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Feedback interactions between zinc and phytoplankton in seawater

William G. Sunda' and Susan A. Huntsman
National Marine Fisheries Service, Beaufort Laboratory, Beaufort, North Carolina 28516

Abstract

In Zn ion-buffered media, oceanic species (Thalassiosira oceanica and Emiliania huxleyi) grew
at near-maximal rates at the lowest free Zn ion concentration ([Zn?*] = 10-'23 M), whereas coastal
species (Thalassiosira pseudonana and Thalassiosira weissflogii) were limited at [Zn?*] < 10! M.
The ability of the oceanic species to outgrow coastal ones at low [Zn2*] was due almost entirely to
a reduced growth requirement for cellular Zn rather than to an increased capability for uptake. All
isolates exhibited similar sigmoidal relationships between cellular Zn: C ratios and [Zn?*] with
minimal slopes at [Zn?*] of 10195 to ~10~-°° M and increasing slopes above and below this range.
The minimal slopes at intermediate [Zn2*] could be explained by negative feedback regulation of
a high-affinity Zn uptake system, while increased slopes at high [Zn?*] appeared to be related to
uptake by a low-affinity site. Measured relationships between cellular Zn : C ratios and [Zn2*] agreed
well with those computed from a modified Redfield model based on depth profiles for Zn and PO,
concentrations and Zn chelation in the nutricline of the North Pacific. This agreement provides
evidence that Zn concentrations in the nutricline are controlled by biological uptake and regen-

eration as occurs for major nutrients.

There is mounting evidence that the dis-
tribution and chemical speciation of certain
trace metal nutrients and the growth and
species composition of phytoplankton com-
munities are tightly linked (Morel and Hud-
son 1984; Sunda 1991). Like major nutri-
ents, many trace metal nutrients occur at
concentrations in surface oceanic waters that
are orders of magnitude lower than those in
coastal environments. Two of the most im-
portant metallic micronutrients, Fe and Zn,
occur at 107! M or less in oceanic waters,
but are present at 100-1,000 times higher
concentrations in coastal and estuarine wa-
ters (Bruland and Franks 1983; Evans 1977;
Martin and Gordon 1988; Martin et al.
1989). The marked neritic-oceanic differ-
ences in the concentrations of these metals
are associated with large corresponding
variations in the growth requirements of ne-
ritic and oceanic algal species for these mi-
cronutrients, providing evidence that both
metals have had a marked influence on the
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evolution and spatial distribution of phy-
toplankton species (Brand et al. 1983).
Large increases also occur with depth in
the concentrations of many trace metal nu-
trients and nutrient analogs resembling ob-
served increases in major nutrient concen-
trations. Zn has been found to increase from
0.07 nM in surface waters of the central
North Pacific to 8 nM at 1,500 m, and its
concentration is linearly correlated with that
of silicic acid (Bruland 1980). Concentra-
tions of Cd, a nutrient analog for Zn (Price
and Morel 1990), increase by 1,000-fold be-
tween the surface and 1,000 m at the same
location, and the shape of the Cd profile
closely resembles that of PO, (Bruland
1980). Likewise, dissolved Fe in the north-
east Pacific increases from <0.1 nM near
the surface to 1.0 nM in the oxygen mini-
mum layer, and its concentration is corre-
lated with nitrate, silicate, and phosphate
concentrations (Martin and Gordon 1988;
Martin et al. 1989). The close match be-
tween vertical distributions of trace metal
nutrients and those of major nutrients pro-
vides indirect evidence for the biological
control of trace metal concentrations as out-
lined in the classical Redfield model for ma-
jor nutrients (Redfield et al. 1963), but di-
rect evidence for this control is lacking.
One major obstacle in applying Redfield
models to trace metal nutrients is the dif-
ficulty in relating measured metal concen-
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trations in seawater to amounts present in
plankton. This difficulty results from the fact
that trace metal uptake is usually controlled
by the concentration of free aquated ions or
of kinetically labile inorganic metal species
(free ions plus inorganic complexes) (Sunda
and Guillard 1976; Anderson et al. 1978;
Hudson and Morel 1990) and by the fact
that trace metals are complexed to varying
degrees by natural organic ligands. This
complexation reduces free metal ion con-
centrations and, therefore, metal bioavail-
ability. Until recently there have been no
data on the extent to which important mi-
cronutrient metals are complexed in sea-
water, and thus, no way of quantifying the
extent to which complexation affects bio-
logical uptake of these metals.

For Zn, this uncertainty has been re-
moved by recent anodic and cathodic strip-
ping voltametric measurements of organic
complexation (Bruland 1989; Donat and
Bruland 1990). These measurements indi-
cate that Zn is complexed in central North
Pacific seawater by a relatively long-lived,
high-affinity organic ligand whose concen-
tration is essentially constant (1.2 nM)
throughout the upper 500 m of the water
column. In surface seawater, the concentra-
tion of Zn (~0.1 nM) is well below that of
the ligand, and ~98% of the metal is or-
ganically complexed (Bruland 1989). At
greater depths, the dissolved Zn concentra-
tion exceeds that of the ligand, and organic
complexation is relatively unimportant. The
combination of increasing Zn concentration
and decreasing extent of organic complex-
ation results in a 1,000-fold increase in free
Zn ion concentration between the surface
and depths below 500 m.

A final obstacle to the use of Redfield
models to examine biological regulation of
marine trace metal distributions is the lack
of reliable data on the relationships between
free metal ion concentrations in seawater
and the uptake of metals by marine phy-
toplankton. Our ability to measure such re-
lationships, however, has been greatly en-
hanced by the development of trace metal
ion-buffered systems that enable the regu-
lation and quantification of free ionic trace
metals in culture media over wide ranges of
concentrations. These buffers have been
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used to quantify the relationships among
free ion concentrations, algal uptake kinet-
ics, cellular metal concentrations, and
growth rates for several nutrient and toxic
trace metals (Brand et al. 1983, 1986; Sunda
and Huntsman 1983, 1986; Harrison and
Morel 1983). Although experiments have
been run that examine growth limitation of
oceanic and coastal species as a function of
free Zn ion concentration (Anderson et al.
1978; Brand et al. 1983), corresponding re-
lationships between free Zn ion concentra-
tion and cellular Zn, and between cellular
Zn and growth rate, have not been deter-
mined.

Here we describe results of radiotracer
experiments in trace metal ion-buffered sea-
water that examine the relationships among
free Zn ion concentrations, Zn transport ki-
netics, cellular Zn : C ratios, and growth rates
for estuarine (Thalassiosira pseudonana and
Thalassiosira weissflogii) and oceanic
(Thalassiosira oceanica and Emiliania hux-
leyi) species, previously found to exhibit
characteristic neritic-oceanic differences in
Zn growth requirements (Anderson et al.
1978; Brand et al. 1983). These experiments
had three major objectives. The first was to
determine whether the differences in re-
quirements of the isolates for external Zn
were due primarily to differences in their
capabilities for intracellular transport or
primarily to differences in their growth re-
quirements for cellular Zn. The second was
to examine the short-term kinetics of cel-
lular Zn uptake to determine the character-
istics of the transport system and to deter-
mine if the uptake kinetics are regulated by
negative feedback mechanisms, as observed
previously for algal uptake of Mn (Sunda
and Huntsman 1985, 1986), Fe (Harrison
and Morel 1986), nitrate (Gotham and Rhee
1981b), and phosphate (Gotham and Rhee
1981a). The third objective was to use a
Redfield-type model to examine the extent
to which the uptake of Zn by algal cells could
explain the relationships between dissolved
Zn and major nutrients observed in sea-
water. This model was based on published
vertical distributions of Zn and PO, con-
centrations in the nutricline of the North
Pacific, data for Zn complexation in these
waters, and Redfield ratios of PO, : C in ma-
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rine plankton. Relationships between Zn:
C molar ratios in plankton and free Zn ion
concentrations computed from the model
were compared with relationships between
these parameters measured in phytoplank-
ton cultures to test the validity of the model.

Materials and methods

Experiments were run with two estuarine
diatoms, T. pseudonana (clone 3H) and T.
weissflogii (clone VAS59), isolated from
Moriches Bay, Long Island, and Chesa-
peake Bay, respectively; an oceanic diatom,
T. oceanica (clone 13-1), isolated from the
Sargasso Sea; and two clones of an oceanic
coccolithophore, E. huxleyi (BT6 and
A1383), isolated respectively from the Sar-
gasso Sea and Gulf of Mexico. Axenic cul-
tures of clones 3H, BT6, and 13-1 were ob-
tained from R. R. L. Guillard (Bigelow
Laboratory). Clones A1383 and VAS59 were
obtained from L. Brand (U. Miami) and the
culture collection of Virginia Institute of
Marine Sciences, respectively. The cultures
were kept in £/2 medium (Guillard and Ry-
ther 1962) by means of sterile technique
until needed.

Both long-term and short-term Zn uptake
experiments were conducted utilizing meth-
ods and procedures similar to those in pre-
vious radiolabel studies with Mn and Fe in
clones 3H and 13-1 (Sunda and Huntsman
1983, 1985, 1986; Sunda et al. 1991). Long-
term growth and Zn accumulation experi-
ments were conducted with all of the iso-
lates, whereas short-term uptake kinetic
experiments were conducted only with clone
BT6. All experiments were conducted at
20°C and pH 8.2+0.1 (xrange) in 450-ml
polycarbonate bottles containing 200 ml of
36%o0 seawater medium. Cells were grown
under fluorescent lighting (Vita-Lite; Duro
Test Corp.) provided at an intensity of 600
umol quanta m=2 s~! on a 14:10 h L/D
cycle.

Media used in experiments were prepared
from natural seawater, collected from the
Gulf Stream with a peristaltic pumping sys-
tem (Sunda and Huntsman 1983). The wa-
ter was stored in the dark for 18 months at
7°C and filtered through 0.4-um Nuclepore
filters just before use. To prepare media, we
enriched the seawater with 35 uM NaNO,,

1.5 uM Na,HPO,, 40 uM Na,SiO;, and 0.1
ug liter™! of vitamin B,,. The media also
received additions of trace metal ion buf-
fer systems, used to quantify and control
free ion concentrations of Zn and other im-
portant trace metal nutrients.

For long-term experiments, these buffers
consisted of 0.1 mM ethylenediaminetet-
raacetic acid (EDTA), 1 uM FeCl;, 124 nM
MnCl,, 40 nM CuCl,, 100 nM CoCl,, and
various additions of Zn labeled with °Zn.
For short-term kinetic studies, the buffers
consisted of 0.5 mM nitrilotriacetic acid
(NTA), 1 uM FeCl,, 6.5 nM Mn (2.5 nM
MnCl, plus 4 nM ambient background con-
centration in the medium), 500 nM CuCl,,
and 10 nM CoCl,. Zn was added along with
an equivalent concentration of EDTA or
NTA so that its addition at high concentra-
tions would not appreciably alter the free
EDTA or NTA concentration and thereby
alter the free ion concentrations of other
trace metals. NTA rather than EDTA was
used in the short-term kinetic studies be-
cause of its much lower stability constants
for complex formation and the associated
faster dissociation kinetics of metal-NTA
chelates. After addition of buffers, the me-
dia were equilibrated for 24 h before inoc-
ulation of cells.

For long-term experiments cells were
transferred from f/2 medium to experimen-
tal medium containing no added Zn or ¢°Zn
(log [Zn?*] = —12.3 based on the back-
ground [Zn] of 4.6 nM). They were accli-
mated for 4-13 d (depending on the culture
growth rate) and then inoculated into %°Zn-
labeled media at biomass levels of 0.1-0.2
umol cell C liter™! of medium. The algae
were grown for 12—-13 cell generations to the
end of the exponential phase. During this
time, total cell concentrations and volumes
were measured daily with a Coulter multi-
channel electronic particle counter (model
TA-2). Specific growth rates of cultures were
computed from linear regressions of In cell
volume vs. time for the exponential phase
of growth.

The cultures were measured for cellular
Zn concentrations during exponential
growth (9-10 cell divisions after inocula-
tion) by filtering the cells onto 3-um Nucle-
pore filters and measuring them for 4°Zn
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activity with an LKB CompuGamma au-
tomated gamma counter. The 5Zn activity
in the cells was corrected for filter blanks of
media without cells. The corrected values
were divided by the measured total $Zn
activity added, multiplied by the total [Zn],
and divided by the measured total volume
of cells to give cellular Zn concentrations in
units of mol Zn liter~! of cell volume.

Cellular Zn concentrations were convert-
ed to cell Zn : C mole ratios by dividing them
by cell C:cell volume ratios, measured in
exponentially growing cultures containing
H!'#CO;~ and no %Zn. To measure cell C,
the cultures were grown in the “C-labeled
media for 5-10 generations, filtered onto
3-um Nuclepore filters, fumed with concen-
trated HCl to remove inorganic C, and mea-
sured for particulate '“C by liquid scintil-
lation counting. 4C activity in the cells was
then divided by the measured total “C ac-
tivity in the unfiltered culture medium,
multiplied by the total inorganic C concen-
tration (2.3 mM), and divided by the total
cell volume measured by Coulter counter.
The C: volume ratios were 12, 22, 22, 18,
and 5.6 mol C liter~! for clones 13-1, BT6,
A1383, 3H, and VAS59.

Short-term uptake experiments were con-
ducted to examine the effect of acclimation
to external Zn ion concentration on cellular
uptake kinetics of Zn. In these experiments,
cultures were grown for 8 and 11 d, respec-
tively, in NTA metal ion-buffered media
without ¢5Zn at low (6 nM) and high (1.0
uM) total Zn concentrations. Cells from log-
phase growing cultures were filtered gently
onto 3-um Nuclepore filters, washed with
fresh medium without added Zn, and re-
suspended into experimental media con-
taining various concentrations of Zn labeled
with ¢5Zn. To measure %Zn uptake, we fil-
tered the cells onto Nuclepore filters at
~0.03, 0.25, 0.5, 1, 2, 4, 6, and 24 h after
their addition to labeled media and washed
them with fresh Gulf Stream water. The to-
tal cell volume in the uptake cultures was
measured by Coulter counter at each sam-
pling time. The concentration of Zn taken
up by the cells was determined by the same
methods and procedures described above
for the long-term Zn uptake experiments.

Free ion concentrations of Zn and other
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trace metal nutrients in the media were
computed from total metal concentrations
and the extent of metal complexation by
EDTA, NTA, and inorganic ions. Total dis-
solved Zn ranged from 4.6 to 1.0 mM in
the EDTA-buffered media and 6.0 to 50 uM
in NTA media, as computed from the sum
of the concentrations of background Zn in
the medium, carrier Zn added with the ra-
diotracer solution, and that added as ZnCl,.
Background Zn and that in the radiotracer
solution were measured by atomic absorp-
tion spectrophotometry (Sunda et al. 1990).
The extent of metal complexation in the
media was computed from equilibrium cal-
culations similar to those in previous algal
studies in EDTA and NTA metal ion buffer
systems (Sunda and Huntsman 1983, 1985,
1986). For Zn in EDTA media, the concen-
tration of inorganic ions was computed with
an experimentally measured conditional
stability constant of 6.4 x 107 M. This
constant was defined by the equation

[ZnEDTA2"]
[Zn'][EDTA’]

— !

K. M

where [Zn'] is the total concentration of dis-
solved inorganic Zn species (free Zn ions
and inorganic complexes) and [EDTA'] is
the concentration of EDTA complexes with
Ca and Mg ions. The constant was mea-
sured in filtered 36%o0 Gulf Stream water,
with a Sep-Pak adsorption method (Sunda
and Huntsman in prep.) similar to that pre-
viously described for Cu (Sunda and Han-
son 1987). In this method, Zn adsorption
onto Sep-Pak cartridges was measured with
65Zn. Our measured stability constant (107-8!
M) is in good agreement with the value
(107° M~!) measured previously in seawater
by differential pulse anodic and cathodic
stripping voltametry (Donat and Bruland
1990).
The free Zn ion concentration in algal me-
dia was computed from the equation
[Zn?*] = 0.66[Zn’] 2)
where 0.66 is the ratio of free Zn ions to
total inorganic Zn species at 20°C computed
from the equilibrium speciation model of
Byrne et al. (1988). Overall, the calculations
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yielded a ratio of free Zn ions to total dis-
solved Zn of 10-3°, Free Zn ion concen-
tration ranged from 10-!23 to 1082 M in
three experiments and 10723 to 10-%° M
in two others.

Free Zn ion concentrations in the NTA-
buffered media and free cupric, Mn, and Co
ion concentrations in both sets of media
were determined from equilibrium calcu-
lations (Sunda 1984) with stability con-
stants taken from Martell and Smith (1974).
The computed ratio of free Zn ion to total
Zn concentration in the NTA-buffered me-
dia was 10-2#!, Computed free ion concen-
trations of Cu, Co, and Mn were 10135,
10196 and 10—%! M in the EDTA medium
and 10-''4, 107196 and 10—%4 in the NTA
medium.

A Zn speciation model was constructed
to determine relationships between dis-
solved Zn and free Zn ion concentrations
in seawater. This model was based on the
recent data for Zn complexation in the nu-
tricline of a station in the central North Pa-
cific (Bruland 1989) described above. The
equation for this model was

Dissolved Zn

_ [z0?*]
0.66

1.2 x 10-°[Zn2+]10!10
[Zn?+]10"10 + 1

3

where 1.2 X 10~ M is the concentration of
the conservatively distributed strong ligand
that binds Zn and 10'° M-! is the condi-
tional stability constant for the complexa-
tion of Zn by this ligand (Bruland 1989).
The value 0.66 is the ratio of free Zn ions
to total dissolved inorganic Zn species de-
scribed by Eq. 2.

Results

The growth rates of the neritic species (7.
pseudonana and T. weissflogii) were limited
at [Zn?*] below 10~-1! M, while those of the
oceanic isolates showed little or no limita-
tion even at the lowest Zn ion concentration
(107123 M) (Fig. 1). The ability of the oce-
anic algae to grow well at low [Zn?*] was
due almost entirely to a substantial lowering
of their growth requirement for cellular Zn
(Fig. 2). For example, T. oceanica and E.
huxleyi (clone A1383) grew at nearly max-
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Fig. 1. Specific growth rates of coastal [Thalassio-

sira weissflogii (O) and Thalassiosira pseudonana (two
separate experiments O, @)] and oceanic [Thalassiosira
oceanica () and Emiliania huxleyi clones A1383 (&)
and BT6 (V)] algal species as functions of log[Zn?*] and
log[Zn'}. ([Zn?*] and [Zn'] are the concentrations of free
Zn ions and inorganic Zn species.)

imal specific rates of 1.5 and 1.3 d! at cel-
lular Zn : Cratios of 0.4 umol mol~! whereas
T. pseudonana required 6-7 times this
amount to achieve similar rates.

The [Zn?*] range was extended to 107 M
in experiments with 7. weissflogii and E.
huxleyi (clone BT6) to examine growth and
uptake response over a wider range. In these
experiments, the growth rate of 7. weissflo-
gii was markedly inhibited at the highest Zn
level, whereas that of E. huxleyi was unaf-
fected (Fig. 1). The higher Zn toxicity to 7.
weissflogii was associated with a 17-fold
higher cellular Zn : C ratio, suggesting that
it was caused at least in part by higher Zn
accumulation (Fig. 3). On the other hand,
cellular Zn accumulation is proportional to
uptake rate, but inversely proportional to
specific growth rate (Sunda 1991), so the
extremely high Zn concentration in T.
weissflogii cells grown at [Zn?*] = 1077 M
could be caused in some measure by Zn
inhibition of growth rate. Such a positive
feedback situation, in which high cellular
Zn accumulation inhibits growth rate and
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Fig. 4. Specific Zn uptake rate as functions of log[Zn?*] and log[Zn']. Symbols same as Fig. 1.

decreased growth rate increases cellular Zn
accumulation, could result in rather abrupt
changes in both parameters, as observed for
T. weissflogii at [Zn%>*] between 108 and
107 M (Figs. 1, 3).

Relationships between cellular Zn: C ra-
tios and [Zn?*] had sigmoidal shapes (Fig.
3). They generally showed minimal slopes
in the [Zn?*] range 10-195-~10-% M
(~10785 M for clone BT6) with increasing
slopes above and below this range. The
curves were similar for all of the isolates
and showed no apparent trends between ne-
ritic and oceanic algae within the Zn ion
range of 10~!22-10-8°M, characteristic of
that for unpolluted marine waters (Bruland
1989). Cellular Zn: C ratios varied by no
more than 3-fold among isolates within this
range and by only 2-fold at the lowest [Zn?*].
When cellular Zn : C ratios were multiplied
by specific growth rates, the resultant spe-
cific uptake rates showed an even greater
similarity among isolates with no more than
a 2-fold variation over the entire experi-
mental Zn ion range except at 10~8° M where
there was a 3.5-fold variation (Fig. 4).

Uptake of Zn in the short-term kinetics
studies with clone BT6 were dependent on
both the Zn ion concentration in the im-
mediate uptake medium and that in the me-

dium in which the cells had been growing.
Short-term uptake was markedly higher in
cells previously grown at low [Zn2*] (10— !!
M) than in cells grown at high [Zn?*] (1038
M) (Fig. 5). Cells generally showed linear
uptake for the first 1-2 h and decreasing or
increasing slopes thereafter. At [Zn2?*]
=10-%! M, there was a small additional
rapid uptake of Zn within the first 3 min,
which probably reflected adsorption to sites
on the cell surface.

Short-term cellular uptake rates were de-
termined by linear regression for the initial
1-2-h linear uptake period. Resultant curves
for Zn uptake rate vs. [Zn?*] had sigmoidal
shapes for both high- and low-Zn acclimat-
ed cells with a minimum in slope in the Zn
ion range of 107°-10~% M (Fig. 6). The rates
were 30-fold higher for low-Zn than for high-
Zn acclimated cells at the lowest Zn ion
concentration in the uptake medium, but
rates for the two groups of cells approached
one another with increasing external Zn. At
the highest level of Zn, uptake rates for the
two groups differed by only 2.5-fold.

Discussion

Relationships between cellular Zn, cellu-
lar Zn uptake kinetics, and [Zn**]—The
curves for steady state Zn uptake rate as a
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Fig. 5. Short-term uptake of Zn as a function of time for Emiliania huxleyi previously grown at high (10-338
M-—e@, B and low (10~!'° M—0O, 0O) [Zn?*]. Uptake was measured at five separate Zn ion concentrations for
each acclimated group of cells. Values for —log[Zn?*] of the uptake medium are given above each curve. Note
change in scale of y-axis among panels.

function of [Zn?*] had sigmoidal shapes and a minimum in slope at free ion concentra-
showed an approximate proportionality be- tions between 1071%5 and ~10-°35 M, and
tween uptake rate and Zn ion concentra- progressively increasing slopes above this
tions at free ion concentrations <10-1'°M, range (Fig. 4). The relatively flat portions
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of the curves at intermediate Zn ion con-
centrations appear to result from negative
feedback regulation of cellular Zn uptake
rate, as identified previously for the uptake
of a number of other macro- and micro-
nutrients, including nitrate (Gotham and
Rhee 19815), phosphate (Gotham and Rhee
1981a), Mn (Sunda and Huntsman 1985,
1986), and Fe (Harrison and Morel 1986).

For the above nutrients, uptake kinetics
for cells grown at a single nutrient concen-
tration followed the classical saturation
(Michaelis-Menten) kinetics equation for
facilitated or active uptake into the cell. For
nutrient metals this equation can be writ-
ten as

_ VaaxIMI
~[M] + K,

where [M] is the concentration of either free
metal ions or Kinetically labile dissolved in-
organic species (see Sunda 1991), ¥ the up-
take rate of metal, V,,,, the maximal uptake
rate achieved when all of the membrane
transport sites are bound to metal ions, and
K, the concentration of free metal ions, [M"*]
(or dissolved inorganic metal species, [M']),
at which half of the transport sites are bound
and, therefore, at which V is half of V.
For Fe and Mn, KX is fixed, and V,,, varies
inversely with the metal ion concentration
in the growth medium.

For these metals, as one decreases the
metal concentration from values somewhat
above to values below the half-saturation
constant, there is a compensatory increase
in V... which allows cellular uptake rate,
and therefore, cellular metal quota at con-
stant growth rate, to remain relatively con-
stant in spite of the decreasing saturation of
the transport system. The capacity of the
cells to increase V.., (€.g. by increasing the
number of transport ligands in the outer
membrane) is finite, and at metal ion con-
centrations below a critical level, V_,,
reaches a constant value. The transport rate
then decreases essentially in proportion to
the metal ion concentration because the
transport system at this point is highly un-
dersaturated.

Zn uptake by the cells appears to conform
to the above negative feedback model with

(C)
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Fig 6. Initial linear Zn uptake rate as a function of
log[Zn?*] and log[Zn'] in the uptake medium for clone
BT6 cells previously grown at Zn ion concentrations
of 10-''° M (@) and 10-32 M (M. Curves fitted to the
data are log-log plots of two-site transport models given
by Eq. 5. Constants used to compute each curve are
listed in Table 1.

two major exceptions. The first is that the
short-term linear uptake kinetics, observed
during the first 1-2 h of exposure to radio-
labeled media, do not follow a simple sat-
uration model for uptake by a single mem-
brane transport site. Instead, the sigmoidal
shape of the short-term transport kinetics
curves in Fig. 6 indicates that Zn uptake
involves at least two separate transport sys-
tems as represented mathematically by

_ Vwax[Zn?*]

- + A[Zn>*].
Znet] + k. T AT

&)

The first term in the equation represents
uptake by an inducible high-affinity site, and
the second represents uptake by a low-affin-
ity site for which [Zn?*] < K. Under these
undersaturated conditions, the uptake of Zn
by the second site is essentially proportional
to [Zn?*], with a proportionality constant,
A, equal to V,../K, for that site.

The short-term Zn uptake rates during the
first 1-2 h of exposure to ¢°Zn could be
fitted reasonably well to the above two-site
transport model (Fig. 6). For cells of clone
BT6 acclimated at a high [Zn?*] (10—38 M),
a reasonable fit was obtained for V,,, equal
to 109 umol (mol C)~' d~!, K equal to 10—34
M (expressed in terms of [Zn?*]), and 4 equal
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Table 1. Kinetic parameters for the two-site cellular
Zn uptake model for clone BT6 (Eq. 5).
Vinax A*
Acclimation [emol [mol Zn
log[Zn?*] (mol Oy 'd™']  logK*  (molCO)' d' M
—-8.8 109 8.4 3.5x103
-11.0 262 9.6 8.3x103

* Values for log K, and A4 are expressed in terms of [Zn?*]. To convert to
values expressed in terms of dissolved [Zn'] requires that K, be divided
by 0.66 and 4 be multiplied by this same factor (see Eq. 2).

to 3.5 x 103 liters of medium (mol C)~! d~1.
Surprisingly, when uptake rate data for the
low-Zn-acclimated cells were fitted to the
model equation, the largest shift in the mod-
el parameters occurred in K|, not V,,,, or 4.
The latter two parameters both increased
by 2.4-fold, whereas there was a 16-fold de-
crease in K, (Table 1). The large decrease in
K, rather than an increase in V,,,, in low-
Zn-acclimated cells represents the second
major difference between negative feedback
regulation of transport observed previously
for Mn and Fe and that described here for
Zn.

The mechanism responsible for the large
shiftin X is not known. Possibilities include
the induction at low Zn ion concentrations
of a high-affinity Zn uptake system with fixed
K, which is undetectable in cells acclimated
at high Zn. Or there may be an actual shift
in the K value for a single high-affinity up-
take system due, for example, to allosteric
shifts in molecular configuration at the
transport binding site or to changes in lo-
calized charge on the membrane surface.

Despite the above uncertainties, it is clear
that there is an increase in short-term up-
take kinetics associated with decreases in
external [Zn2*] within the range 10~8-5-10-105
M, which allows clone BT6 to maintain rel-
atively constant cellular Zn uptake rates and,
therefore, cellular Zn concentrations within
that Zn ion range. At [Zn?*] below this range,
there is no further apparent change in the
high-affinity transport system, and the steady
state Zn uptake rates decrease proportion-
ately with [Zn?*] because the uptake system
is highly undersaturated (Fig. 7). Above this
range, the increase in slope for relationships
between cellular Zn uptake rate and [Zn?*]
seems to be attributed to uptake by a sec-
ond, low-affinity site, perhaps reflecting Zn

leakage into the cell through the transport
system of another metal ion (e.g. Mg?*).
Similar two-site negative feedback models
probably also explain the sigmoidal shapes
of curves for steady state Zn uptake rate vs.
[Zn?**] observed in the other algal species
(Fig. 4).

In most cases the uptake rates in the short-
term Zn experiments decreased with time
after the initial 1-2-h linear uptake period.
But for the high-Zn-acclimated cells trans-
ferred to the lowest [Zn2+], the rate increased
from a value of 1.3 umol liter~! h~! during
the first 2 h to 4.5 after 4-6 h (Fig. 5A). The
increase in uptake rate that occurred after
2 h appears to be due to negative feedback
increases in short-term transport rates as
these cells began to acclimate to their new,
much lower, [Zn?*] environment. Likewise
much of the decrease in transport rates that
occurs after 1-2 h in cells transferred to
higher Zn ion concentrations (the more typ-
ical case) is probably due to a negative-feed-
back down-shifting in transport rates. These
time-dependent changes in short-term rates
suggest that acclimation of Zn transport sys-
tems can occur within periods of several
hours, similar to findings for feedback reg-
ulation of Mn transport in 7. pseudonana
and T. oceanica (Sunda and Huntsman
1986).

Relative Zn requirements of oceanic and
coastal species—The oceanic species we
studied were able to grow at maximal rates
at much lower [Zn?*] than coastal species,
in agreement with previous studies with
these and other coastal and oceanic isolates
(Brand et al. 1983). Based on anodic strip-
ping voltametric measurements, Bruland
(1989) estimated [Zn?*] in surface waters of
the central North Pacific to be in the range
of 1-2x 1012 M. Such levels would sub-
stantially reduce the growth rates of the two
coastal species, but would have little or no
effect on the growth of the three oceanic
isolates. These results support the hypoth-
esis that low Zn availability has been an
important factor in the ecology and evolu-
tion of oceanic species and that it has played
a role in preventing coastal species from
proliferating into oceanic waters. A similar
ecological and evolutionary role has been
ascribed to low oceanic Fe availability
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Fig. 7. Comparison of computed rates of steady state Zn uptake for clone BT6 (@) (see Fig.4) and the model
curves for rate of short-term Zn uptake for cells acclimated to high (curve A) and low (curve B) [Zn2*] (see Fig.
5). At Zn ion concentrations above ~10-85 M the steady state uptake of Zn by the cells approximately follows
the short-term uptake curve for the high-Zn-acclimated cells (curve A). At Zn ion concentrations below 1085
M, there is an increase in short-term uptake kinetics, involving a high-affinity system, which allows the cells to
maintain relatively constant rates of steady state uptake, and therefore cellular Zn quotas, down to [Zn2*] of
10-'°5 M. Below this concentration, there is no further increase in short-term uptake kinetics, and the rates of
steady state transport follow the short-term uptake curve for low-Zn-acclimated cells (curve B). Note that at
[Zn?*] <10-1°5 M, rates of cellular Zn uptake approach the limiting rate for diffusion of Zn' to the cell surface

(dashed line of unity slope; see Table 2).

(Brand etal. 1983; Martin etal. 1989; Sunda
et al. 1991).

The ability of oceanic species to grow well
at substantially lower Zn ion concentrations
than coastal species was due almost entirely
to their much lower growth requirement for
cellular Zn, rather than to any increased ca-
pability to take up Zn intracellularly. The
same adaptation pattern has been found with
regard to differences in the Fe requirement
of T. pseudonana and T. oceanica (Sunda
et al. 1991), one of the coastal-oceanic di-
atom pairs studied here. We had initially
thought these results surprising since we had
expected oceanic species to have adapted to
the low levels of available Zn and Fe in their
environments by evolving more effective
transport systems as observed for other nu-
trients, such as nitrate (Carpenter and Guil-
lard 1971) and Mn (Sunda and Huntsman
1986), that also occur at low oceanic con-
centrations.

Hudson and Morel (1990) recently ex-
amined the transport kinetics of the coastal
species T. weissflogii and Pleurochrysis car-
terae, however, and found that their cellular
Fe uptake rates approached the limits per-
mitted by diffusion of dissolved inorganic
Fe species to the cell surface and the kinetics
of Fe ligand exchange at membrane uptake
sites. They predicted that oceanic species
could not evolve faster transport kinetics to
adapt to the low Fe concentrations in their
environment and, therefore, that these algae
would have been forced to reduce their size
or their cellular Fe requirement to survive.

Our present results indicate that a similar
situation occurs with Zn. At the lowest ex-
perimental Zn ion concentration, the mea-
sured specific uptake rate for all isolates var-
ied between 30 and 100% of the computed
maximum rate for diffusion of labile inor-
ganic Zn species to the cell surface (Table
2; Fig. 7). Thus, as with Fe, oceanic species
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Table 2. Comparison between Zn uptake rates per cell and maximal diffusion rates of kinetically labile
inorganic Zn species to the cell surface at [Zn'] of 1.02 pM.

© (D)
(A) (B) Uptake rate P I ®
Mean cell vol ESR —x100 (%)

(um?) (um) (mol cell' h~! x 10%) D
Thalassiosira pseudonona 40 2.1 1.74 5.9 29
Thalassiosira weissflogii 1,370 6.9 20 19.1 104
Thalassiosira oceanica 171 34 6.2 9.5 62
Emiliania huxleyi (BT6) 30 1.93 2.0 5.3 37
E. huxleyi (A1383) 49 2.3 2.5 6.4 39

* Maximal diffusion rate (o) computed from p = 4xrD [Zn'] by assuming that the cells are about spherical in shape with a radius of r (Hudson and
Morel 1990). D is the diffusion rate constant for Zn' at 20°C (6 x10~¢ cm? s™') and [Zn'] is the concentration of dissolved inorganic Zn species
computed from Eq. 2. The equivalent spherical radius (column B) was computed from the mean cell volume measured by a Coulter counter using

the relation between the radius of a sphere and its volume.

seem to have been unable to evolve more
effective Zn transport systems because the
transport kinetics of coastal species already
approach the physical limits permitted by
diffusion. An onset of diffusion limitation
also would explain why the negative feed-
back regulation of cellular Zn uptake, dis-
cussed earlier, does not persist below [Zn?*]
of 10195 M (Fig. 7).

Although oceanic species have been forced
to reduce their cellular growth requirements
for Zn, Fe, and other trace metal nutrients
such as Mn (Sunda and Huntsman 1986),
the mechanisms by which they do so are
unknown. Possibilities include more effi-
cient use of internal metal micronutrient
pools, or the replacement of enzymes con-
taining scarce metals with ones containing
more available metals, or having no metal-
lic cofactors at all (Sunda 1991). With re-
gard to the second of these possibilities, it
is now known that Cd can be substituted
for Zn in fulfilling the Zn nutritional re-
quirements of 7. weissflogii (Price and Mo-
rel 1990). The ecological importance of this
replacement, however, may be limited in
the ocean due to the much lower concen-
tration of Cd relative to Zn. For example,
in surface seawater from the central North
Pacific, total Zn occurs at a concentration
of ~70 pM whereas Cd is present at only
1.4 pM (Bruland 1980).

Regulation of oceanic Zn concentrations
by phytoplankton uptake and regenera-
tion—The relationships between cellular Zn :
C ratios and [Zn?*] were compared with the
relative depth-dependent changes in Zn and
major nutrient concentrations and Zn spe-

ciation to determine if uptake by phyto-
plankton can account for observed marine
Zn distributional patterns, as in the classical
Redfield model for biological regulation of
major nutrients (Redfield et al. 1963). Red-
field et al. found that C, N, and P occur in
approximately constant molar ratios of 106 :
16 : 1 in plankton and demonstrated that the
relative depth-dependent changes in con-
centrations of these elements in the ocean
generally equal these ratios. These obser-
vations provided strong evidence that the
concentrations of the major nutrients in sea-
water are controlled by planktonic uptake
and regeneration.

In applying the Redfield model to Zn, we
must be aware of differences in the patterns
of phytoplankton uptake of major nutrients
and Zn. Unlike the major nutrients, whose
ratios to each other in marine plankton are
more or less the same irrespective of their
concentrations in seawater, phytoplankton
Zn : C ratios increase with increasing exter-
nal Zn. Consequently, phytoplankton should
remove Zn from seawater in increasing
amounts relative to N, C, and P with in-
creasing Zn ion concentration. Thus, if phy-
toplankton are primarily responsible for Zn
removal from seawater, the relationship be-
tween Zn and major nutrient concentrations
should be curvilinear, with increasing slopes
at increasing concentrations.

The relationships between dissolved Zn
and PO, in the nutriclines (0-800 m) of three
stations in the eastern North Pacific, based
on data of Bruland (1980), have this char-
acteristic (Fig. 8). If these curves do, in fact,
reflect the relative removal of Zn and PO,
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by phytoplankton, then the slopes (dZn/
dPO,) should reflect the relative amounts
of Zn and PO, in phytoplankton cells at the
ambient [Zn?*] in the water at the time these
elements were removed. We tested this hy-
pothesis by computing the slopes for the
relative changes in Zn and PO, concentra-
tions (AZn/APO,) for water from adjacent
depths within the nutriclines of Bruland’s
vertical profiles (see Fig. 8). The resultant
Zn : PO, ratios were converted to Zn : C ra-
tios using the Redfield C: P ratio for plank-
ton of 106:1. The Zn:C ratios were then
plotted as a function of the computed Zn
ion concentration at the mean Zn concen-
tration for the depth interval. Values of
[Zn?*] were computed from the speciation
model described in the methods section for
Zn complexation in central North Pacific
seawater based on data of Bruland (1989).

The modeled relationship between Zn : C
ratios and [Zn?*] determined from the anal-
ysis of the Zn and PO, distributions within
the nutricline agreed well with relationships
between cellular Zn : C and [Zn?*] measured
in our phytoplankton cultures (Fig. 9). Thus,
asin the Redfield model for major nutrients,
this agreement provides strong evidence that
uptake of Zn by phytoplankton is primarily
responsible for its removal from surface sea-
water and directly accounts for distribu-
tional patterns in Zn concentrations in the
nutricline.

As mentioned above, a major difference
between the Redfield model for Zn and that
for major nutrients is the decrease in Zn
uptake by phytoplankton with decreasing
Zn ion concentrations. This factor does not
affect the model in terms of cellular removal
of Zn from seawater, but it does have an
effect with regard to Zn regeneration be-
cause, as a result of particle sinking, such
regeneration will tend to occur in deeper
water with higher Zn : major nutrient ratios
than the surface water in which uptake oc-
curred. Such an effect will tend to dampen
relative changes in AZn/APO, observed with
depth and may explain why Zn: C ratios
determined from the model show a some-
what smaller variation over the environ-
mental Zn ion range than do the measured
cellular Zn : C ratios in phytoplankton cells
(Fig. 9).
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Fig. 8. Relationship between Zn and PO, concen-
trations at three stations in the eastern North Pacific
(O—H-77, 32°41.0'N, 144°59.5'W; O—C-1, 37°0.0'N,
124°12.0'W; and A—C-II, 36°52.0'N, 122°53.0'W).
Points below the dashed line give data within the nu-
tricline (0-800 m), those above give data from greater
depths (950-4,900 m). (Data from Bruland 1980.)

Redfield et al. (1963), however, pointed
out that high nutrient concentrations at
depth not only reflect remineralization of
sinking biogenic particles, but also the
marked lateral differences in surface con-
centrations between nutrient-impoverished
tropical and temperate waters and nutrient-
rich polar seas as well as the subduction and
subsequent lateral advection of dense polar
water along isopycnal surfaces. Through this
mechanism, biologically driven changes in
macro- and micronutrient concentrations
that occur laterally in surface waters can be
transposed directly into vertical variations
in concentrations.

Below the PO, maximum, which occurs
at ~800 m at the three North Pacific sta-
tions, the Zn concentration continues to in-
crease with depth while that of PO, decreas-
es, leading to a negative correlation between
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Fig. 9. Computed relationships between the molar ratio of Zn: C and log[Zn?*] determined from dissolved
Zn vs. PO, relationships in the nutriclines of three stations in the eastern North Pacific (see Fig. 8). Symbols
indicate values computed for stations H-77 (@), C-1 (M), and C-II (A). Lines give relationships between cellular
Zn: C ratios and log[Zn?*] measured in algal cultures as plotted in Fig. 3.

Zn and PO, (Fig. 8). A similar situation
occurs at these stations with Ni and Si, which
both increase with increasing PO, concen-
trations at depths above the PO, maximum,
but are negatively correlated with PO, at
greater depths. This difference in correlative
behavior above and below the nutrient
maximum suggests that processes besides
biogenic scavenging and remineralization
influence the distributions of many macro-
and micronutrient elements in the deep sea,
which in the North Pacific includes water
with ages of up to 1,000 yr since it last re-
sided at the surface. Such deep-sea process-
es might include hydrothermal inputs of
Zn, Ni, and Si (Edmond et al. 1979; Von
Damm 1990), PO, coprecipitation with hy-
drothermally produced Fe oxides (Feely et
al. 1990), and differential release into over-
lying waters of nutrient elements regener-
ated from biogenic matter in deep-sea sed-

iments (e.g. release of silica and relative
retention of Fe and PO,).

Conclusions

Results of our investigation support the
general hypothesis of mutual interactions
between Zn concentrations in seawater and
marine phytoplankton communities. Data
presented here along with previous data
provide evidence that Zn could be an im-
portant factor in controlling algal species
composition by preventing proliferation of
coastal species into low-Zn oceanic envi-
ronments. There is no evidence, however,
for Zn limitation of growth of oceanic or
coastal species in their own respective
habitats. The effect of Zn on marine algal
communities appears to be reciprocal. Our
results provide evidence that Zn concentra-
tions within the nutricline are regulated by
algal uptake and regeneration processes
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similar to those that regulate major nutrient
concentrations.
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