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ABSTRACT: The cellular silicon, nitrogen, and carbon content and the kinetics of silicic acid use were 
determined for Thalassiosira weissflogii grown under nutrient-replete, iron-deficient, and zinc-defi- 
cient conditions to assess the effect of metal deficiency on dlatom silicon metabolism. Iron- and 
zinc-deficient T weissflogi~ cells contained 40 and 66% more silicon, respectively, than their nutrient- 
replete counterparts. Low Zn and low Fe also increased cellular C and N content. Low Zn increased cel- 
lular carbon by 55 % and cellular N by 41 %. Low Fe increased cellular C and N by 68 and 45 %, respec- 
tively. Fe stress did not alter cellular Si/N ratios significantly, but Si/C ratios declined by 17%. In 
contrast, Zn stress increased SVC and Si/N ratios by 41 and 53%, respectively. Both Zn and Fe stress 
dramatically altered the kinetics of silica production by T weissflogii. Zn deficiency increased the half 
saturation constant (K,) 64 ",, and decreased the maximum specific uptake rate (V,,,) by 60%. In con- 
trast, Fe stress did not affect the value of K,, but decreased V,,, by 66%, similar to the decrease 
observed under low Zn. The decrease in V,,,,, in Zn-deficient cells was almost entirely due to the higher 
biogenic silica content of the metal-deficient cells. The decline in V,,, under Fe stress resulted from 
both the increase in cellular silica content and a 50% decline in the cellular uptake rates for silicic acid. 
The results indicate that Fe and Zn availabihty can significantly alter silicification in diatoms and affect 
the number and efficiency of silicon transport molecules in the cell membrane. 
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INTRODUCTION 

Beginning with the first demonstration of iron limita- 
tion in the ocean (Martin & Fitzwater 1988) diatoms 
have repeatedly shown a substantial response to iron 
inputs, resulting in post iron-addition phytoplankton 
communities dominated by diatoms. Subsequent work 
in both oceanic (Martin et al. 1989, 1991, de Baar et al. 
1990, Price et al. 1991, DiTullio et al. 1993, Zettler et al. 
1996, Takeda 1998) and coastal high-nutrient, low- 
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chlorophyll (HNLC) regions (Hutchins & Bruland 1998, 
Hutchins et al. 1998) has confirmed this Fe-induced 
shift in the phytoplankton community towards dia- 
toms. A dramatic drawdown of nitrate and large 
increases in carbon fixation typically occur in conjunc- 
tion with Fe-induced diatom blooms. The drawdown of 
silicic acid should be concomitantly marked, but often 
it is not. For example, the drawdown of silicic acid 
occurs to a similar degree in Fe-enriched treatments 
and controls, which contain no added metals, during 
shipboard incubations of Fe-deficient waters. This 
occurs despite the abundant growth of diatoms in the 
Fe-enriched treatments as compared to the controls 
(e.g. Martin & Fitzwater 1988). This suggests that Fe 
affects silicon metabolism in a more complex manner 
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than simply an Fe requirement for silicic acid utiliza- 
tion. The above observations suggest, in fact, that Fe 
hinders silicification, while paradoxically stimulating 
the growth of diatoms. 

The physiological basis for Fe effects on diatom sili- 
con metabolism is poorly understood. Limited labora- 
tory data suggest that the silicon content of diatoms 
may either increase (Harrison & Morel 1983) or de- 
crease (Takeda 1998) at elevated free ferric ion con- 
centrations. The laboratory experiments of Rueter & 
Morel (1981) indicate that another metal, zinc, may 
also be involved in diatom silicon metabolism. Based 
on an observed increase in the rate of silicic acid 
uptake with increasing zinc concentration (from 0 to 
10 nM) and the observation that zinc-starved diatoms 
appeared thinly silicified, this study concluded that 
zinc is required by diatoms for silicification. 

In an attempt to further assess the role of Fe and Zn 
in silicon metabolism, we compared the silicon, car- 
bon, and nitrogen content of Fe- and Zn-deficient 
and nutrient-replete Thalassiosira weissflogii grown in 
batch culture. To directly evaluate the effect of metal 
limitation on silicic acid use, we measured the kinetics 
of Si use of nutrient-replete, low Fe and low Zn cells. 
The results, which like the field data are at first glance 
contradictory, yield insight into the roles of Fe and Zn 
in diatom silicon metabolism. 

METHODS 

Axenic cultures were maintained in media contain- 
ing 200 p M  NO3-, 20 pM P043-,  200 p M  Si(OH)4, and 
Aquil concentrations of trace metals (e.g.  4.51 X TO-' 
Fe, 4.00 X lO-' Zn) and vitamins (Price et al. 1988/89). 
All nutrient and vitamin stocks were run through a 
Chelex 100 column prior to use (Rueter & Morel 1981, 
Price et a1 1988/89). Media were made up in olig- 
otrophic Gulf Stream seawater collected using trace 
metal clean methods and then filtered through 0.2 pm 
polycarbonate (PCTE) filters (Poretics), passed through 
Chelex resin, and microwave sterilized (Keller et al. 
1988). Preparation of media a.nd handling of cultures 
were carried out using standard trace metal clean 
techniques as outlined in Rueter & Morel (1981). Cells 
were grown under continuous illumination under 'cool 
white' fluorescent llghts at a photon fluence rate of 
100 pEin m-* S-'. 

Cultures of nutrient-replete (designated Complete), 
Fe-limited (-Fe), and Zn-limited (-Zn) diatoms were 
prepared by inoculation of cells into 1 of 3 different 
seawater growth media. Macronutrient, vitamin, and 
trace metal additions to these media were the same as 
in the medium described above except that no Fe was 
added to the -Fe media, and no Zn to the -Zn media. 

Days 

Fig. 1. Log scale plot of the growth of nutrient-replete (O), Fe- 
stressed (U), and Zn-stressed ( A )  Thalassiosira weissflogii 
(CCMP 1049) prepared for Si. C, N per cell analysis and silica 
production experiments. Cells used in the incubations were 
collected and used on Day 6. Growth curves for cells used in 

all BSifcell determinations followed similar patterns 

Complete media contained full additions of macronu- 
tnents, vitamins, and metals. After several days, cells 
were transferred using trace metal clean techniques 
into a fresh batch of the same medium and allowed to 
grow for several days prior to experimentation to 
ensure metal limitation in the -Fe and -Zn cultures 
(e.g. Fig. 1). Four replicate batch cultures were estab- 
lished to measure the change in cellular silicon content 
of Thalassiosira weissflogii induced by Zn and Fe 
stress. One set was also used to determine the effect of 
metal deficiency on Si:C and Si:N elemental ratios and 
the kinetics of Si use. Growth in the cultures was mon- 
itored by daily cell counts using a Neubauer type 
hemacytometer. Specific growth rates of the culture 
used in the silica production incubation (Culture 4) 
over the second-to-last day prior to the experimental 
work on Day 6 (Fig. 1) were 0.53 d-' (Complete), 
0.41 d-l (-Fe), and 0.13 d-' (-Zn). Growth rates over 
the last day before these experiments were 0.41 d-' 
(Complete), -0.04 d-' (-Fe), and 0.30 d-' (-Zn). Growth 
in all cultures followed similar patterns (Table 1). 

Table 1. Growth rates (d.') of Thalassios~ra weissflogii (CCMP 
1049) grown under nutrient-replete, Fe-stressed, and Zn- 
stressed conditions on the second to last day before sampling 

(p2) and on the last day prior to sampling (p )  

Culture Complete F e  -Zn 
P2 P p2 P v 2  P 

1 0.60 0.42 0.19 0.39 0.13 -0.16 
2 0.44 0.55 0.55 -0.62 0.18 0.38 
3 0.51 0.39 0.30 -0.06 - - 
4 0.53 0.42 0.41 -0.04 0.13 0.30 
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Each experimental culture was sampled for bio- 
genic silica (BSI) concentration, particulate carbon 
and nitrogen concentration, and cell abundance. 
Replicate 25 to 50 m1 volumes of culture were filtered 
onto 0.6 pm PCTE filters for BSi concentration analy- 
sis. Filters were nnsed with 0.2 pm filtered seawater, 
folded into quarters, placed in individual plastic petri 
dishes, and dried overnight in air at 65°C. BSi on the 
filters was digested in 0.2 M NaOH at 85°C for 2 h 
(Paasche 1.973), neutralized with 1 N HCl, and di- 
luted. The res.ulting dissolved silicic acid was quanti- 
fied via a standard colorirnetric analysis (Stnckland & 
Parsons 1972) modified to use a reverse order reagent 
blank (Brzezinski & Nelson 1986). Two replicate 25 m1 
samples were filtered through GFF filters for particu- 
late C and N analyses determined according to Sharp 
(1991), using a Leeman Labs, Inc., CE CHN analyzer 
(Mode1 440). 

Silica production kinetics were measured on Day 6 
using the radioisotope 32Si as a tracer (Brzezinski & 
Phillips 1997). Cells from the Complete, -Fe and -Zn 
cultures were gently filtered onto 0.6 pm PCTE fil- 
ters, and then nnsed with and resuspended in 0.2 pm- 
filtered and chelexed seawater. Aliquots of the con- 
centrated cells were dispensed into experimental 
bottles containing 130 m1 Complete, -Fe, or -Zn 
media with 0, 1, 3, 7 ,  11, l ? ,  25, or 40 pM silicic acid 
as sodium metasilicate that had been passed through 
Chelex resin. The background silicic acid concentra- 
tion in the oligotrophic seawater was 1.48 pM, and 
cell additions were adjusted to yield final densities 
of -3.2 X 104 cells ml-'. All reported production rate 
measurements are averages based on 2 duplicate in- 
cubations per silicic acid concentration per complete, 
-Fe, or -Zn treatment. Three subsamples of concen- 
trated cells per incubation bottle were set aside for 
BSI analysis. A total of 377 Bq of 32Si were added to 
each bottle, and the bottles were incubated for 11 h. 
Incubations were terminated by filtering the cells 
onto 0.6 p111 PCTE filters and rinsing away excess 
tracer using 0.2 pm filtered and chelexed seawater. 
Filters were transferred to scintillation vials and pre- 
pared for liquid scintillation counting as in Brzezinski 
& Phillips (1997). 

Following Brzezinski & Phillips (1997), BSI produced 
during the incubation with "Si (BSi,,,,) was calculated 
as: 

BSi,,, = (Bq "Sipsi/Bq "tSi,,,)[Si(OH)4] (1) 

where Bq 32Sipsi is the amount of 32Si present in bio- 
genic silica at the end of the incubation, Bq 32Si,,, 
is the amount of 32Si added to the sample, and 
[Si(OH),] is the concentration of silicic acid in the 
sample. Rates of silica production per cell ( p )  were 
calculated as: 

[BSi",,] 
P = 

cells 1-l X t 

where t is the incubation time in hours. Specific rates of 
silica production (V,) were calculated from p and the 
cellular BSi content (BSi,,,,) as: 

Kinetic parameters and their associated uncertainty 
were calculateQby fitting the kinetic curves to the 
Michaelis-Menten equation for enzyme kinetics by 
nonlinear regression using a procedure that accounts 
for errors induced by changes in substrate concentra- 
tions during incubation, outlined in Del Amo (1996). 
Values of V, were plotted against the average values 
for the silicic acid concentrations, 

where [DSi], and [DSi], are the initial and final dis- 
solved silicon concentrations during the experiment 
and the mean values for the kinetic parameters, K, 
and V,,,,,,, are calculated by nonlinear regression using 
the Marquandt-Levenberg algorithm (Press 1992). 

Errors associated with the change in substrate con- 
centration during the experiment were determined by 
first integrating the Michaelis-Menten equation 

to give an estimate of the uncertainty on V 

where AV and A[DSi] are the uncertainties in V,,., 
(= V, as defined in Eq. 3) and [DSi], respectively. K,,., 
is the value of K, obtained from fitting the V, 
(Eq. 3) and [DSi],,, data to the Michaelis-Menten 
function as described above. A[DSi] is the difference 
between [DSi],,, and either the initial or final concen- 
tration of silicic acid in the incubation: 

A[DSi] - [DSi l i  - [DSiI,,, - 
[DSiI,,, [DSi I,,, (7) 

Minimum and maximum estimates for V,,,, (V-  and V+, 
respectively) may then be made: 

V' = V,,,, + A V  (8) 
and 

V- = V,,,,,, - A V  (9) 

and from them, minimum and maximum estimates for 
V,,,,,, and K, that take changing substrate concentra- 
tions into consideration are derived from nonlinear 
regression of V' and V- against [DSi],,,. 
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RESULTS Zn-deficient T. weissflogii were higher than those of 
nutrient-replete cells (t-test, p = 0.03), increasing by 4 1 

Cellular elemental composition and 53 %, respectively, in response to low Zn availabil- 
ity (Table 3). 

Both iron- and zinc-stressed Thalassiosira weissflogji 
(CCMP 1049) cells consistently contained significantly 
more silicon per cell than their nutrient-replete coun- Silica production kinetics 
terparts (Table 2; t-test, p = 0.04). On average, iron- 
and zinc-deficient cells contained 1.4 and 1.7 times The kinetic constants from each kinetic experiment 
more silicon, respectively, than those grown under are presented in Table 4 with an analysis of the errors 
nutrient-replete conditions. associated with the changes in substrate concentration 

Cellular carbon and nitrogen also increased under during each experiment presented in Table 5. The 
metal stress in Thalassiosira weissflogii (t-test, p = 0.03, error introduced by changes In the substrate concen- 
Table 3). Low Fe increased cellular carbon and nitro- tration is at most *1.5% for K, and negligible for V,,, 
gen by 68 and 45%, respectively. Low Zn produced (Table 5). By comparison the standards errors for the 
increases of 55 and 41 %, respectively, for cellular car- K, associated with the curve fitting alone are about 1 
bon and nitrogen. SUN ratios of Fe-deficient T. weiss- order of magnitude greater (ca *l0 to 20% of K,; 
flogii were not statistically different from those of Tables 4 & 5). All statistical analyses were thus per- 
nutrient-replete cells (t-test, p = 0.28); however, Si/C formed using only the standard errors derived from the 
ratios declined significantly (t-test, p = 0.03), being curve fitting procedure. 
17 % lower in Fe-stressed cells. Si/C and Si/N ratios of Metal stress caused a dramatic decrease in maxi- 

mum specific silica production rates (V,,,; t-test, p = 
0.05 both low Fe and low Zn). V,,, declined by 66% 

Table 2. Cellular silicon content (pm01 Si cell-') of Tha- in low Fe cells and by 60% in Zn-stressed cells 
lassiosira weissflogii (CCMP 1049) grown in batch culture compared to the nutrient-replete ( ~ i ~ .  2 ~ ,  
under nutrient-replete, Fe-stressed, or Zn-stressed condtlons. Table 4 ) .  In the case of Zn stress, the maximum cel- 

Errors are standard deviations on 2 to 3 replicate samples 
lular silica production rate (p,,,) was statistically 
indistinguishable from that of the nutrient-replete 
control (t-test, p = 0.05). In contrast, the p,,, of Fe- 
deficient cells was about half that observed under 
nutrient-replete conditions (Table 4; t-test, p = 0.05). 
The half saturation constant for silica production was 
not affected by Fe stress (t-test, p = 0.05), but 
increased by 64% under Zn deprivation (Table 4; 
t-test, p = 0.01). 

Culture Treatment 
Complete -Fe -Zn 

1 0.47 + 0.02 0.90 + 0.00 0.86 r 0.01 
2 0.58 i 0.02 0.71 + 0.01 0.81 i 0.21 
3 0.58 r 0.04 0.66 r 0.09 - 
4 0.41 * 0.00 0.57 r 0.06 0.88 r 0.02 

Average 0.51 % 0.20 0.71 + 0.13 0.85 * 0.04 

Table 3. Cellular carbon and nitrogen in relation to cell silicon content in nutrient-replete, Fe-stressed, and Zn-stressed Thalas- 
siosira weissflogii (Culture 4). Errors are standard deviations between replicate analyses 

Treatment pm01 Si pm01 C pm01 N C/N Si/C Si/N 

Complete 0.41 i 0.00 4.4 * 0.1 0.56 i 0.00 7.8 * 0.18 0.092 * 0.002 0.72 r 0.00 
-Fe 0.57 i 0.06 7.4 i 0.2 0.81 + 0.02 9.1 i 0.33 0.076 r 0.008 0.69 + 0.07 
- Zn 0.88 * 0.02 6.8 r 0.1 0.79 r 0.02 8.6 + 0.25 0.13 * 0.004 1.1 + 0.04 

Table 4. Kmetic parameters for silica production by nutrient-replete, Fe-stressed, and Zn-stressed Thalassiosira we~ssflogii 
(Culture 4). Values and standard errors of replicate incubations were calculated using the Marquandt-Levenberg algorithm 

for non-linear regression (Press 1992) 

Treatment Ks Pmax V m a  
PM (fmol Si cell-' h-') (h-') 

Complete 
-Fe 
-Zn 
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- -  -- 

Table 5. Kinetic parameters for silica production adjusted for changing concentrations of silicic acid. Errors are standard errors 
calculated using the Marquandt-Levenberg algorithm for non-linear regressions (Press 1992) 

Treatment 

Complete 2.32 Â 0.43 2.39 Â 0.45 
-Fe 2.68 Â 0.37 2.72 Â 0.38 
-Zn 3.93 Â 0.54 3.97 Â 0.55 

DISCUSSION 

Effects of Fe and Zn on cellular silicon content 

Other laboratory and field studies support the 
increased silicification of at  least some diatoms under 
Fe limitation. Martin & Fitzwater (1988) observed sig- 
nificant diatom growth in their field experiments with 
Fe-amended seawater, and yet no great difference in 
the drawdown of silicic acid between the Fe-enriched 

0.015 Â 0.000 0.015 Â 0.000 
0.005 Â 0.000 0 005 Â 0 000 
0.006 Â 0.000 0.006 Â 0 000 

and control treatments, consistent with the increased 
silicification of Thalassiosira weissflogii under Fe stress 
observed here (Table 2) .  More recently, Takeda (1998) 
reported an increase in cellular Si in Nitzschia spp. 
with Fe stress, but the effect was not universal for all 3 
species examined. Additionally, Hutchins et al. (1998) 
observed 2 to 3 times greater silicon use per diatom cell 
in controls than in +Fe treatments in a in a low Fe 
coastal region dominated by Chaetoceros sp. 

Zinc-stressed cells also displayed increased cellu- 
lar silicon content relative to nutrient-replete cells 
(Table 2) .  In Thalassiosira weissflogii the increase in 
cellular silicon is more pronounced with Zn stress 
than with Fe stress, with Zn-stressed cells containing 
1 .2  times as much silicon as Fe-stressed cells (t-test; 
p = 0.06). The increased cellular silicon levels that fol- 
low both Fe and Zn stress are unusual and noteworthy. 
Limitation by macronutrient availability, for example, 
results in decreased cellular silicon contents, as re- 
ported for both silicon-limited and nitrogen-limited 
cells (e.g. Harrison et al. 1976, 1977). 

Fe and Zn stress and cellular carbon and nitrogen 

Fig. 2. Silica production by Thalassiosira weissflogii is plotted 
against dissolved silicic acid concentration (pM). (A)  fmol Si 
cell"' h"' and (B)  Si produced per biogenic Si h"'. 0: nutnent- 
replete cells, 0 :  iron-limited cells, and A :  zinc-limited cells. 
Values represent the average of 2 incubations and error bars 
represent the standard deviations. Absent error bars fall 
within the boundaries of the symbol. Curves were calculated 
from the Marquandt-Levenberg algorithm for non-linear 

regressions (Press 1992) 

Similar to the case with silicon, cellular carbon 
and nitrogen contents of metal-stressed Thalassiosira 
weissfloqii (CCMP 1049) cells were greater than in 
their nutrient-replete counterparts (Table 3). These are 
the first results demonstrating that Zn stress affects 
diatom elemental composition by increasing cell C and 
N and increasing Si/C and Si/N ratios. Observation of 
increased cellular carbon and/or nitrogen in nutrient- 
stressed diatoms is not unprecedented. Increased cel- 
lular carbon and nitrogen has been observed in both 
Si-limited and Si-starved cells of Skeletonema costa- 
tumco, Chaetoceros debilis, and T gravida (Harrison 
et al. 1977). High levels of cellular carbon and nitrogen 
have also been observed in Fe-stressed cells of S. 
costatum (Sakshaug & Holm-Hansen 1977) and the 
oceanic diatom Actinocyclus sp. (Muggli & Harrison 
1997). However, these results stand in marked contrast 
to the decrease in C and N per cell in Fe-limited T. 
pseudonana and T. weissflogii observed by Sunda & 
Huntsman (1995) and Maldonado & Price (1996). 
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One potential explanation for the increase in cellular 
carbon and nitrogen is that metal stress may be retard- 
ing the cells' ability to divide. This would lead to a 
greater portion of the metal-stressed cells being in 
later phases of the cell cycle compared to metal-replete 
cells. Cells at later stages of the cell cycle would con- 
tain more cellular materials than cells that have just 
divided. Because silicic acid is taken up at specific 
times rather than uniformly over the life of a diatom 
cell (Lewin et al. 1966, Eppley et al. 1967, Coombs & 
Volcani 1968, Azam et al. 1974, Darley et al. 1976, Sul- 
livan 1977, Brzezinski et al. 1990), the same explana- 
tion may or may not hold for the observed increase in 
cellular silicon with metal stress. 

Our observation that Fe stress did not affect Si:N 
ratios disagrees with the observed increase in Si/N 
utilization in the no-Fe controls in Fe-addition experi- 
ments (Hutchins & Bruland 1998, Hutchins et al. 1998, 
Takeda 1998). However, our observations of elevated 
Si/C ratios under Fe stress agree with Hutchins et 
al. (1998), who observed an increase in Si/POC in 
the no-Fe controls, and Takeda (1998), who inferred 
increased Si/C ratios in low Fe diatom cultures. 

One possible explanation for the difference in the 
response of diatom Si/C and Si/N ratios in our experi- 
ments compared to those of Takeda (1998) and 
Hutchins et al. (1998) lies in the methods used to accli- 
mate the cells to low metal conditions. Diatoms in the 
field experiments of Hutchins & Bruland (1998), 
Hutchins et  al. (1998) and Takeda (1998) were either 
acclimatized to low Fe conditions (<0.13 nM Fe) prior 
to the experiments or were taken from chronically low 
Fe waters. Diatoms used in this study were grown into 
metal stress from metal-replete conditions. Their char- 
acteristics thus represent the initial response to low 
metal availability rather than an adaptation to chroni- 
cally low Fe concentrations. The short-term physiolog- 
ical response of diatoms to Fe stress appears to be dif- 
ferent than their long-term physiological adjustment to 
low Fe conditions. Alternatively, increased C and N 
per cell in the metal-limited cultures could be an arti- 
fact due to larger amounts of non-living organic debris 
than in the complete cultures, but no indication of a 
significant amount of debris was observed under the 
microscope. Monitoring Si, C, and N uptake with 3 2 ~ i ,  
13C or 14C, and I5N is the next step in understanding 
the Si:C:N ratios of metal-stressed diatoms. 

The effect of Fe and Zn deficiency on silica 
production kinetics 

The fact that Fe and Zn stress inhibits the uptake of 
silicic acid adds further ~ntrigue to the increased silicon 
content of these cells. Maximum specific silica pro- 

duction rates (V,,,) are 2.5- to 3.0-fold lower in the 
metal-stressed celis than in the nutrient-replete cells 
(Table 4 ) .  However, due to the increased cellular sili- 
con content of the metal-stressed cells, reductions in 
V, (Fig. 2B) and V,,,,, (Table 4)  may not be due to a 
decrease in silica production rates per cell. 

Normalization of silica production on a per cell basis 
reveals that increased cellular silicon under Fe stress 
only partly accounts for the observed 3-fold drop in 
V,,, in the Fe treatment. Additionally, maximum cellu- 
lar production rates (p,,) are half what they are in 
nutrient-replete cells (Table 4), suggesting a reduction 
In the number of active Si transporters in the cell mem- 
brane. 

Fe availability did not alter the half saturation con- 
stant for silica production (K,) (Table 4). This suggests 
that while the number of active Si transporters has 
decreased, their affinity for silicic acid is not Fe 
dependent. It may be that Fe is directly required for 
silicon transport, with Fe sewing as a CO-factor for sili- 
cic acid transport molecules. Alternatively the synthe- 
sis of the Si transport system may depend on energy 
or materials produced by cellular processes such as 
photosynthesis and respiration that are impacted by 
Fe limitation. 

Changes in silica production kinetics under Zn defi- 
ciency differ from those observed under Fe-deficiency. 
Whereas the decline in maximum production rates 
under Fe deficiency was due to a combination of 
changes in cellular silica content and a physiological 
response to Fe stress, the lower V,,, value of Zn defi- 
cient Thalassiosira weissflogii (Table 4) was entirely 
due to the increased silicon content of the cell under 
Zn deficiency, p,,, for Zn deficient and nutrient- 
replete cells of T. weissflogii are nearly identical 
(5.45 + 0.19 vs 6.01 + 0.20 fmol Si cell-' h-'), indicating 
a similar maximum capacity for silicon use under 
low Zn conditions. At the same time, Zn-limited cells 
have a decreased affinity (higher K,) for silicic acid 
(Table 4). 

Rueter & More1 (1981) provided the first evidence 
that zinc may be linked to silicon metabolism in 
diatoms. They observed an increase in the uptake rate 
of a 10 pM pulse of silicic acid as a function of Zn avail- 
ability in Thalassiosira pseudonana. That result is con- 
sistent with the observed increase in the K, for silicic 
acid uptake with Zn stress. Changes in production 
rates in the 0 to 10 pM Si(OH)4 range could be the 
result of an increase in K, with Zn stress as the K, for 
silicic acld uptake in nutrient-replete T. pseudonana is 
2.3 ~.IM (Nelson et al. 1976). Our results with T. weiss- 
flogii support the hypothesis that zinc is required for 
silica production by showing that the affinity of the 
transport system is zinc dependent (Table 4).  In our 
experiments, Zn-limited cells were nonetheless able to 
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attain maximum cellular silica production rates nearly 
equivalent to those of nutrient-replete T. weissflogij 
(p,,,; Table 4), indicating that Zn stress does not 
diminish the number of active transporters on the cell 
surface. 

Analysis of the kinetic constants shows that Zn and 
Fe deprivation have similar effects on a cell's ability to 
compete for silicic acid. Approximating the initial slope 
of the kinetic curves using the ratios of V,,,/K, (Healey 
1980) shows that both Zn and Fe stress diminish the 
initial slope of the kinetic curve compared to metal- 
replete cells and that the reduction in slope is similar 
for each metal ion (Table 4) .  Zn- and Fe-stressed cells 
would be thus equally impaired when competing for 
low concentrations of silicic acid. The nearly equal 
reduction in V,,, observed under both low Zn and low 
Fe indicates that Zn- or Fe-stressed cells are also 
equally inferior to metal-replete cells when competing 
for high concentrations of silicic acid. Thus, while 
metal limitation has the potential to significantly alter 
diatom species succession in situ, our results suggest 
that the effects of Zn and Fe stress will be similar. 

Potential advantages of increased cellular silicon 

As we have observed for Thalassiosira weissflogii, 
increased cellular silicon may CO-occur with the 
depressed capacity for silica production. We are led by 
this seemingly paradoxical response to speculate as to 
the advantage that increased cellular silicon content 
may confer on metal-stressed cells. One such advan- 
tage may lie in the proposed faster sinking rates for 
these cells. 

Diatoms are known to sink in response to nutrient 
stress (Smayda 1970, Bienfang et al. 1982, Bienfang & 
Harrison 1984, Harrison et al. 1986) and iron-limited 
diatoms are known to have higher sinking rates than 
their nutrient-replete counterparts. For example, Fe- 
limited cells of the oceanic diatom Actinocyclus sp. 
sink 5 times faster than nutrient-replete cells of the 
same species (Muggli et al. 1996). Muggli et al. (1996) 
suggested that large diatoms like Actinocyclus sp. 
actively control their buoyancy through processes that 
require energy. Hence, as a lack of Fe diminishes a 
cell's ability to generate ATP (Sakshaug & Holm- 
Hansen 1977), the sinking rates of the cells increase. 
The increased silicification observed in some diatoms 
in response to Fe stress will exacerbate the sinking rate 
increase, because the density of silica is greater than 
that of both seawater and organic carbon. It should be 
noted, however, that increased silicification on its own 
is not necessarily followed by faster sinking. The phys- 
iological state of a diatom cell can have a greater effect 
on its buoyancy than does its degree of silicification. Si 

limitation, with its accompanying drop in cellular sili- 
con content, for example, increases sinking rates in 
diatoms more than either N or P limitation (Bienfang et 
al. 1982). 

Rapid sinking of diatoms may be a mechanism for 
the preservation of a 'seed population' of cells in cool, 
dark, subsurface waters once surface conditions have 
become inhospitable to diatom growth (Smetacek 
1985). Another potential advantage of increased sink- 
ing rates of nutrient-stressed cells is that it gives them 
access to the abundant nutrients of the subsurface 
nutricline (Villareal et al. 1993, Villareal & Carpenter 
1994). The 'nutriclines' for iron and zinc occur at simi- 
lar depths as those for macronutrients (Bruland 1980, 
Martin et al. 1989). If metal deficiency (or at least Fe 
deficiency) causes cells to sink, and metal availability 
allows them to regain control over their buoyancy, this 
may allow cells to exploit these subsurface supplies of 
metal. 

Implications concerning the silica pump 

Dugdale et al. (1995) pointed out that BSi tends to 
be remineralized at deeper depths in the water col- 
umn than the nitrogen, carbon, and phosphorous in 
organic matter. As a result, silica is preferentially 
'pumped' from the euphotic zone relative to POC and 
PON. Dugdale et al. (1995) provided evidence for this 
process in HNLC regions of the ocean, and proposed 
that the pumping of silica relative to nitrogen out of 
surface waters should drive HNLC regions of the 
ocean towards silicon limitation. Increased silicifica- 
tion of Fe-stressed diatoms should accelerate the 
onset of Si limitation in low iron HNLC regimes when 
accompanied by increased the Si/N and Si/P utiliza- 
tion ratios of diatoms (Hutchins & Bruland 1998, 
Takeda 1998), thereby enhancing the efficiency of the 
silica pump. 

Our results indicate that increases in Si/C and Si/N 
utilization ratios under low Fe may not be a universal 
phenomenon among diatoms. This concurs with evi- 
dence from recent field experiments. When diatom 
communities from Fe-replete coastal areas are artifi- 
cially Fe-limited by adding strong Fe chelators, Si/N 
and Si/C ratios do not increase as they do in commu- 
nities from naturally Fe-limited areas (Hutchins et 
al. 1999). Thus different types of Fe limitation (e.g.  
chronic vs acute) and the resulting variability in cell 
physiological state may affect diatom elemental ratios 
in different ways. Further examination of clones from 
HNLC regions would be of interest to ascertain 
whether diatoms from these areas increase their Si/N 
and Si/C utilization ratios under low Fe more readily 
than do species from other regions. 
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One implication of the observed in.crease in Si/N uti- 
lization in low Fe waters (Hutch.ins & Bruland 1998, 
Takeda 1998) and the lack of a Si/N increase reported 
here is that care should be exercised when estimating 
nitrogen utilization by diatoms from the uptake of dis- 
solved silicic acid in HNLC regions. The commonly 
used 1:1 mole ratio of SUN utilization by diatoms 
(Brzezinski 1985) that has been applied to low Fe 
waters of the equatorial Pacific (Dugdale & Wilkerson 
1998) may be inappropriate when the diatoms are 
acclimatized to low Fe conditions. Observation of Si/N 
utilization ratios 2 to 3 times higher in low iron waters 
(Hutchins & Bruland 1998) suggest that the use of a 1:l 
Si/N mole ratio in such cases will overestimate diatom 
N utilization by 200 to 300%. However, when supplies 
of Fe are ample or at the onset of Fe-stress, the 1:1 
mole ratio for Si/N will still be useful. 
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