was strikingly
when cell division was inhibited due to visible and was the most distinguishing
lack of silicate in the medium, organ- feature of NH4-limited cells. The larger
elle replication continued untll the cell vacuole was also an important char-

cell contained approximately twice its acteristic of these cells.
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Even though Si~- and NHy-limited cells
can be identified with the light micro-
scope, documentation of more detailed
changes in the test, especially under
silicate limitation, will require the
use of a scanning electron microscope,
and this line of research is presently
being pursued. Work in this direction
was initiated by Paasche (1973a), who
has shown that under silicate limitation
Thalassiosira pseudonana exhiblted a loss of
the areola pattern near the center of
the valve. Determining the extent to
which valve patterns may be changed un-
der different limitations may prove im-
portant in taxonomic identification of
some genera. For example, in freshwater
studies, the diatom cyclotella woltereckii
was found to be the gilica~deficient
form of c¢. pseudostelligera (Belcher et al.,
1966) .

There was a small increase in the sur~
face-to~volume ratio of cells grown un-
der limitation or starvation (Table 1),
but this may be an important adaptation
to aid cells in taking up nutrients
when they are growilng in nutrient-
limited or deficient conditions. For the
tropical marine diatom Coscinodiscus pavil-
lardii, Findlay {1972) found a good cor-
relation between relative growth rate
and surface:volume, with the highest
growth rate occurring at the largest sur-
face:volume ratio.

Cellular Chemical Composition

The changes in the chemical composition
of each diatom species are examined by
considering the effect of the five dif-
ferent nutrient past histories (ammonium
or silicate limitation, ammonium or sil-
icate starvation, and no limitation) on
11 chemical composition ratios, carot-
enoid:chlorophyll a, C:chlorophyll a,
N:chlorophyll a, Si:chlorophyll a, P:chlo~
rophyll a, C:N, C:81, C:P, Si:P, N:P and
N:Si. Data from the literature on the
effect of nitrogen and silicon limita~-
tion or deficiency on cellular chemical
composition of marine diatoms have been
summarized in Table 4 to facilitate com~
parison with results from this study.

Pigment Ratio

The pigment ratio Dyg3p:Dggs 1s roughly
proportional to the carotenoid:chloro-
phyll a ratio (Margalef, 1968). It
varies considerably, between 2 and 8§,
and higher ratios are indicative of
older cultures of nutrient deficiency.
The pigment ratilo under silicate or
ammonium limitation was slightly lower
than for non-lirited cells (Table 1).

However, starvation clearly resulted in
higher ratios, which could be a result
of cessation of chlorophyll a synthesis
or an increased rate of chlorophyll de-
gradation. Healey et al. {1967) examined
pigment changes during silicon starva-
tion of Navicula pelliculosa and found that
chlorophyll a synthesis ceased in 5 to
7 h of silicon starvation, but that
diadinoxanthin (a carotenoid) and lipid
synthesis continued.

C:Chlorophyll a

The C:chlorophyll a ratio has been wide-
1y measured due to its usefulness in
estimating particulate carbon from chlo-
rophyll measurements and in determining
assimilation ratios. This ratio general-
ly varies by over a factor of 2 with
healthy, natural populations ranging
from 20 to about 60. A mean value of 40
is often used in calculations, the value
obtained by Lorenzen (1967) for healthy
populations in an upwelling area. The
range of C:chlorophyll a values (26 to 61)
for the three diatoms in this study un-
der no nutrient limitation are within
this range.

The C:chlorophyll a ratios under sili-
cate starvation and limitation were
higher than non-limited cells, due to
the increased carbon per cell. Si-
starved cells had the highest carbon per
cell and therefore the highest C:chloro-
phyll a ratio. This observation can be
explained by the results of Werner (1966)
and. Coombs et al. (1967), who demon-
strated that carbohydrate and lipld syn-
thesis continue for a longer time than
protein and chlorophyll a synthesis un-~
der silicon starvation.

Under ammonium starvation and limita-
tion, the C:chlorophyll a ratio was also
higher than for non~limited cells; how-
ever, in this case it was due to a de-
creagse in the chlorophyll a/cell. C:chlo-
rophyll a for NHyg~-starved Skeletonema costa-
tum and Thalassiosira gravida was higher
than for NHy-limited cells. Several stud-
les corroborate these results. Hobson
and Pariser {1977) found that the C:chlo~-
rophyll az ratio increased from 4 to 10
times when 7. pseudonana was N-starved,
and they reported values as high as 200.
They stated that the high values were
due to a decrease in chlorophyll a/cell
and, after 160 h of starvation, due to
an increase in C/cell. Holm-Hansen et al.
(1968) found that the ratio for healthy
S. costatum increased from 70 to about 200
under N-deficient conditions. Recently,
Eppley and Renger (1974) found that
C:chlorophyll a increased from 28.7 to
91.4 as the degree of nitrogen limita~-



26 P.J. Harrison et al.: Chemical Composition and Morphology of Diatoms

Table 4. Data from the literature on the effect of nitrogen and silicon limitation or
deficiency on cellular chemical composition of marine diatoms. Range of values for the
ratios corregponds to range of dilutlion rates used (arranged according to increasing
nutrient limitation, i.e., decreasing dilution rate, D). All ratios are by atoms ex-

cept those normalized to chlorophyll a, which are ug:ug

Limitation Species D (h-1) C:N Cc:81L C:P C:chloro- N:Si
phyll a

Nitrate Cyclotella

nana 0.077-0.009 7.7-20.0 - - 76-500 -
Nitrogen Chaetoceros

debilis 0.097-0.008 9.8-12,9 - - 57.4-53.6 -
Nitrogen Thalaggiogira

pseudonana  0.041-0.008 5.7-14.8 - 63.4~90.5 28,7-91.4 -
Ammonium Skeletonema

costatum 0.110-0,042 - - - - 3.8-0.6
Nitrogen Skeletonema

cosgtatum oa 4.8-9.4 - - 70-220 -
Nitrate Thalassiogira

fluviatilis 02 6.3-12.0 - - 18-26 -

Thalassiosira

pseudonana 0% 4.8-10.0 - - 111-200 -
Silicate Skeletanema

cogtatum 0.061-0.035 -~ - - - 3.3-4.
Silicate Skeletonema

cogtatum 0.086-0.022 -~ - - - 3.3-5.

aBatch cultures. Data are

tion was increased in a chemostat (Ta-
ble 4).

N:Chlorophyll a

N:chlorophyll a ratios for Si-starved
cells were higher than for non-limited
and Si-limited cells, primarily due to
the increase in N/cell under silicate
starvation. For Si-limited Skeletonema cos-
tatum and Thalassiosira gravida the N:chlo-
rophyll a was lower than for non-limited
cells due to the increased chlorophyll
a/cell. In previous chemostat studies,
Harrison et al. (1976) found that chloro-
phyll a/cell increased and consequently
N:chlorophyll a decreased from 75 to 11
with increasing silicate limitation (Ta-
ble 4).

Ammonium-limited cells clearly ex-
hibited the lowest N:chlorophyll a ratio
of all nutrient conditions studied, in-
dicating that the N:chlorophyll a ratio
would be a sensitive indicator of nitro-
gen limitation. Both chlorophyll a/cell
and N/cell decreased, however, the de-
crease in N/cell was much greater, and
therefore accounted for most of the de-
crease in the N:chlorophyll a ratio. For
NH4-starved cells, the N:chlorophyll a
ratio showed no consistent pattern for
the three species, since the amount of
decrease in the N:cell ratio was vari-
able.

for cultures after 72 to 115 h starvation.

In chemostat studles of nitrogen lim-
itation, caperon and Meyer (1972) showed
that the N:chlorophyll a ratio was rela-
tively constant (~12.9) for dilution
rates from 0.077 to 0.040 h-1, The ratio
increased to 35 only at dilution rates
lower than 0.040 h—1. Similarly, Bien-
fang (1975) found that N:chlorophyll a
was also statistically invariant for
dilution rates over the range 0.045 to
0.076 h~1 for the green flagellate puna-
liella tertiolecta. For dilution rates less
than 0.04 h-1, Thomas and Dodson (1972)
and Eppley and Renger (1974) found that
N:chlorophyll a increased with increas-
ing nitrogen limitation (i.e., lower
dilution rate; Table 4). Recently,
Harrison et al. (1976) showed that for
Skeletonema costatum at a higher dilution
rate range from 0.11 to 0.042 h-T,
N:chlorophyll a decreased due to the de-
crease in N/cell, as nitrogen limitation
increased.

Si:Chlorophyll a

This ratio was always lower for Si-
limited and starved cells than for non-
limited cells, with Si-limited cells
having the lowest ratio by a factor of 3.
The large decrease in this ratio was due
to decreased Si/cell and increased chlo-
rophyll a/cell. For NHy-limited or
starved cells Si:chlorophyll a was al-
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Table 4 (continued)

N:P N:chloro- Si:P Si:chloro~ P:chloro- Source
phyll a phyll a phyll a
- 11.7-35.6 - - - Caperon and Meyer (1972)
- 2,9-4.8 - - - Thomas and Dodson (1972)
9.7-6.4 5.8-7.5 - - 1.2-2.6 Eppley and Renger (1974);
Perry (1976)

15.2-5,1 28.9-5.6 4.0-8.8 22.7-21.0 6.1-2.6 Harrison et al. (1976)

- 11.5-20.0 - - - Holm-Hansen et al. (1968)
- 2.9-2.2 - - - Hobson and Pariser (1971)
- 23.3-20.0 - - - Hobson and Pariser (1971)
10.0-6.1 - 3.0-1.5 - - Davis (1973)

10.0-9.8 74.6-10.7 3.0-1.7 43.9-3.7 19.2-2.5 Harrison et al. (1976)

ways higher than for non-limited cells
due to the decrease in chlorophyll a/cell.
Harrison et al. (1976) found that, for
Skeletonema costatum, Si:chlorophyll a de-
creased from 43.9 to 3.7 with increasing
silicate limitation in a chemostat,

while the ratio remained nearly constant .
(~21) under ammonium limitation (Table 4).

P:Chlorophyll a

For Si-limited and starved cells, the ra-
tio was similar to that for non-limited
cells because both chlorophyll a and
P/cell increased under silicate limita-
tion and starvation. The ratioc was al-
ways higher for NHy-limited and starved
cells than for non-limited cells, with
NH4y-starved cells being the highest;
this was due to a decrease in chloro-
phyll a/cell. Chemostat studies have
shown that P:chlorophyll a was relative-
ly constant when dilution rates were
less than 0.054 h—1, but the ratio in-
creased when dilution rates were greater
than 0.054 h-1, for both silicate and
ammonium limitation (Harrison et al.,
1976). Perry (1976) found that P:chloro-
phyll a increased with increasing nitro-
gen limitation for dilution rates less
than 0.04 h~1 (Table 4).

C:N

The range of C:N for the non-limited cul-~
tures 1n our study was from 2.7 to 5.1.

This is somewhat lower than the expected
106C:16N or 6.6:1 ratio (Redfield et al.,

1963). For non—-limited cultures of chaeto-
ceros Sp. and Skeletonema costatum, Parsons
et al. (1961) found C:N ratios of 6.6 and

5.3, respectively.

Silicate limitation or starvation in-
creased the C:N ratio. This increase was
primarily due to the large increase in
C/cell, even though N:cell also in-
creased. These observations agree with
those made by Werner (1966) on Si-starved
Cyclotella cryptica. He observed that pro-
teln synthesis was blocked earlier than
carbohydrate synthesis when the cells be-
came Sl-starved.

Ammonium limitation or starvation al-
so increased the C:N ratio, primarily
due to the decrease in N:cell. Hobson
and Pariser (1971) found that nitrogen
starvation increased the C:N ratio in
Thalassiosira pseudonana from 4.8 to 10.
They suggested that N-starved cells con-
tinue to synthesize organic matter de-
ficient 1n nitrogen and rich in carbo-
hydrates. In batch-culture experiments,
Conover (1975) found that the C:N ratio
increased from 5 to about 200 as a cul-
ture of 7. fluviatilis became senescent.
In four other studies (Caperon and
Meyer, 1972; Thomas and Dodson, 1972;
Eppley and Renger, 1974; Bienfang, 1975)
using N-limited chemostat cultures of
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various phytoplankton species, the C:N
ratio increased by about two-fold with
increasing nitrogen limitation (Table 4).

C:S81

The ratio for Si-limited and starved
cells was 3 to 15 times higher than for
non-limited cells, and the Si-starved
ratio was higher than for silicate limi-
tation (except for cChaetoceros debilis).
The increase was due to a decrease 1n
Si/cell and an increase in C/cell. Under
ammonium limitation and starvation, the
C:851 ratlio was variable but similar to
the ratio for non-limited cells.

C:P

Under silicate limitation and starvation,
the C:P ratio was higher than for non-
limited cells. The ratio was higher for
Si-starved cells than for Si-limited
cells, due to the larger increase in
C/cell compared to the increase in
P/cell. Chaetoceros debilis deviated from
this latter trend because of the factor
of 3 increase in P/cell, resulting in a
lower C:P ratio.

The C:P ratio under ammonium limita-
tion or starvation was variable, but sim-
ilar in magnitude to non-limited cells.
Perry (1976) found that the ratio in-
creased as the degree of nitrogen limita-
tion increased in a chemostat (Table 4).

Si:P

For the non-limited cultures in our
study, the Si:P ratio ranged from 3.8 to
6.7. In all cases, silicate limitation
or starvation resulted in a reduction in
this ratio. This was due to decreased
Si/cell under silicate limitation and
partially due to increased P:cell under
silicate starvatilon. Chemostat studies
with Si-limited Skeletonema costatum showed
that the Si:P ratio decreased from 3 to
1.7 as the degree of silicate limitation
increased (Harrison et al., 1976).

Under ammonium limitation or starva-
tion, the $i:P ratio was similar to the
ratio for non-limited cells, since there
was no excess accumulation of phosphate
as was observed under silicate starva-
tion. In earlier chemcstat studies with
Skeletonema costatum, Si:P was observed to
increase at low dilution rates in an
NH4-limited chemostat, due to a decrease
in P/cell (Harrison et al., 1976).

N:P

The range of N:P for the non-limited cul-
tures was 8.8 to 12.0. Values of N:P for

laboratory cultures of a number of phyto-
plankton species have been measured and
found to vary considerably. In general,
the ratio is usually less than the ac-
cepted value for the composition of sea-
water of 15 or 16:1 (Corner and Davies,
1971). Parsons et al. (1961) grew a num-
ber of species in batch culture, and
found for skeletonema costatum and Chaeto-
ceros sp. ratios of 7.7 and 8.3, respec-
tively.

Under silicate limitation or starva-
tion, the ratio was simllar to the ratio
for non-limited cells. This is consis-
tent with the findings in other Si-
limited chemostat studies where the N:P
ratio was found to remaln constant at
about 10 when the silicate limitation in-
creased (Harrison et al., 1976).

The N:P ratio was consistently lower
under ammonium limitation or starvation,
due to the decreased N/cell. Harrison
et al. (1976) and Perry (1976) have shown
that the N:P ratio decreases with in-
creasing nitrogen limitation in chemostat
cultures and that this decrease can be
as high as 3-fold, from 15 to 5 (Table
4).

N:Si

Values of this ratio showed the greatest
difference between the two nutrient lim-
itations, ammonium and silicate. The ra-
tio was generally 2 to 3 times higher
for S8i-limited and starved cells and 2
to 3 times lower for NH4-limited and
starved cells than for non-limited cells.

The N:Si ratio has been shown to in-
crease from 3.3 to 5.7 with increasing
silicate limitation in chemostat cul-
tures of skeletonema costatum, and the ra-
tio decreased from 3.8 to 0.58 with in-
creasing ammonium limitation (Harrison
et al., 1976).

In summary, comparison of cellular
chemical composition of nutrient-limited
and starved cells on a per unit cell
volume basls indicates that nutrient-
limited cells showed a greater modifica-
tion in cellular chemical composition
than nutrient-starved cells. NHy-limited
cells had lesser amounts of carbon, ni-
trogen, silica, phosphorus and generally
chlorophyll a per um3 than did NH,-
starved cells. Similarly, Si-limited
cells had lower amounts of carbon, phos-
phorus and generally silica per um3 than
Si-starved cells. This conclusion 1s
also borne out by the fact that the
greatest changes in morphology occurred
in NH4- or Si-limited cells. These ob-
servations can be explained by the fact
that after cells exhaust a particular
nutrient from the medium, cell division
ceases after one or two more cell divi-
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sions and thus the modification that
does occur in nutrient-starved cells,
must occur during these one or two divi-
sions and for a short period after cell
division ceases. Cells grown in chemo-
stats under nutrient-limitation go
through many (>10) generations before a
steady state is obtained and modifica-
tion in chemical composition is complete.
Therefore, in laboratory studies to de-
termine the full range of chemical com-
position for one species under one nu-
trient limitation, nutrient-limited
rather than nutrient-starved cells
should be used, along with non-limited
cells.

Ecological Significance

In addition to confounding taxonomic
studiés, changes in morphology induced
by silicate or ammonium limitation may
also increase sinking rates. The reduc-
tion in the length of the setae in chaeto-~
ceros debilis and in the length of the
rods joining the cells of Skeletonema cos-
tatum that occurred under silicate limita-
tlon have previously been shown to in-
Crease slnking rates (Smayda and Boleyn,
1966; Smayda, 1970). These observations
suggest that the sinking rate of cells
under silicate limitation may be higher
than under ammonium limitation, due to
the substantial modification and reduc-
tion 1n extensions of the frustule that
do not occur under ammonium limitation.
Future investigations in this direction
are needed.

The photomicrographs of the cells
(Fig. 1) suggest that it is possible to
visually assess the nutritional status
of marine diatoms by correlating visual
symptoms induced by limitation or starva-
tion with the particular element in
short supply such as nitrogen or silicon.
The usefulness of this approach in
field studies will depend partially on
the magnitude of the sinking rates and
the depth of the thermocline. Titman and
Kilham (1976) have shown that sinking
rate increases substantially, shortly
after the on-set of phosphate starvation,
and it begins to decrease about 12 h
after phosphate enrichment. Due to this
reasonably rapid adjustment of sinking
rate by cells, it is possible that cells
could quickly sink into high-nutrient,
deep water (where recovery from limita-
tion would begin) before nutrient-
deficient symptoms are well developed.

The chemical composition of Thalassio-
sira pseudonana drown in a chemostat under
phosphorus or nitrogen limitation has
been compared and the effect on ratios
evaluated (Perry, 1976). Perry suggested

that ratios which differed by a factor
of 5 or more could be considered useful
diagnostic parameters in determining nu-
tritional status of phytoplankton. Based
on this criterion, only one ratio, N:Si,
would be useful in distinguishing be-
tween S1- and N-limited phytoplankton.
This ratio was similar for all three spe-
cies, with an average value of 5.1 for
Si-starved or limited, 2.0 for non-
limited, and 0.8 for NHy-starved or lim-
ited. Other ratios including C:8i, N:P,
Si:P and Si:chlorophyll a were different
by a factor of at least 2. The 5 ratios
that would be leasgst useful in distin-
guishing between silicate or nitrogen
limitation were C:N, C:P, C:chlorophyll
a, N:chlorophyll a and P:chlorophyll a.
Generally, these ratios increased for
both silicate and ammonium limitation,
but for different reasons. (The N:chlo-
rophyll a ratio under ammonium limita-—
tion was an exception.) In all cases,
the change in these 5 ratios was small
and could not be easily detected using
natural phytoplankton populations.

Due to the problems of measuring the
chemical composition of living phyto-
plankton in the ocean, the nutritional
status of phytoplankton in the field is
best studied by combining a number of
approaches. These are: measuring one or
two of the more sensitive chemical com-
position ratios, visually examining the
cells for symptoms of certain nutrient
deficiencies, and measuring uptake ki-
netics on a time-series basis.
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