Limnol. Oceanogr., 49(5), 2004, 1742-1753
© 2004, by the American Society of Limnology and Oceanography, Inc.

Relationships among photoperiod, carbon fixation, growth, chlorophyll a, and cellular

iron and zinc in a coastal diatom

William G. Sunda and Susan A. Huntsman

National Ocean Service, National Oceanic and Atmospheric Association, 101 Pivers Island Road, Beaufort, NC 28516

Abstract

We conducted culture experiments with the diatom Thalassiosira pseudonana to determine the interactive effects
of day length and hiologically available concentrations of iron and zinc on cellular iron (Fe), zinc (Zn), chlorophyll
a (Chl a), and fixed carbon (C) throughout the light period. Specific rates of C-fixation and growth were also
measured. Specific C-fixation rates showed a single linear relation with the cellular Fe: C ratio regardless of the
photoperiod. Decreasing the photoperiod from 14 to 7 h increased the mean daytime cellular Fe: C ratio by 40%,
the specific C-fixation rate by 34%, and the Chl a: C ratio by 91% in mildly iron-limited cultures. These changes
reflect a cellular acclimation to the shortened light period. The higher cellular iron level apparently alowed for
synthesis of additional iron-rich proteins (e.g., those utilized in photosynthetic electron transport) needed to support
the increased rate of C-fixation. Mean cellular Chl a concentration decreased linearly with decreasing specific growth
rate under iron and zinc limitation, thereby allowing the cells to maintain a balance between light harvesting and
biosynthesis. Cellular concentrations of carbon, Chl a, zinc, and iron typically varied during the light period because
of the day—night differences in rates of C-fixation, Chl a synthesis, growth, and metal uptake. Cell carbon concen-
trations increased by 36-96% during the light period, reflecting daytime storage of fixed carbon to support nighttime
respiration and growth. Cellular zinc concentrations decreased by 25% during the light period owing to higher
daytime specific growth rates and resulting higher rates of biodilution. By contrast, the direction of change in
cellular iron concentrations was dependent on the extent of photochemical redox cycling of iron chelates, which
increased iron uptake rates during the day. The direction and magnitude of daytime changes in cellular zinc and
iron were also dependent on the parameter (cell volume, cell numbers, or carbon) to which the cellular metal was

normalized, as each of these parameters exhibited its own unique diurnal pattern.

Micronutrient metals (iron, zinc, and cobalt) play a sig-
nificant role in regulating the growth and species composi-
tion of marine phytoplankton (Morel and Price 2003). Iron
(Fe) regulates phytoplankton growth and food web structure
in major regions of the ocean, including the subarctic and
equatorial Pacific (Martin and Fitzwater 1988; Coale et a.
1996), the Southern Ocean (Boyd et al. 2000), and some
coastal upwelling systems (Hutchins et al. 1998). Zinc (Zn)
is less important in limiting marine productivity (Coale
1991) but, in conjunction with cobalt (Co), may affect phy-
toplankton community structure through differences in
growth requirements among algal species (Brand et al. 1983;
Sunda and Huntsman 1992, 1995a).

Alga growth in iron- or zinc-limited phytoplankton is
controlled by complex interactions among available metal
concentration, cellular metal uptake rate, and intracellular
metal concentration (Sunda and Huntsman 1995a,b; Sunda
2000). An inherent feedback exists between the specific
growth rate and cellular metal, because the growth rate is
directly related to the cellular concentration of limiting met-
al, whereas the cellular metal is inversely related to the spe-
cific growth rate, the effective rate of biodilution.

An additional controlling factor is the diel photoperiod,
the duration of which regulates daily rates of carbon-fixation,
growth, and cell division. Because photosynthesis occurs
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only during the day, the growth and composition of cells
must vary over the diel cycle. Diel variationsin cell carbon,
carbohydrate, protein, chlorophyll a (Chl a), and major el-
emental ratios (e.g., nitrogen [N]:carbon [C], phosphorus
[P]:C, and sulfur [] : C) have been documented in cultured
algae and natural phytoplankton growing under light/dark
cycles (Hitchcock 1980; Owens et al. 1980; Cuhel et al.
1984; Varum et al. 1986; Hama and Handa 1992; Burkhardt
et al. 1999). Similar variations in cellular zinc and iron
should aso occur, but have not been previously examined.

The diel cycle may aso influence cellular iron concentra-
tions through day—night differences in iron chelation, linked
to photochemical redox cycling (Fig. 1). Rates of iron and
zinc uptake by phytoplankton are controlled by the concen-
tration of dissolved inorganic metal species or free metal
ions, which are regulated in seawater by metal complexation
to organic ligands (Sunda 1988/1989; Morel et al. 1991).
For most trace metals, such as zinc, this complexation is
unaffected by light. Many iron chelates, however, undergo
photo-redox cycling, which increases the concentration of
dissolved inorganic Fe(Il) and Fe(l11) species (referred to as
[Fe']) and thus increases algal iron uptake rates in the light
(Fig. 1), as demonstrated for a number of marine algae, in-
cluding our test species Thalassiosira pseudonana (Ander-
son and Morel 1982; Sunda and Huntsman 1995b and un-
publ. data). By increasing daytime iron uptake rates,
photo-redox cycling should influence diel patterns of cellular
iron.

We conducted experiments with the coastal diatom T.
pseudonana to determine the interactive influence of day
length and limiting concentrations of Fe and Zn on specific
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Fig. 1. Relationship between iron chemical dynamics and iron
uptake by phytoplankton. Iron uptake is controlled by the reaction
of inorganic Fe(ll) species (Fe(Il)’) and inorganic Fe(lll) species
(Fe(111)") with transport proteins (T) on the outer cell membrane
forming iron complexes with the proteins (FeT). The binding of
iron to these uptake sites is related to the concentrations of Fe(ll)’
and Fe(l11)’". These concentrations, in turn, are determined by the
balance between Fe(l11)" reaction with organic ligands (L; EDTA
and NTA in our experiments) to form organic chelates (Fe(l1)L)
and dissociation of the chelates to reform Fe(l1l)’ and L. In the
light, many ferric chelates such as Fe(lI1)EDTA absorb light (hv),
which promotes an intramolecular charge transfer reaction in which
theiron is reduced to Fe(ll) and the ligand is oxidized to a degraded
molecule, L(ox). The Fe(l1) dissociates from the degraded ligand to
form soluble Fe(l1)’, which is subsequently oxidized by dioxygen
(0,) and hydrogen peroxide (H,O,) to re-form Fe(l11)’. The reaction
of Fe(lll)" with L to form Fe(l11)L completes the iron photo-redox
cycle. This cycle increases iron uptake by algal cells by increasing
the steady-state concentrations of Fe(ll)’ and Fe(ll1)" species. The
iron that is taken up by the cell islargely used to make cytochromes
(Cyt) and iron—sulfur (FeS) redox centers necessary for photosyn-
thetic and respiratory electron transport and for nitrate assimilation.
The iron photo-redox cycle shown here and its influence on algal
iron uptake are largely based on work by Anderson and Morel
(1982) and Hudson and Morel (1990).

rates of C-fixation and growth and cellular concentrations of
Chl g, fixed carbon, zinc, and iron. We aso determined di-
urnal patterns in these constituents through repeated mea-
surements throughout the light period. These patterns are
influenced by day—night differences in specific rates of C-
fixation and growth, which we quantified. The influence of
iron photochemistry was also examined by measuring diur-
nal patterns in cellular iron in chelation regimes with con-
trasting levels of iron photo-redox cycling.

Materials and methods

Three growth and metal uptake experiments were con-
ducted in acclimated cultures of T. pseudonana using pre-
viously described methods (Sunda and Huntsman 1992,
1995a,b). Experiments 1 and 2 examined the influence of
limiting concentrations of zinc and iron, respectively, in cul-
tures grown under a 7-h photoperiod (Table 1). The third
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experiment was conducted under a twofold longer photo-
period (14 h) and limiting iron conditions comparable to
those utilized in one of the treatments in Experiment 2,
thereby allowing us to determine day-length effects. In ad-
dition, this experiment examined the influence of photo-
chemical cycling of iron by comparing results obtained in
two different iron chelation regimes (see below).

An axenic culture of T. pseudonana (CCMP 1335, for-
merly clone 3H) was obtained from the Provasoli—Guillard
Center for the Culture of Marine Phytoplankton (Bigelow
Laboratory, Maine). It was maintained in f/8 medium (Guil-
lard and Ryther 1962), using sterile technique, until needed.
Experimental cultures were grown at 20°C and a pH of 8.2
+ 0.1 in 450-ml polycarbonate bottles containing 350 ml of
seawater medium. They were grown under fluorescent light-
ing (Vita-Lite, Duro Test Corp.) at an intensity of ~500
umol quanta m=2 s1. The experimental media consisted of
filtered Gulf Stream seawater (salinity = 36) enriched with
32 pmol L-* NaNO,, 2 umol L-* NaHPO,, 40 wmol L-*
Na,SiO;, 10 nmol L~ Na,SeO,, 0.074 nmol L-* vitamin B,,,
0.4 nmol L-* biotin, and 60 nmol L-* thiamin.

Trace metal ion buffer systems were added to quantify and
control the concentrations of free trace metas ions or dis-
solved inorganic species, which regulate metal uptake by
phytoplankton. The buffer system composition varied among
the experiments. In Experiments 1 and 2, which examined
zinc and iron limitation, respectively, the media contained
100 pwmol L-* of the chelator ethylenediaminetetraacetic acid
(EDTA). The media in Experiment 1 contained a growth-
saturating Fe concentration (1,000 nmol L~*) and six Zn con-
centrations ranging from growth limiting to growth suffi-
cient. In Experiment 2, the media contained two limiting
concentrations of Fe (30 and 100 nmol L-*) and a growth-
sufficient concentration of Zn (100 nmol L-*). Mediain both
experiments also contained growth-saturating concentrations
of manganese (Mn) (50 nmol L-%) and copper (Cu) (40 nmol
L-1). Cobalt was omitted in Experiment 1 because of its
ability to nutritionally substitute for zinc (Sunda and Hunts-
man 1995a). In Experiment 2, cobalt was added at a con-
centration of 40 nmol L.

Experiment 3 was conducted in two different iron chela
tion buffers: (1) 100 uwmol L-* EDTA and 100 nmol L-*
iron, a system in which photochemical redox cycling in-
creases daytime Fe' concentrations (and one of the iron treat-
ments in Experiment 2), and (2) 500 uwmol L-* nitrilotriacetic
acid (NTA) and 200 nmol L-* iron, a treatment that yielded
a similar mildly iron-limiting growth rate, but one in which
there is no day/night difference in Fe' concentration. A com-
parison of cultures grown in the two media alowed us to
examine the effect of photochemical cycling on diurnal cel-
lular iron patterns. Both buffer systems contained growth-
saturating concentrations of other essential trace metals: 980
nmol L-* Zn, 43 nmol L-* Co, 171 nmol L-* Mn, and 132
nmol L=t Cu in the EDTA system and 65 nmol L-* Zn, 3.3
nmol Lt Co, 17 nmol L= Mn, and 12.6 nmol L=t Cu in
the NTA system. These concentrations yielded equivalent
concentrations of free Zn, Co, Mn, and Cu ions in the two
buffer systems (Table 2).

Free ion concentrations of Zn, Co, Mn, and Cu (Table 2)
were computed from the total metal concentration and the
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Table 1. Conditions and experimental results for the three long-term growth and metal uptake experiments.

Light Total Fe _ Crowthrate
period  Chelator (nmol (h fixation  Cell Chl a* Cell volume* Cell Zn or Fe*  Cell Ct
Exp. (h)  (umol LY L™ Log[Zn*'] (d*%) light™?) rate (h"*) (mmol Lcy ) (um?)  (umol Lgg ™) (Mol Leg~)
1 7 100 EDTA 1,000 —12.00 0.73 0.104 5.76+0.11 (2) ﬂ
—-11.50 097 0139 0163 6.74x0.74(4) 28.6+40 93*x13(2) 12.8+1.9
—11.00 109 0156 0176 7.28+0.68 (4) 30.2£39 160+28 (2) 13.4+35
—10.50 105 0150 0172 7.73x0.45 (4) 30.83.9 207+29 (2) 12.7+21
-10.00 1.03 0147 0194 7.80+0.29 (4) 30.0+3.9 211*+25(2) 13.6+3.0
Cell Fe
2 7 100 EDTA 30 —10.99 059 0.084 0108 4.52+0.51 (3) 23.625 43026 (4) 155
100 -1099 0838 0126 0178 5.82+0.62 (180 295+3.1 650*61 (10) 15.0
3 14 100 EDTA 100 —10.00 150 0107 0133 325050 (25) 37.2£18 495+54 (19) 16.0
500 NTA 200 —10.00 158 0133 0148 3.29+0.65(17) 37.8t26 576*43(18) 16.0

* Mean = SD (n > 2) or *range (n = 2) for daylight values plotted in the figures. The number of observations is given in parenthesis.

1 In Exp. 1, the mean =+ range was computed for cell C concentration measured at the beginning and end of the light period. To determine daily mean cell
C concentration in the second and third experiments, the mean cell C at each hour determined by linear regression (Figs. 3A, 4A) was summed and divided
by the total number of hours. Values determined in this way are 5% higher than the simple mean of initial and final light period values, as computed for

Exp. 1.

extent of meta complexation by EDTA or NTA and inor-
ganic ligands, as determined from equilibrium calculations
(Sunda and Huntsman 1992, 1995a). The computed ratios
for free metal ion concentration to total metal in the 100
pmol L-* EDTA media were 10-3% for Zn, 10-3% for Co,
101 for Mn, and 10-%2 for Cu. NTA is a weaker chelator,
and thus, the equivalent ratios were somewhat lower in the
500 wmol L-* NTA media: 10-28 for Zn, 10-2%2 for Co,
10-° for Mn, and 10-5% for Cu. This weaker chelation
necessitated higher free Mn and Cu ion concentrations in
Experiment 3 than used in Experiments 1 and 2 to maintain
equivalent free ion concentrations of these metals in the
EDTA and NTA buffer systems.

Computed concentrations of dissolved inorganic iron spe-
cies ([Fe€']) in Fe-EDTA buffered media were computed
from equilibrium or steady-state complexation relationships
measured in the dark and under the same light regime used
in our experiments (Sunda and Huntsman 2003). Based on
these computations the [Fe'] is 3.5-fold to 5.7-fold higher in

the light than in the dark in the EDTA media (Table 2). [Fe']
could not be computed for the NTA medium in Experiment
3 because of alack of appropriate complexation data. How-
ever, experiments with both Thalassiosira weissflogii (An-
derson and Morel 1982) and T. pseudonana (Sunda and
Huntsman unpubl. data) show no increase in iron uptake in
NTA mediain the light, consistent with there being no pho-
tochemical increase in [Fe']. The T. pseudonana experiments
were conducted under the same light conditions used in the
present experiments.

To initiate experiments, algal cells were transferred from
f/8 media to experimental media containing the lowest or
next-to-lowest concentration of the metal to be varied (i.e.,
[Zn?*] = 1075 mol L-* in Experiment 1 and total iron
concentrations of 30 and 100 nmol L%, respectively, in Ex-
periments 2 and 3). The cells were acclimated in these media
under the experimental light regime for seven to nine cell
generations. They were then inoculated into two parallel sets
of experimental media, one labeled with “C-bicarbonate to

Table 2. Computed concentrations of Fe' and free ion concentrations of zinc (Zn), manganese (Mn), cobalt (Co), and copper (Cu) in the

three culture experiments.

[FeT*
Chelator Total Fe (pmol L)
Exp. (umol L-%) pH (nmol L-%) Light Dark Log [Zn?] Log [Co?"] Log [Mn?*] Log [Cu?‘]
1 100 EDTA 8.2+0.1 1,000 * * —12.00 to ~ —136 —8.53 —13.52
—10.00
2 100 EDTA 8.20+0.06 30 137 34 —10.99 —11.03 —8.53 —1352
8.24+0.04 100 503 144
3 100 EDTA 8.10+0.02 100 376 66 —10.00 —11.00 —8.00 —13.00
500 NTA 8.08+0.03 200 * * —10.00 —11.00 —8.00 —13.00

* [Fe'] is the total concentration of dissolved inorganic ferric and ferrous species, [Fe(I11)] and [Fe(l1)'], respectively. [Fe(l11)'] in the EDTA mediain Exps.
2 and 3 was computed from empirical steady-state (or equilibrium) ferric chelation data measured in the dark and under the same light regime as used in
the present experiments (Sunda and Huntsman 2003). Values for [Fe(l1)'] were determined from computed steady-state ratios of [Fe(l11)']/[Fe(l1)'] based
on Fe(Il)’ oxidation kinetics and the photo-redox cycle shown in Fig. 1 (Sunda and Huntsman 2003). These ratios increase with pH and are 3.8, 6.0, and
7.2, respectively, at the experimental pH values of 8.10, 8.20, and 8.24. [Fe'] in Exp. 1 cannot be calculated because of precipitation of ferric hydroxides
(Sunda and Huntsman 1995b). It also cannot be calculated in the NTA medium in Exp. 3 because of a lack of appropriate chelation data.



Didl light cycles and diatom dynamics

allow measurement of cellular fixed carbon and the other
labeled with 5°Fe or %Zn (obtained from Amersham Radio-
chemicals) for measurement of cellular Fe or Zn. The cells
were inoculated at biomass levels of 0.001-0.02 ul of cell
volume per liter of culture and grown for 9-13 cell gener-
ations. Total cell concentrations and volumes were measured
daily with a Coulter Multisizer 11 electronic particle counter.

To analyze for cell C, Fe, or Zn, exponentially growing
cultures were filtered onto 2-um pore Nuclepore filters at
various times during the light period. Cellular fixed C was
measured in “C-labeled cultures via liquid scintillation, and
cellular Zn and Fe were determined in the °Fe- and ®Zn-
labeled cultures by gamma radiometry (Sunda and Hunts-
man 1995a,b). To measure intracellular iron, the filtered cells
were exposed to a titanium—EDTA-citrate reducing solution
for 2 min to reductively dissolve iron oxides and remove
iron bound to cell surfaces (Hudson and Morel 1989). At
each sampling time we also measured pH, cell Chl a, total
cell numbers and cell volume per liter of culture, and aver-
age volume per cell (Sunda and Huntsman 1995a,b). The
data were processed to give cellular concentrations of Zn,
Fe, fixed C, and Chl a in units of moles per cell or per liter
of cell volume. Chl a: C ratios were also computed for the
“C-labeled cultures in which both Chl a and fixed carbon
were measured. To compute cell Zn: C and Fe: C ratios, cell
Zn or Fe concentrations were divided by cellular C concen-
trations measured at the same time of day in the parallel *C-
labeled cultures.

In Experiment 1, a single set of measurements was made
in each culture at the beginning and just past the end of the
7-h light period. However, in Experiments 2 and 3, a more
extensive set of measurements was made throughout the
light period over a 2- to 4-d period. These cultures were
diluted periodically with fresh medium to maintain total cell
volumes within a relatively narrow range (1-6 wl [L cul-
ture] - in Experiment 2 and 0.8-2.4 ul [L culture]—* in Ex-
periment 3). By doing this we prevented the growth of the
cells from appreciably altering pH, nutrients, free metal ions,
or CO..

To determine average daily growth rates, we regressed the
natural log of total cell volume versus time over a 3-5-d
period, after correcting for culture dilution with fresh me-
dium (i.e, in Experiments 2 and 3). Data used for these
regressions were collected at the same time of day. We also
determined specific rates of C-fixation and growth during the
day by regressing In of the dilution-corrected fixed C con-
centration and total cell volume, respectively, versus time
over a single light period. Specific growth rates in the dark
(mp, in units of h=%) were computed from the average daily
specific growth rate (u, d—*) and the daytime specific growth
rate (u,, h™*) according to the equation

po = (m — p h)lhy )

where h, and hy are the hours of light and dark per day,
respectively.

Results

Cell carbon, Chl a, size, and growth rate—The time of
day, photoperiod, and growth rate limitation by iron or zinc
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all influenced the cellular concentrations of fixed C and Chl
a and mean volume per cell. The diurna patterns in these
parameters showed some similarities and differences be-
tween the 7-h photoperiod (Experiments 1 and 2) and 14-h
period (Experiment 3).

In Experiment 1, zinc limitation of growth rate occurred
at zinc ion concentrations below 10-** mol L-* (Table 1).
Zinc limitation was accompanied by decreases in cell Chl a
concentration, but little effect was observed for cell C con-
centration or volume per cell (Table 1). The cell C concen-
tration increased from a mean of 9.9 + 0.4 mol per liter of
cell volume (mol L, %) at the beginning of the light period
to 16.3 = 0.6 mol L, ~* at the end, a 65% increase (Fig.
2A). The average volume per cell increased by 30% (Fig.
2C), while the cellular Chl a concentration showed no var-
iation (P = 0.79) (Fig. 2B).

In Experiment 2, cellular parameters were measured
throughout the 7-h light period over 3-4 d in two iron-lim-
ited cultures. The intracellular iron and specific growth rate
both increased as the iron concentration was increased from
30 and 100 nmol L-* (Table 1). The specific growth rates
(0.59 and 0.88 d=*) were 56% and 83% of the maximum
rate (~1.06 d-*) under iron and zinc sufficiency. The volume
per cell and cell Chl a concentration decreased with increas-
ing iron limitation (as observed previously; Sunda and
Huntsman 1995b), but the mean cellular carbon concentra-
tion showed little change (Fig. 3; Table 1).

Trendsin cell C, Chl a, and volume per cell in Experiment
2 were similar to those in Experiment 1. At the higher iron
level (100 nmol L-1), the cell C concentration (mol L., %)
increased linearly with time (h) and fit the equation

[cell C] = 1.39 h + 10.5 (Rz = 0.92) )

during the initial 80% of the photoperiod and then remained
nearly constant for the remainder of the light period. Overall,
the cell C concentration increased by 72% (from 10.5 to 18.1
mol L, %) over the 7-h light period. Decreasing iron to 30
nmol L-* decreased the specific C-fixation rate (Table 1) and
lowered the daytime percentage increase in [cell C] to 36%
(Fig. 3A). There was no daytime trend in cell Chl a con-
centration (Fig. 3B), and volume per cell increased by 24%
based on linear regression analysis (Fig. 3C).

In Experiment 3, conducted under a 14-h photoperiod,
similar daily specific growth rates (1.50 and 1.58 d-*) were
observed in the two iron treatments (100 nmol L-* Fe with
100 wmol L-* EDTA and 200 nmol L-* Fe with 500 wmol
L=t NTA) (Table 1). These rates are 83% and 88% of the
maximum specific rate under iron sufficiency (~1.8 d%;
Sunda and Huntsman 1995b). The percent of the maximum
growth rate in the EDTA medium (83%) equals that ob-
served for the same iron and EDTA treatment in Experiment
2 (see above).

Diurnal patterns in cell C, Chl a, and volume per cell in
Experiment 3 were indistinguishable between the two iron
treatments (Fig. 4). The cell C concentration increased lin-
early with time for the initial 80% (11 h) of the light period
(Fig. 4A):

[cell C] = 0.79 h + 10.5 (R? = 0.91) (©))
as in Experiment 2 under the same mild degree of iron lim-
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Fig. 2. Diurna variations in (A) cellular carbon concentration
(mol C per liter of cell volume), (B) cellular Chl a concentration
(mmol per liter of cell volume), and (C) mean volume per cell. The
data were collected at the beginning and end of a 7-h daily light
period. They are plotted for free zinc ion concentrations ([Zn3*])
ranging from growth limiting to growth saturating (see growth rate
data in Table 1). Morning data only was collected for [Zn*>*] =
10-** mol L-* because of a time constraint. Vaues for Chl a con-
centration and volume per cell are means + range for duplicate
cultures, one labeled with “C and the other with &Zn.

itation. The rate of increase was more gradual during the
final 20% of the light period. A comparison with Eg. 2
shows that the cell C concentration at the start of the light
period is the same for the two photoperiods, but the rate of
increase is 72% higher for the 7-h period. This increase is
apparently linked to the higher specific rate of C-fixation
(Table 1). But because of its twofold longer duration, the 14-
h photoperiod showed a higher percentage daytime increase
in cell C concentration (96% vs. 72%). The daytime increase
in cell C concentration reflects the fact that carbon is fixed
photosynthetically only during the day and is lost to respi-
ration at night (Fig. 5). Growth, as measured by the increase
in total cell volume per liter of culture, occurs during both
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Fig. 3. Variations in (A) cellular fixed carbon concentrations,
(B) cell Chl a concentrations, and (C) mean volume per cell during
the 7-h light period in Experiment 2 conducted in EDTA media at
iron concentrations of 30 and 100 nmol L-*. Linear regression lines
are shown. The data were collected over a 4-d period.

light and dark periods, albeit at a reduced rate in the dark
(Fig. 5).

The diurna patterns in cell Chl a and volume per cell
observed over the 14-h light period in Experiment 3 differed
from those for the shorter light period in Experiments 1 and
2. In Experiment 3, the volume per cell and cellular Chl a
exhibited opposing sigmoidal patterns. The volume per cell
increased during the morning, decreased during midday, and
then increased again over the final 3 h of light (Fig. 4E),
apparently reflecting diel cyclesin cell division (Nelson and
Brand 1979). The cell Chl a concentration showed an op-
posite pattern: it decreased dlightly during the morning, in-
creased during midday, and decreased again at the end of
the light period (Fig. 4B). Chl a: C ratios and Chl a per cell
also showed sigmoidal patterns, but their overall trends dif-
fered (Fig. 4C,D). Chl a:C trended downward during the
day, reflecting the twofold increase in cell C concentration,
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Fig. 4. Variations in (A) cellular fixed carbon concentrations,
(B) cell Chl a concentrations, (C) cellular Chl a: C ratios, (D) Chl
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in Experiment 3 measured over a 2—4-d period. This experiment
was conducted in two mildly iron-limiting media, one buffered with
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Fig. 5. Unbalanced growth in cellular fixed carbon, total cell
volume, and cells per liter of culture during successive light and
dark periods in the EDTA medium in Experiment 3. The three vir-
tual growth curves were constructed by factoring out the effects of
culture dilution with new medium. Carbon is fixed only in the light,
and its rate of increase in the light is substantially higher than that
for cell volume, resulting in a twofold daytime increase in cell C
concentration (see Fig. 3A).

whereas Chl a per cell trended upward. Thus, the overall
daytime pattern in cellular Chl a depends on which param-
eter (cell volume, cell C, or cell numbers) it was normalized
to.

Relationships among photoperiod, Chl a, cellular Fe: C,
and specific rates of C fixation and growth—Decreasing the
photoperiod from 14 h (Experiment 3) to 7 h (Experiments
1 and 2) decreased the daily specific growth rate, increased
the average cellular iron and Chl a concentrations, and in-
creased the specific photosynthetic C-fixation rate in nonlim-
ited or mildly iron- and zinc-limited cultures (Table 1). In
the mildly Fe-limiting treatment with 100 umol L-* EDTA
and 100 nmol L-* Fe, the halving of the photoperiod de-
creased the specific growth rate by 41% and increased the
mean cellular iron and Chl a concentrations by 31% and
79%, respectively. There was an associated 34% increase in
the daytime specific C-fixation rate (Table 1).

In the iron experiments (Experiments 2 and 3), the specific
C-fixation rate followed a single linear relation with the in-
tracellular Fe: C ratio, regardless of the photoperiod (Fig. 6).
The slope of this relationship, 4,200 mol C h=* (mol Fe)?,
defines the marginal iron use efficiency (MIUE), the moles
of additiona cellular C fixed per hour per additional mole
of intracellular Fe. This value compares with a calculated
MIUE of 3,100 mol C (mol Fe)~* h-* based on the metabolic
iron needed to support photosynthetic electron transport
(PET), nitrate reduction, and respiratory electron transport
(Raven 1988). The calculations assume a 1:1:1:1:1 stoi-
chiometry for iron-containing PET components (photosys-
tem I, cytochrome b,—f complex, cytochrome c, photosys-
tem |1, and ferredoxin), yielding a total of 23 iron atoms per
PET chain (Raven et al. 1999). The agreement between ob-
served and modeled MIUE values is reasonable given the
uncertainties in the model calculations and the fact that the
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Fig. 6. Relationship between the net specific C-fixation rate and
the intracellular Fe:C ratio in Experiments 2 and 3. The linear
regression equation, line, and R? are given. Error bars give standard
deviations.

calculations assume balanced cell growth under continuous
light (Raven 1988, 2000).

In the two 7-h photoperiod experiments, the cellular Chl
a concentration ([cell Chl a]) showed a single linear rela-
tionship with specific growth rate under both zinc and iron
limitation (Fig. 7):

[cell Chl a] = 42.9 w, + 0.97 (R* = 0.89)  (4)

In EQ. 4, w, is the daily specific growth rate divided by the
daily hours of light (i.e., by the hours of photosynthetic C
fixation), and 0.97 mol L, ~* is the extrapolated [cell Chl
a] at zero growth rate.

Because growth is dependent on C-fixation, values of w,
and specific C-fixation rate were closely correlated in all
three experiments (linear regression R? = 0.83). In expo-
nentially growing cells, the daily specific growth rate divided
by the hours of light should equal the hourly net specific C-
fixation rate minus nighttime losses of cell carbon, primarily
to respiration. In our experiments, these rates were 80 = 6%
of net C-fixation rates (Table 1), indicating an ~20% night-
time cellular loss of fixed carbon. This value agrees with
that (19 = 4%) measured in cultures of T. weissflogii (for-
merly T. fluviatilis) grown on a 6:18-h light:dark cycle
(Hobson et al. 1985).

Variations in cellular zinc—In Experiment 1, mean cel-
lular zinc concentrations increased at zinc ion concentrations
([Zn?*]) up to ~10-1°5 mol L—* and approached a constant
value of ~200 umol L, ~* at higher [Zn?*] (Table 1). Cel-
lular zinc varied over the 7-h light period, and the amount
of variation depended on how cell zinc was expressed. The
cell zinc concentration (normalized to cell volume) de-
creased by an average of 25 = 4% during the light period
(Fig. 8A), owing to a higher specific rate of cell volume

Sunda and Huntsman
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Fig. 7. Relationship between mean daytime cellular Chl a con-
centration and daily specific growth rate divided by hours of light
per day. Data are plotted for the two 7-h photoperiod experiments
with varying zinc and iron limitation and for the 14-h photoperiod
experiment under mildly iron-limiting conditions. The data are tak-
en from Table 1.

increase during the day (~2.1 d-*) than at night (~0.6 d-3),
and resulting higher daytime biodilution rate (Fig. 9). Cell
Zn:C ratio decreased by an even larger percentage (54 =
4%) (Fig. 8B), reflecting the combined effect of the 25%
decrease in cell Zn concentration and 64 = 4% increase in
cell C concentration (Fig. 2A). Finaly, the zinc per cell
showed no change (P = 0.95)(Fig. 8C) because the 25%
daytime decrease in zinc per unit of cell volume was effec-
tively canceled by the 30% increase in volume per cell.

Diurnal variations in cellular iron—Diurnal variationsin
cellular iron are influenced not only by day—night differences
in growth processes but also by changes in iron availability
caused by photo-redox cycling (Fig. 1), which should in-
crease daytime iron uptake rates in the EDTA media in Ex-
periments 2 and 3. In Experiment 2, there was no trend in
cellular iron concentration during the 7-h photoperiod (Fig.
10A), contrasting with the previous results for zinc. For iron,
the increased biodilution during the day (which tends to de-
crease cellular metal concentration) apparently was cancelled
by an increased rate of iron uptake due to photochemical
redox cycling. Cellular Fe:C ratios in Experiment 2 de-
creased during the day (Fig. 10B), and the percentage de-
crease was threefold greater at the higher iron concentration,
reflecting the higher percentage increase in cell C concen-
tration (Fig. 3A). Iron per cell followed the opposite trend
and increased over the 7-h photoperiod (Fig. 10C). Thus,
daytime trends in cellular iron differ from those of zinc, but
like Chl a and zinc, the exact pattern depends on which
cellular parameter it is normalized to.

The effect of photo-dissociation of Fe-chelates was further
investigated in Experiment 3 by comparing diurnal varia-
tions in cellular iron in EDTA media, where photochemical
cycling increases the daytime Fe’' concentration, with vari-
ations in NTA media, where no photochemical change in
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zinc ion concentrations ranging from growth limiting to growth sat-
urating (see Table 1).

Fe' occurs. The cellular iron concentration showed quite dif-
ferent daytime trends depending on the choice of chelator.
It increased in the EDTA medium, apparently owing to the
large daytime increase in [Fe'], but it decreased in the NTA
medium (Fig. 11A). The increase in cellular iron concentra-
tion in the EDTA medium in Experiment 3 contrasts with
the lack of daytime trend in Experiment 2. This difference
in trends is likely accounted for by the higher relative in-
crease in [Fe'] during the day versus the night in Experiment
3 (5.7-fold) compared to that in Experiment 2 (3.5-fold),
resulting from alower pH (Table 2; see Sunda and Huntsman
2003). When cellular iron was normalized to carbon in Ex-
periment 3, the resulting cell Fe: C ratios decreased in both
the EDTA and NTA media, but the rate of decrease in the
NTA medium was three times higher than that in the EDTA
medium (Fig. 11B).

Discussion

Diel variations in growth and cell C concentration—Un-
der nutrient limitation (e.g., by Fe or Zn), the specific rates
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Fig. 9. Increase in total cell volume per liter of culture during
light and dark periods for cells grown on a7:17-h light: dark cycle
in Experiment 1. Average growth rates in the light were ~2.1 d-*,
while those in the dark were ~0.6 d-¢, yielding an average daily
growth rate of ~1.0 d*.

of C-fixation and growth, the cellular concentrations of nu-
trient element and Chl a, and the uptake rate of the nutrient
are al integrally linked (Sunda and Huntsman 1997; Sunda
2001). Furthermore, the functional relationships among these
variables change with the length of the photoperiod, which
provides a fundamental control on daily rates of C-fixation.

The existence of the photoperiod leads to large diel dif-
ferences in net rates of C-fixation and growth and in cell C
concentration. In our experiments, we observed 64% to 96%
daytime increases in cell C concentration for cells growing
at or near their maximum rates. The increase reflects C-fix-
ation during the day and partial storage as carbohydrates
(e.g., B-1,3-D-glucan; Varum et al. 1986). This stored carbon
is then utilized during the dark period to support respiration,
protein synthesis, and growth (Cuhel et al. 1984). A com-
bination of respiratory carbon consumption and cell volume
increases due to growth causes cell carbon concentrations to
decrease during the night, completing the diel cycle.

Our cell volume data show that cellular growth rates are
reduced at night (Figs. 5, 9). At the four highest zinc ion
concentrations in Experiment 1, the average daily specific
growth rate was 1.03 *= 0.05 d-*, and the specific rate during
the 7-h light period was 0.084 + 0.006 h-1, yielding a com-
puted rate of 0.026 = 0.001 h-* during the 17-h dark period
(see Eq. 1). Based on these data, 57% of the cell volume—
based growth occurred during the day. In the EDTA treat-
ment in Experiment 3, the specific growth rates in the light
and the dark were 0.087 and 0.028 h-1, respectively, and the
overal daily rate was 1.50 d-*. Here a higher percentage
(81%) of the volume-based growth occurs during the day
owing to the longer 14-h photoperiod.

Photo-acclimation to decreasing photoperiod—To sup-
port a higher percentage of nighttime growth, cells accli-
mated to the shortened (7-h) photoperiod must store sub-
stantial amounts of fixed carbon during the day. This storage
requires a high rate of photosynthetic C-fixation, given the
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Fig. 10. Variations in (A) intracellular iron concentration, (B)
cellular Fe: C ratio, and (C) iron per cell during the 7-h light period
in Experiment 2 conducted in EDTA media at two growth-limiting
iron concentrations (30 and 100 nmol L-1). Linear regression lines
are shown.

short duration of the photoperiod. This indeed is what we
observed. Cells grown at 100 nmol L-* iron in EDTA me-
dium had a 34% higher specific net C-fixation rate under a
7-h photoperiod than they did under a 14-h period (Table 1).
Similar increases in photosynthetic C-fixation rate with de-
creasing photoperiod have been observed in T. weissflogii
(Hobson et al. 1985). In this species, the midday short-term
C-fixation rate per cell increased by a 2.7-fold as the pho-
toperiod was decreased from 18 to 6 h.

Based on our present and previous experimental results
(Fig. 6; Sunda and Huntsman 1997) and molecular iron use
efficiency models (Raven 1988, 1990), an increase in spe-
cific C-fixation rate under iron limitation requires an increase
in cellular Fe. Such an increase in fact is observed. In the
two Fe-limited cultures containing EDTA and 100 nmol L-*
Fe, cells grown under the shorter photoperiod had a 40%
higher mean daytime Fe: C ratio (Table 1), sufficient to sup-
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(500 wmol L=t NTA, 200 nmol L-* iron) media. Linear regression
lines are shown.

port the 34% higher net C-fixation rate. Based on molecular
models, roughly half of the metabolic iron is needed for
photosynthetic reaction centers and associated electron trans-
port proteins, while the remainder is needed for synthesis of
nitrate and nitrate reductase enzymes and components of the
respiratory electron transport chain (Raven 1988; Raven et
al. 1999).

The increased photosynthetic C-fixation rate observed un-
der a shortened light period represents a photo-acclimation,
resembling in part that occurring under low light intensity.
Acclimation to low irradiance largely involves an increase
in photosynthetic capacity (and thus an increase in cellular
Fe) to partially compensate for the undersaturated state of
the photosynthetic apparatus with respect to light (Raven
1990). Iron-limited phytoplankton cells cannot obtain this
additional iron by increasing their iron uptake rates, as these
rates appear to already operate at their physical and chemical
l[imits (Hudson and Morel 1990; Sunda and Huntsman
1995b, 1997). The cellular iron concentration is directly re-
lated to the uptake rate and inversely related to the specific
growth rate (see Eq. 5 below). Consequently, the reduced
growth rate under low irradiance allows the cells to accu-
mulate the increased iron needed for synthesis of additional
photosynthetic units (Sunda and Huntsman 1997). The same
dynamic appears to be at play in the iron-limited culturesin
the present experiments, but here it is the shortened photo-
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period and resultant decrease in growth rate that provide for
the necessary increase in cellular iron.

Consistent with the increased photosynthetic C-fixation
rate, a decrease in the photoperiod was accompanied by
higher cell Chl a concentrations (Table 1). Similar increases
in Chl a with decreasing day length have been observed for
other algal species and have been generaly attributed to a
photo-acclimation (Terborgh and Themann 1964; Hobson et
al. 1979, 1985; Verity 1981; Sakshaug and Andersen 1986;
Nielsen 1992).

Balancing light capture and growth—Under constant day
length and varying levels of iron and zinc limitation, cellular
Chl a concentrations decreased as a linear function of spe-
cific growth rate. A similar linear relationship between Chl
a: C ratio and specific growth rate has been observed in the
coastal diatom Skeletonema costatum under varying levels
of nitrogen limitation (Sakshaug et al. 1989). Likewise, total
Chl (Chl a + Chl b) was linearly correlated with the light-
saturated C-fixation rate in iron-limited terrestrial plants
(Terry 1980). Decreases in Chl a under iron limitation have
been widely reported in algae and terrestrial plants and have
been historically attributed to a metabolic requirement for
iron in Chl a synthesis (Karali and Price 1963). However,
such a mechanism does not readily explain the virtually
identical relationship between Chl a and specific growth rate
that we observed under zinc limitation, as Zn is not known
to be directly involved biochemically in Chl a synthesis.
Alternatively, the decrease in Chl a under iron limitation has
been proposed to be fundamentally linked to the decrease in
the synthesis of photosynthetic units resulting from a de-
crease in the supply of iron for synthesis of critical iron-
containing components of these units, namely iron—sulfur
redox centers and cytochromes (Spiller and Terry 1980; Sun-
da and Huntsman 1997). Ultimately, plants must maintain a
balance among sequentialy linked photosynthetic and bio-
synthetic processes. light capture by Chl a and other pig-
ments, charge separation within photosynthetic reaction cen-
ters, electron transfer to NADR, CO, fixation in the Calvin—
Bensen cycle, and subsequent synthesis of essential biomol-
ecules (e.g., proteins). Molecular studies have revealed that
cells regulate the capacity and composition of the photosyn-
thetic apparatus by sensing the redox state of key compo-
nents of the photosynthetic electron transport chain, such as
the plastiquinone pool or the bs-f complex (Escoubas et al.
1995; Pfannschmidt 2003). Any nutrient limitation that re-
stricts metabolic and hiosynthetic processes downstream of
light capture by Chl a should €licit a downregulation of the
photosynthetic system, and thus Chl a levels, to restore the
balance between light capture and biosynthesis (Kana et al.
1997). According to this view, the nature of the limitation
is less significant than its overall effect in limiting rates of
C-fixation and growth.

Photoperiod effects on cellular metal—The cellular metal
content in phytoplankton is determined by the balance be-
tween rates of metal uptake and dilution by growth. In ac-
climated exponentially growing cells, the daily average cel-
lular metal concentration and average specific rates of metal
uptake (V) and growth (w) typically do not vary from day
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to day and, thus, can be considered to be at steady state.
Consequently, they conform the steady-state equation

[cell metal] = V /u (5)

But because the specific growth rate varies with time of day
and because the cellular metal uptake rate may also vary
depending on diel changes in external chemistry and cell
energetics, the cellular metal concentration usually aso
varies over the diel cycle. As we have shown, the specific
growth rate (based on cell volume) is often considerably
higher during the day than at night, and if the uptake rate is
similar for both periods, then the cellular nutrient metal con-
centration will decrease during the day, as observed for zinc
in Experiment 1 and for iron in the NTA buffered medium
in Experiment 3. The relative decrease in cellular metal : C
ratios is even greater because of the daytime increase in
cellular C concentration. Thus, in Experiment 3, the cellular
Fe concentration in the NTA medium decreased by ~23%
during the day based on the linear regression analysis, but
the Fe: C ratio decreased by 63%, or 2.7-fold (Fig. 11).

The relative change in the cellular metal concentration or
metal : C ratio should decrease with decreasing specific rates
of C-fixation and growth, as observed in Experiment 2 under
increasing levels of Felimitation. As a corollary to this,
larger cells, which typically exhibit lower growth rates under
agiven set of limiting nutrients (Sunda and Huntsman 1997),
should also show lower daytime decreases in cellular metal
concentrations and metal : C ratios.

An additional factor for iron is photo-redox cycling, which
increases its availability during the day by increasing the
steady-state concentration of biologically available inorganic
Fe(11) and Fe(l11) species (Fig. 1). For iron, the direction of
the daytime change in cellular metal is determined by the
relative day—night variations in cellular metal uptake rate and
specific growth rate. The cellular metal concentration may
increase, decrease, or remain the same depending on the
magnitude of these relative diel variations, and indeed, all
three patterns are observed in our experiments. If the iron
uptake rate and the specific growth rate increase by similar
degrees between night and day, as appears to have occurred
in Experiment 2, then the cellular metal concentration will
be independent of time of day. If, on the other hand, the
specific growth rate increases by more than the iron uptake
rate (as in the NTA medium in Experiment 3), then the cel-
lular iron will decrease during the day; and if the uptake rate
increases more than the specific growth rate (as likely oc-
curred in the EDTA medium in Experiment 3), then the cel-
lular iron concentration will increase. However, as carbon is
fixed by photosynthesis only during the day and is lost to
respiration at night, the Fe: C ratio should aways decrease
during the light period, as was again observed in all of our
iron experiments. The rate of decrease will be much lower
in situations in which there is a substantial increase in day-
time iron uptake due to photo-redox cycling, as observed in
Experiment 3 (Fig. 11B).

There is strong evidence for substantial photo-redox cy-
cling of iron in seawater, although its exact effect on iron
uptake by phytoplankton has not yet been established (Sunda
2001). Photo-redox cycling of iron has been observed in
seawater from the northeast coast of the United States (Mill-
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er et al. 1995), shelf waters off northern Australia (Waite et
al. 1995), and in equatorial Pacific water amended with add-
ed iron (Johnson et al. 1994). Iron is heavily chelated in
seawater by strong organic ligands with stability constants
close to those for bacteria siderophores, indicating that
many of these ligands may be siderophores (Rue and Bru-
land 1997). Recently, iron chelates with marine bacterial sid-
erophores were shown to undergo photo-redox cycling when
exposed to solar radiation, and this cycling substantially in-
creased iron uptake by a coastal diatom (Barbeau et al.
2001). In the ocean, the photolysis of iron-siderophores or
other iron complexes may substantially increase daytime
iron uptake rates by phytoplankton and thereby influence
diel patterns in cellular iron concentrations and Fe: C ratios.

Diurnal variations and their implications—The diel var-
iation in cellular concentrations of metals, fixed carbon, and
other constituents have several important implications. A
first relates to zooplankton feeding behavior. Feeding in late
afternoon or early evening, when cellular carbon concentra-
tions are highest, will allow a zooplankter to maximize its
carbon intake, and indeed, many vertically migrating zoo-
plankton largely feed during this time. However, whether
they employ this feeding strategy in part to optimize their
nutrition remains an open question.

A second implication relates to optimal sampling strate-
giesin algal culture experiments conducted under light/dark
cycles. It is clear that the value of a given cellular parameter
often depends on the time of day during which it was mea-
sured. Although culturists have realized this truism for some
time, they have not always practiced the best sampling strat-
egy. Often in a large experiment, there is time only for one
sampling per day, and in these cases, it is probably best to
sample during the middle of the light period, when cellular
parameters are at or close to their average daily values. This
strategy allows for a more valid comparison of cell com-
position of phytoplankton growing at different specific rates
or under different photoperiods. Average cell values are a'so
necessary for computing daily metal uptake rates (V) from
cellular metal concentration and specific growth rate () in
acclimated, exponentially growing cultures:

V. = pfcell metal] (6)

This equation is a rearrangement of Eq. 5, and as noted
previously, it is valid only for average daily values of V,
1, and [cell metal] under diel light cycles.

A third implication relates to the measurement of cellular
concentrations of metals, carbon, and metal : carbon ratios in
field samples of marine algae and particulate matter, the lat-
ter often being dominated by phytoplankton cells. The time
of day istypically not considered in such sampling and often
is not even mentioned for published data. Variations in phy-
toplankton or particulate composition measured along tran-
sects that are attributed to sample location might in part re-
sult from the time of day of sampling. Although it is usually
impossible in a field situation to collect all samples at the
same time of day, there nonethel ess needs to be a recognition
among field biologists and chemists that metal concentra-
tions and metal : C ratios in marine phytoplankton often vary
with time of day.

Sunda and Huntsman

A final implication relates to algal Fe: C ratios in oceanic
carbon cycling models, which are used to predict air—sea
exchange of CO, and, thus, atmospheric CO, inventories and
future changes in global climate. As initialy proposed by
Martin and Fitzwater (1988), iron is now known to be an
important limiting factor for oceanic productivity (Coale et
a. 1996; Boyd et al. 2000), which regulates the remova of
CO, from surface ocean waters and its transport to the deep
ocean, the so-called biological CO, pump. A significant issue
in carbon sequestration models is the Fe: C ratio in phyto-
plankton, which provides afundamental control on the moles
of carbon that can be fixed and transported to the deep ocean
per mol of available iron (Moore et al. 2002). Our data in-
dicate that Fe: C ratios can vary substantialy in phytoplank-
ton with time of day (by up to a 2.7-fold in T. pseudonana)
and photoperiod, and such variations may influence carbon
transport rates. For example, much of the transport of par-
ticulate carbon to the deep seais linked to zooplankton graz-
ing and the production of rapidly sinking fecal pellets
(Moore et al. 2002). Many zooplankton vertically migrate to
the surface at the end of the light period, when algal fixed
carbon levels and C: Fe ratios are at their highest daily val-
ues. Such preferential grazing during this period may in-
crease the C:Fe ratios in settling fecal material and thus
heighten the removal of CO, for a given amount of available
iron. This effect may be mitigated by the fact that the export
of fixed carbon to the deep ocean is primarily associated with
large cells, which may have lower diel variations in C: Fe
ratios because of their lower specific growth rates. Such diel
effects nonetheless may still need to be considered in refin-
ing oceanic carbon cycling models.
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