


which is being studied in laboratory cultures and in
the field. But in many culture media, ferric (oxyhy-
dro-)oxide (FeQ) is supersaturated and precipitates
on cell surfaces. In the surface waters of the oceans, a
large fraction of Fe is in colloidal formAu et al.,
200) and an unknown fraction is thus collected
along with phytoplankton samples. Other solutes
potentially adsorb on the extracellular ke@zom-

bak and Morel, 1990 and this adsorption may
account for a large fraction of theellula’ concen-
trations that are measured, as recently demonstrated
for barium in cultures of the diatomhalassiosira
weissflogii(Sternberg et al., 2005An understanding

of the trace requirements in phytoplankton, of the
uptake mechanisms of trace elements, or of their
geochemistries requires that we be able to distinguish
between the cellular and Fe-oxide-associated concen-
trations of bioactive trace elements in the laboratory
and in the field.

Several washing techniques have been used to
selectively dissolve the Fg@ttached to phytoplank-
ton cell surfaces. These typically involve chelating
agents such as EDTA (ethylenediaminetetraacetic
acid) or DTPA (diethylenetriaminepentaacetic acid)
(Knauer et al., 1997; Hutchins et al., 1999; Chang
and Reinfelder, 20Q0or reductants, such as Ti(lll) or
ascorbic acid Anderson and Morel, 1982; Hudson
and Morel, 1990 Although widely used, wash solu-
tions containing a single chelator have been found
ineffective at dissolving FgOand associated trace
metals Hutchins et al., 1999 In contrast, a wash
solution containing a citrate—Ti(lll)-EDTA tertiary
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2.2. Culture medium Fer=304 nM, were exposed t§C-labeled methyla-
mine for two h. The cells were then filtered, re-
Cells were cultured in Gulf Stream water (GSW) suspended in GSW, and half the re-suspended culture
enriched with filter-sterilized nutrients, vitamins and was treated with 0.3% glutaraldehyde. After one h
trace metals based on the Aquil recipeige et al., incubation, the cells were filtered in triplicate and
1988/1989%. All labware were soaked in 5% detergent washed with either the NaCl solution, the oxalate—
overnight, followed by 10% HCI overnight and EDTA solution (pH 7.07), or the Ti—citrate—EDTA
finally rinsed with Milli-Q water. The GSW was reagent. Thé“C activity was counted with a scintil-
filtered through a 0.2um filter cartridge and micro- lation counter (Beckman Coulter LSC6500), and
wave sterilized. The final concentrations of nitrate, activity readings were normalized to that from the
phosphate and silicate were 150, 10, and {ibQ live cells after the NaCl rinse. Concomitantly, ele-
respectively. In the GSW medium, Fe levels were mental quotas from a parallel experiment were also
varied and other trace metals were added at totalmeasured with an additional treatment of heat-killing
concentrations of: MypE120 nM, Cy=20 nM, (70 °C, 10 min).
Zny=80 nM, Ca=50 nM, Mor=100 nM, Sg=10 To test the extent of Fe(lll) reduction upon applying
nM. All cultures contain 10uM EDTA to buffer the wash solutions, ferrozine (FZ: 3-(2-pyri-dyl)-5,6-
trace metals at the following unchelated concentra- diphenyl-1,2,4-triazine-plisulfonic  acid) was
tions: Mri=10 nM, Cu=0.2 pM, Zn=12 pM, and added directly in the wash solutions to extract any
Cd=17 pM (Sunda et al., 2005 In this culture Fe(ll) produced. In one experiment with a culture
medium, Fe precipitation may occur at a total con- grown at Fe=840 nM spiked with radioactivé’Fe,
centration as low as 80 nM, corresponding to unche- the production of radioactive Fe(ll) was detected
lated Fé= 0.16 nM, depending on the temperature, according to the method reported Byaked et al.
pH and light regime of the cultureH(dson and (2004) using 50 mM of FZ. In this method, the
Morel, 1990; Ho et al., 2003; Sunda and Huntsman, Fe(ll)-FZ complexes and the labile Fe(lll) were

2003. extracted by Sep-Pak C18 cartridges and subsequently
a mild acid wash was applied to separate them. The
2.3. Culture methods >Fe radioactive activities for both Fe(lll) and Fe(ll)

were measured usingcounting. In a separate experi-

Laboratory studies were conducted with the mar- ment, we measured the Fe(ll) production from abiotic
ine diatomT. weissflogii CCMP 1336 (CCMP, Bige-  precipitation of FeQin the absence of cells. The pre-
low, Maine, USA). T. weissflogii cells were cipitates were formed by the addition qil?l FeCkin
maintained in the enriched Gulf Stream water with GSW and aging for 1 day. After filtration through a 0.2
304 nM Fe. Prior to experiments, cells were trans- um polycarbonate filter, filters with the collected ReO
ferred to the growth medium with different Fe levels precipitates were placed in test tubes and washing
and grown under constant light (1%@nol photons solutions were added in the presence of 50 mM FZ.
m~2s ) at 20°C. The growth rates were monitored The Fe(Il) produced from the reduction of Ré®the
daily with a Coulter Multisizer. Generally, 120 ml of wash solutions was measured by spectrophotometry at
diatom culture at mid-exponential phase (usually 5 a wavelength of 566 nm for the Fe(ll)-FZomplex
days after inoculation) were filtered through an acid- and corrected for the formation of the Fe(I)-EDTA
cleaned polycarbonate filter (25 mm in diameter, 5 complex. For the Ti—citrate—EDTA wash, the reaction
um pore size) placed in acid-cleaned polypropylene solution was bubbled with air to oxidize the Ti(lll) in
filter holder (Fisher), and washed according to the the solution (which becomes clear) before spectropho-
experimental design. Filters with cells were then tometric measurement of the Fe(ll)sFomplex.
placed into 10 ml Teflon tubes and digested as

described in Section 2.4. 2.4. Analysis
Algal cell membrane integrity upon washes was
tested using methylaminél¢dson and Morel, 19§9 The elemental concentrations of trace elements

In this method, T. weissflogii cells, grown at were determined using a magnetic sector inductively
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coupled plasma mass spectrometer
Thermo Finnigan, Bremen, Germany). Sample diges-
tion and instrumental settings were similar to those
reported byCullen et al. (2001)For digestion, filters
with algal cells were placed in 10-ml Teflon tubes
and 800pl of 50% HNGO; (Fisher Optima Grade)

(Element2,

21

3. Results and discussion
3.1. Choice of wash solutions

In addition to the commonly used technique of
washing cells with a solution of a single strong

were added. The tightly capped tubes were heatedcomplexing agent like EDTAHassler et al., 2004

below the boiling point for 4 h. The tubes were then
brought up to a final volume of 8 ml using Milli-Q
water and centrifuged (3000 rpm for 10 min at 20
°C) to separate the silica frustules from the acid-
soluble fraction. The supernatant was spiked with
Sc and In as internal standards (8 1~ each)
and introduced with an autosampler (Cetac ASX-
100) placed in a class-100 clean bench. A Teflon
PFA free-aspirating nebulizetKlow-100, Elemental
Scientific) was used with a Scott double-bypass
spray chamber coupled with a PFA end cap for
sample introduction. The measurement was con-
ducted in the medium resolution mode for all the
elements but Se, for which the high-resolution mode
was used. Procedural blanks for filters were obtained

there have been two main techniques used to dissolve
the FeQ associated with phytoplankton and to mea-
sure the trué‘cellula” concentrations of various ele-
ments: i) the Ti—citrate—EDTA wash solution, which
uses a ternary complex of Ti(lll) with citrate and
EDTA (Hudson and Morel, 1999and ii) the oxa-
late—EDTA—citrate wash, which has a similar compo-
sition with replacement of Ti(lll) by oxalat&dvar-
Sanchez et al.,, 2003 The oxalate—EDTA—citrate
solution is amenable to thorough pre-cleaning by a
solvent extraction procedure.

Using cultures of the diato. weissflogii grown
at various total Fe concentrations, we first tested the
efficacy of wash solutions containing oxalate only,
EDTA only, and oxalate and EDTA together and

from filtering Gulf Steam water medium as described compared the results with those obtained using the
above for cultures. The instrument was calibrated Ti—citrate—EDTA wash and a simple NaCl ring&g(

with diluted, certified standards (High Purity Stan- 1). The apparent cellular Fe concentrations measured
dards) in 5% HNQ@ (Fisher Optima Grade). Direct after either the oxalate-only (100 mM) or EDTA-only
measurement of standard river water (SLRS-4, (50 mM) washes were similar and both were lower
National Research Council Canada) ensured detecthan the concentrations obtained after the NaCl rinse.
tion accuracy after its acid content was raised to 5% The oxalate—EDTA and Ti—citrate—EDTA washes

with HNOsa.
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Fig. 1. Measured Fe quotas Th weissflogiiafter different washes as a function of the total Fe concentration in the growth medium.
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significantly lower than those from the oxalate-only or
EDTA-only washes. Thus, while oxalate or EDTA
alone is not effective at dissolving Fe@ these
samples, the combination of the two works quite
well. Only at the highest Fe concentration used were
the values for the Ti—citrate—_EDTA wash lower than
those for the oxalate—EDTA washig. 1).

The reagent proposed byovar-Sanchez et al.
(2003) substitutes oxalate for Ti(lll) in the original
Ti—citrate—EDTA solution proposed kyudson and
Morel (1989) EDTA and citrate which are no longer

necessary to stabilize Ti(lll) are retained because they

might increase the removal efficiency of the reagent

for metals. We found, however, that the presence of

citrate had no significant effect on the effectiveness of
the oxalate—EDTA—citrate washaple J), thus citrate
was omitted from the oxalate—EDTA—citrate solution

in our study. The elimination of citrate also decreases
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Fig. 2. Concentrations of particulate Ref@maining on 0.2um
filters after various washes (the percent value on top of each bar
represents the calculated retention of Fe on the filter compared with
the total Fe added).

the concentrations of the contaminants from the washdissolving FeQ by reduction of Fe(lll) to Fe(ll)

solution by about a factor of two (data not shown).

It appears that the oxalate—EDTA wash is not quite
as effective as the Ti—citrate—EDTA wash in dissol-
ving extracellular FeQ as shown by the results
obtained with cells grown at the highest Fe concen-
tration (3.36puM; Fig. 1). This was confirmed by
comparing the abilities of these two wash solutions
to dissolve an FeOsample precipitated in the absence
of cells (1uM FeCk addition in GSW), heated at 70
°C for 20 min and stored for 14 h before filtration
(Fig. 2. Ten percent of the iron was retained on the
filter after the oxalate—EDTA wash, compared to only
0.4% for the Ti—citrate—EDTA wash (and 65% after
the NaCl rinse, showing that not all the Ke®
retained by the filter).

3.2. Mechanisms of Fg@lissolution

The Ti—citrate—EDTA wash was designed as a
mildly reducing solution that would be effective in

Table 1

Comparison of Fe:P ratios and P quotas measurédvirissflogii
(grown at Fe=840 nM) after washing with oxalate—EDTA with and
without citrate at pH 8.1

Fe:P (mmol mol?)
—Citrate

38.7 (-1.6)
29.7 ¢1.1)

P (mM)
— Citrate

30.2 2.2)
40.6 ¢ 2.5)

+Citrate

37.6 (2.0)
456 (+2.5)

+Citrate

31.1 (-6.5)
26.7 £2.7)

Light
Dark

(Hudson and Morel, 1989 Tovar-Sanchez et al.
(2003)implied that their oxalate wash also dissolves
the FeQ associated with cell surfaces by a reductive
mechanism, an implication fully accepted recently by
Sanudo-Wilhelmy et al. (2004)e(lll)—citrate and
Fe(lll)—oxalate are photoreactive and both ligands
can reduce iron oxide in the light but not in the dark
(Waite and Morel, 1984; Sulzberger et al., 198Aad
only at low pH does the photo-reductive dissolution of
Fe-oxides outcompete the re-oxidation of Fe@b)l¢-
berger and Laubscher, 199%t is thus unlikely that
the dissolution of iron oxide would result from photo-
reduction at the high pH and low light intensity that
prevail in the filtering apparatus during the wash.
Indeed, the measured Fe quotas Tof weissflogii
were similar to each other when the washes were
conducted in the dark or under room ligfiele J.

In view of its efficacy with pure FeQsuspensions
(Fig. 2, we also know that the oxalate—.EDTA wash is
effective in the absence of reductant (as might be
provided by cellular exudates). A reductive process
is thus very unlikely. This was confirmed by measur-
ing the extent of Fe(ll) production during the washing
process, by using the ferrozine trapping technique on
FeQ, precipitated in the absence of cells (i of
FeCkin GSW). Less than 1% of the Fe was measured
as Fe(ll) as a result of the oxalate— EDTA wash (at pH
7) or the oxalate—EDTA +citrate wash (at pH 8) while
the Ti—citrate—EDTA reagent (at pH 8) reduced at
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least 75% of the Fe(lll) in the systefid. 3). Using oxalate and EDTA in the dissolution of Fe@om
the trapping and column extraction methodsbbked phytoplankton surface§ig. 1), with EDTA acting as
et al. (2004) we obtained a similar result in the a strong scavenger of Fe(lll).
presence of cells: a negligible fraction of the Fe dis-
solved by the oxalate—EDTA wash from cells grown at 3.3. Optimization
Fer=840 nM (and spiked witA°Fe) was measured as
Fe(ll). Thus, as expected, the Ti—citrate—EDTA wash  The kinetics of Fe@dissolution by the Ti—citrate—
promotes FeQdissolution by Fe(lll) reduction, but EDTA wash technique have been well explored by
the oxalate—EDTA (or oxalate—EDTA—citrate) wash Hudson and Morel (198%nd a wash time of 2 min
does not. has been found effective. In contrast, the oxalate—
The only possible mechanism for Fedssolution EDTA wash is not always sufficiently effective at
by the oxalate—EDTA wash must be a ligand-pro- dissolving FeQ (Figs. 1 and 2 Therefore, we per-
moted processCheah et al. (2003)ave documented formed experiments to see if the effectiveness of the
a synergistic effect of oxalate and desferrioxamine B oxalate—EDTA wash could be increased and to quan-
(DFB) in the dissolution of goethite, where the pre- tify how much time was necessary to dissolve £eO
sence of the siderophore increased the rate of dissolu- According to the two-ligand mechanism, the rate of
tion by oxalate by an order of magnitude. The FeQ dissolution by the oxalate—EDTA wash should
proposed mechanism involves the formation of an increase with the adsorbed oxalate concentration and
Fe(lll)—oxalate complex at the surface, followed by be relatively independent of the EDTA concentration,
a transfer of Fe(lll) from oxalate to DFB either as long as it is high enough to scavenge all the
through formation of a surface ternary complex or dissolved Fe(lll) in the systenCleah et al., 2003
by ligand exchange in solution after detachment of Published data on oxalate adsorption on goethite show
the Fe(lll)-oxalate complex. The key to such a syner- that the extent of adsorption decreases sharply as pH
gistic effect between two ligands is that one ligand increases Kick et al., 199R Thus, we maintained
(oxalate) adsorbs effectively on the Fe(lll) oxide at the high reagent concentrations in our wash solution and
pH of interest and that the other (DFB) is an effective performed a series of experiments with filtered
scavenger of Fe(lll). We postulate that a similar weissflogiicells from cultures grown at various Fe
mechanism explains the strong synergistic effects of concentrations, varying the pH and the duration of the
washing stepKig. 4). As seen inFig. 4A, the mea-

100.0 sured cellular Fe concentration increased with the total
Fe in the medium. At high Fe concentrations, the
\o 80.0 1 effectiveness of the oxalate—EDTA wash in dissolving
p FeQ, decreased sharply above pH=7.5. At pH=7, the
% 60.0 1 maximum Fe dissolution (minimum apparent Fe
§ _ guota) was obtained in 10 min or less at all but the
s Diatom highest Fe concentration testefélg( 4B). Two con-
% 131 F secutive 5-min washes should thus be generally suffi-
L 104 cient to obtain reasonable results at pH 7 with the
0.5 1 oxalate—EDTA wash. However, under conditions
0.0 : I_Ll 1 lﬁ , where the Fe concentration is high or the Fe@e-
N S s & &% cipitate is less labile, longer wash times or lower pHs
& IO N are needed.
P o Q&v O
o+'@ 3.4. Cell membrane integrity

Fig. 3. Fe(ll) production from various washing techniques of,FeO . .
precipitated in absence of cells (gray bansiRaddition of FeC}in To determine whether the wash techniques cause

Gulf Stream water) and in & weissflogiiculture (white bar; cels ~ Meémbrane damage and intracellular material leakage,
grown at Fe@=840 nM spiked witl*%Fe). we followed the method used Byudson and Morel
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Fig. 4. Effect of pH and washing time on the measured cellular Fe: P quotas after oxalate—ED TAweahssflogiicells grown at various Fe
concentrations: (A) effect of pH for a 10-min wash and (B) effect of wash time at two different pHs.

(1989)to measure the cellular retention‘d€-labeled consistent with the fact that a large fraction of P is
methylamine, a substrate that is taken up but notcontained in the soluble cellular pool but that the
assimilated by diatomsWheeler, 1979 Both the filtered Fe concentration is dominated by the fFeO
Ti—citrate—_EDTA and the oxalate—EDTA washes on the surface of the cells.

were tested in parallel withl. weissflogii cells

(grown with 304 nM Fe) that were either untreated 3.5. Contamination from wash solutions

(live cells) or fixed with glutaraldehyde (0.3%). We

found little loss of methylamine from live cells in all High contaminant concentrations of many ele-
treatments, indicating no membrane damage resultednments of interest are found in the oxalate—-EDTA
from these washed-ig 5). However, a 90% loss of and, even more so, in the Ti—citrate—.EDTA wash
methylamine was observed as a result of fixation with solutions (but not in the NaCl rinse solutiofable
glutaraldehyde. It is notable that the cell leakage 2). This is a major reason why the Ti solution has been
caused by glutaraldehyde also resulted in about amainly used in radioactive tracer studies and why
50% loss of cellular P but negligible loss of Fe, Tovar-Sanchez et al. (200)oked for an alternative
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were obtained using a Ti—citrate—EDTA+ wash solu-
tion containing extra EDTA (75 mM total, see Section
(NJiCI'EDTA 2.1) after a simple cleaning step and with addition of
- BCDS (see below). All these filter blanks are much
lower than the values from a sample of 50° cells
(i.e., 120 ml of a mid exponential phase culture;
approximately 1.2 mg dry weight) grown at low Fe
concentration (84 nM) and rinsed with NaCl only.
ﬂ% To see if extensive rinsing is effective to remove
contaminants from cells as well as filters, we mea-
sured the cellular quotas using both wash techniques
and the same extensive rinses that had been found
effective for filter blanks. The results are exemplified
for Zn, the worst contaminant in the wash reagents.
Similar cellular Zn quotas were obtained by both the
Ti—citrate—EDTA (Zn:P=0.38 0.04 mmol mol %)
and the oxalate—-EDTA (Zn:P=0.40.07 mmol
mol~ 1) techniques for cells grown at high Fe concen-
tration (840 nM). These quotas are similar to that
measured for cells grown at low Fe concentration
81 and rinsed with NaCl only (Zn/P=245/477000=
N 0.51 mmol mol ; Table 3. As shown later, the Fe
concentration in the medium has little or no influence
on the Zn quota and these values are thus accurate.
21 Note that the value obtained by NaCl rinse of a low
U 7 Am F_e culture is a bit higher than those obtained by Ti_—
e @ wed citrate—EDTA and oxalate—EDTA washes; we attri-
e e bute the difference to a small but significant concen-
g\\s\"“a tration of metal attached to the surface of the cells
) ) 1 ) (but not to the FeQ). In this view, the values obtained
Fig. 5. Retention of “C-methylamine and cellular P and Fe g, the Ti_citrate—EDTA or oxalate—EDTA wash are
quotas in live and deadl weissflogiicells after different washing ) .
treatments. intracellular concentrations.
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and developed stringent pre-cleaning procedures fory,,. »
their oxalate—EDTA—citrate solution. In the presence Typical contamination levels in wash solutidns
of excess chelator, however, the metal contaminantsgement (nmM) wash solution

introduced by the wash solution should remain bound

NacCl Oxalate—-EDTA  Ti—citrate—EDTA
as hydrophilic species and be removable by suff|C|ent
rinsing with a clean salt solution. o(.)og ((g.;)O) 2'1158 ((f'g’)l) 52(')2: ((f.g)z)
Indeed, extensive rinsing of filters after passing 2.8 Cu 35(13) 495 (14.8) 1230 (48)
ml of the oxalate—EDTA wash solution X8..5 ml Fe 2.3(1.6) 338.8(45.3) 6840 (90)
NaCl solution rinse) gave blanks that were similar to Mn 33(1.8) 258(21) 665.5 (2.0)
those from NaCl rinsing onlyTable 3 and compar- P 80 (37) 327 (110) 7160 (115)
. ; - Sr 210 (1) 242 (10) 319 (4)
able with those reported using ultra-clean techmquesZ
) n 5.4 (2.4)  39.1(8.2) 65 700 (1450)
(Cullen and Sherrell, 1999The filter blanks mea- — - —
Values are average from triplicates with standard deviation in

sured after the 1.4 ml Ti—citrate—EDTA wash and parenthesis
extenswe.rlnsmg (18 1.5 ml NaCl) were also low a See text for the definition of oxalate—EDTA and Ti—citrate—
but not quite as good for Co, Cu, and Zn. Good blanks EDTA+-plus solutions.
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Table 3
Filter blanks from NaCl, oxalate—EDTA, and Ti—citrate—EDTA wabhed comparison with published filter blanks and a typical cultufé of
weissflogii(unit: pmol filter )

Osmonics Poretics (batch #1) blank Osmonics Poretics (batch #2) blank OsmonicsPPofkdtes biomass
NaCl rinsé oxalate—EDTA  NaClrinsé  Ti—citrate—EDTA Ti—citrate_EDTA+ Dlank Cullen and  (5.2x 1° cells,
wasH wash Sherrell, 1999 ca 1.2 mg dw.)

Al 53 (1) 67 (1) 148 (3) 134 (2) 142 (1) 141 (64) 3880 (118)
Ba 0.35(0.01) 0.43 (0.01) 0.23 (0.01) 0.29 (0.01) 0.12 (0.01) 0.41 (0.03)
Cd 0.075 (0.013) 0.073 (0.008) 0.086 (0.022) 0.072 (0.016) 0.072 (0.010) 0.112 (0.022) 3.3(0.3)
Co 0.33(0.01) 0.33 (0.01) 0.45 (0.02) 0.74 (0.02) 0.36 (0.02) 0.19 (0.06) 30.8 (1.2)
Cu  3.46 (0.06) 3.81 (0.08) 13.43 (0.93) 22.87 (0.86) 16.41 (0.01) 4.10 (2.21) 62.6 (2.7)
Fe 63 (1) 82 (1) 102 (2) 78 (2) 81.4 (0.4) 68 (33) 3730 (75)
Mn  1.53 (0.03) 1.74 (0.03) 3.40 (0.15)  2.36 (0.13) 1.09 (0.01) 1.83 (0.77) 1790 (18)
Mo  0.93 (0.04) 0.60 (0.02) 0.95 (0.11) 1.07 (0.14) 0.47 (0.01) 6.30 (0.49)
P 118 (1) 107 (2) 310 (16) 316 (12) 220 (3) 124 (27) 477 000 (8060)
Se 1.1 (0.4) 0.9 (0.3) 2.0 (1.1) 1.5 (1.0) 1.5 (0.9) 88.9 (14.2)
Sr 16.4(0.1) 14.4 (0.2) 33.0 (0.7) 12.4 (0.4) 3.22 (0.01) 130.6 (5.5)
\Y 0.22 (0.02) 0.17 (0.01) 0.35 (0.07) 0.19 (0.11) 0.20 (0.01) 11.6 (1.0)
Zn  7.56 (0.18) 6.82 (0.16) 8.27 (1.12) 16.67 (1.98) 8.90 (0.03) 6.99 (2.53) 245 (8)

@ Average values from individual measurements of 6 polycarbonate filters (25 mm in diametegrpEe size; each measured 12 times) with
standard deviation in parenthesis.

b Calculated from the 47 mm polycarbonate filter (Osmonics Poretics), repof@lénlin Cullen and Sherrell (19997 he larger filter size
probably explains the larger blank values compared to those obtained for the 25 mm filters.

¢ The collected total biomass ®f weissflogiion the Osmonics Poretics filter after NaCl rinse (120 ml of a culture grown aBBenM was
filtered at a cell concentration of 43L0° cells ['1). Average values determined from measurements of two separate samples (each measured
12 times) with standard deviation in parenthesis.

9 NaCl rinse (4x 2 ml) of chelex-cleaned NaCl solution (0.56 M) with 2.38 mM HC&ided (pH 8.2).

¢ Oxalate—EDTA wash (2 1.4 ml, 5 min each, at pH 7), followed by NaCl rinse.

f Ti—citrate—_EDTA wash (1.4 ml, 2 min each, at pH 8), followed by NaCl rinse.

9 Ti—citrate—EDTA+ wash from the reversed-phase cleaned Ti-plus solution with addition of 5 mM BCDS (1.4 ml, 2 min each, at pH 8),
followed by NacCl rinse.

It thus appears that both the oxalate—EDTA and  The Cu contamination from the Ti—citrate—EDTA
the Ti—citrate—EDTA washes can be applied directly wash remained high, even after extensive rinsing with
to measure intracellular concentrations of many ele- clean NaCl solutionTable 3. This is expected since
ments in phytoplankton, provided that an appropriate Ti(lll) should reduce Cu(ll) to Cu(l) which is weakly
follow-up rinsing of the filters with a clean solution is complexed by EDTA and cannot be washed away
carried out. This technique will fail, however, for easily. Without any treatment, the direct use of both
elements that are not effectively chelated in the the Ti—citrate—EDTA or Ti—citrate—EDTA+ solution
wash solution, such as Ba, and Cu in the case ofresulted in much higher Cu quotaBig. 6B). We
the Ti—citrate—-EDTA wash. As demonstrated by tried a number of techniques to remove the Cu con-
Sternberg et al. (2005)ntracellular Ba concentra- tamination: adding extra EDTA and the Cu(l) com-
tions are exceedingly small and most of the Ba plexing agent bathocuproine disulfonate (BCDS; 5
measured ascellulaf in phytoplankton cultures is mM) and pre-washing the Ti—citrate—EDTA solution
actually adsorbed on FgAlthough the filter blanks by reversed-phase extraction. (The effectiveness of Cu
for Ba are reasonably low#ble 3, the measured Ba removal from the wash solution by the reversed-phase
quotas after the oxalate—EDTA wash are higher thancartridges is shown ifrig. 6A: Cu decreased from
after NaCl rinse only (see Section 3.4). Ba contam- 1.24 to 0.12uM after the second cartridge; while Fe
ination was eliminated by adding the Ba complexing decreased only slightly.) All these modifications
agent, Kryptofix-222, at a concentration of 5 mM to together yielded good filter blank3able 3§ and a
the wash solution. Cu quota for cells grown at high Fe concentration
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A 8 - 16 after rinsing with NaCl only and washing with the
' oxalate—EDTA (+Kryptofix-222) solution (followed
Tt ——e—= by extensive rinses of NaCl) for cultures grown over
6 F1.2

a range of Fe concentration$aple 4 and Fig. 7).

3 s Except at the lowest concentration, the filtered parti-
E —e—cCul| f08 2 culate Fe accounted for a major fraction of the total Fe
i —— Fe 3 in the medium such that tfeotal cellulat Fe increased

5 L 04 linearly with the total Fe concentration. The intracel-
lular Fe quotas increased by a factor of ten over the
range of concentrations tested, with an Fe:P ratio

T varying from 4.4 to 43.6 mmol mof. The cellular P
number of cartridges passed concentration measured by the oxalate—EDTA wash
B ,s- technique remained constant at about 80 fmol ¢ell
and was roughly 82—88% of the cellular P obtained
~ 200 after rinse with NaCl, independent of Fe levels.
s 5 Despite significant extracellular precipitation of
£ FeQ, and its potential to adsorb various elements,
g 150 only a small fraction of the cellular concentration of
f 0.50 - the other trace nutrients, Cu, Zn, Co, Cd and Mn, was
3 dissolved by the oxalate—_EDTA wash along with the
0.25 4 FeQ.. Further the total cellular concentrations of these
elements were practically unaffected by the total Fe

0.00 - . . . .
S D @ @) g ® @ concentration in the medium. iny at the Ipwest Fe
o*’% ¥ 9"005* «\'gos" concentration (Re=84 nM), which slightly limited
Q\\,s\‘?\ﬁ\*% a® growth and may have affected the requirements for
<V Q'

other micronutrients, did the cellular concentrations of

Fig. 6. (A) The decrease in Cu concentration in the Ti-plus solution some elements slightly increase (Cu and Mn)_ or
after passing through reversed-phase cartridges; (B) Cu:P ratiosdecrease (Co and Cd). It thus appears that the intra-
measured inT. weissflogii(grown at F¢=840 nM) after various cellular pools of Cu, Zn, Co, Cd and Mn dominated
washing treatments (RP: reversed-phase extraction; BCDS: bath-their respective cellular concentrations and that the
ocuproine disulfonate). concentrations of these elements adsorbed on extra-
cellular FeQ were negligible.
(840 nM) that was similar to that obtained with the In contrast with those of the essential trace metals,
oxalate—EDTA washHig. 6B). Ironically, a simple the total cellular concentrations of both V and Ba
NaCl rinse gave a value that was only slightly higher. increased with the total Fe concentration in the med-
This is because the concentration of Cu adsorbed onium, while their intracellular concentrations remained
the FeQ associated with the cells is in fact negligible constant. We have previously reported that a major
compared to the intracellular Cu concentration (seefraction of the Ba is typically associated with extra-
Section 3.4). (As discussed above for Zn, the slightly cellular FeQ (Sternberg et al., 20Q5clearly, the same
higher value obtained with the NaCl rinse likely cor- is true of V@ . (Note that without addition of Kryp-
responds to Cu bound to the surface of the cells). tofix-222, the oxalate—EDTA wash yielded higher
intracellular Ba quotas; see the cross symbols on the
3.6. Extracellular and intracellular Fe and associated Ba graph oFig. 7.) It may seem paradoxical thatBa
trace metals a cation that does not adsorb particularly strongly on
FeQ, and VQ;~, an anion which adsorbs poorly at
To assess the relative importance of cellular uptake high pH, should be largely adsorbed on Ee®hile
and adsorption for various trace elements, we com-strongly adsorbing metals like &€y zZn?*, Co** or
pared the apparent cellular concentrations measuredCd®* are not. This results from the facts that the free
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Table 4
Elemental quotas foF. weissflogiigrown at different Fe concentratiéns

Growth conditions

Fe level (nM) 84 304 840 1680 3360
Growth rate (d ) 1.14 1.29 1.27 1.23 1.27
pH 8.95 8.98 8.93 9.08 8.96

Elemental quotas

NaCl rinse OX-EDTA wash
Fe level (nM) 84 304 840 1680 3360 84 304 840 1680 3360
P (fmol cell %) 92.1 91.4 99.7 102.4 95.3 78 77 88 88 78
(1.2) (3.4) (7.2) (4.9) (3.6) (1.4) 3.1) (7.3) (4.8) (2.6)
P (mmol 4P 113 113 111 106 107 96 95 98 91 87
(2 4) (8) (5) 4 (2 4 (8) (5) (3)
Fe:P (mmol mol?) 7.9 31.2 106.9 213.7 424.3 4.4 8.6 21.0 35.4 43.6
0.2) (2.9) 9.7) (214.7) (28.2) (0.2) (0.5) (2.0) (2.1) (3.4)
Mn:P (mmol mol %) 3.8 3.0 3.1 3.5 3.3 4.1 3.4 3.1 3.5 3.3
(0.07) (0.22) (0.36) (0.21) (0.17) (0.17) (0.25) (0.31) (0.29) (0.21)
Zn:P (mmol mol %) 0.51 0.51 0.46 0.55 0.44 0.53 0.47 0.39 0.52 0.37
(0.020) (0.034) (0.042) (0.030) (0.031) (0.032) (0.035) (0.040) (0.045) (0.024)
Cu:P (mmol mol %) 0.13 0.11 0.09 0.12 0.10 0.092 0.089 0.077 0.092 0.082

(0.006) (0.005) (0.008) (0.006) (0.006) (0.006) (0.008) (0.007) (0.012)  (0.008)
Co:P (mmol mol?) 0064 0068 0060 0060 0058 0070 0076  0.066  0.068  0.066
(0.003) (0.003) (0.005) (0.003) (0.003) (0.004) 0.005)  (0.006) (0.004)  (0.003)

Cd:P (tmol mol'Y) 7.0 8.4 7.4 6.7 6.9 6.6 8.0 7.9 8.3 7.5
(0.74)  (0.81)  (0.64) (0.64) (0.76)  (0.77)  (0.77)  (0.75)  (1.0) (1.0)

Ba:P (tmol mol'Y)  0.85 0.57 0.62 1.01 3.60 0.43 0.67 0.43 0.47 0.29
(0.078) (0.083) (0.11)  (0.061) (0.20)  (0.069) (0.069) (0.077) (0.051)  (0.040)

V:P (u mol molY)  24.2 37.8 56.5 63.7 1303 17.8 18.9 18.4 20.0 19.0

2.1) (4.5) (7.1) (5.0) (7.1) (2.2) (1.8) (2.5) 2.2) (2.5)

@ Average quotas from duplicate samples with errors in parenthesis.
b Concentrations in bio-volume calculated using the cell volume measured with Coulter Multisizer for each sample.

concentrations of B4 and VQO;~ (ca 40 and 25 nM, 4. Conclusions

respectively) are much higher in the culture medium

than those of Ctf, Zn**, Co** or CcP* (0.2, 12, 17 and The results shown offig. 7 are quite encoura-
~1 pM, respectively) and that Ba and Vare nonethelessging: under most circumstances, one should obtain
comparatively less accumulated by the cells. Barium accurate cellular concentrations of many elements of
has no known biological function and vanadium, interest in phytoplankton by measuring total particu-
though it is used in some nitrogenases and bromoper-ate concentrations on filters rinsed with a NaCl
oxidases, is not known to be useful to eukaryotic solution. Even in the presence of a significant con-
phytoplankton. Calculations based on published datacentration of iron oxide precipitate, the fractions of
for the adsorption of cations and anions on fFeO elements such as Cu, Zn, Co, Cd and Mn that are
(Dzombak and Morel, 199Gshow that indeed, even adsorbed on the precipitate account for a negligible
at the highest Fe concentrationp), the amount of portion of the corresponding particulate concentra-
Zn, Cu, Co or Cd adsorbed on Feshould account for ~ tions. (This result can probably be extended to
only about 10% of the corresponding total cellular manganese or aluminum oxide precipitates, which
concentrations. According to these calculations, the have typically lower affinities than FgeQdor most
extracellular adsorbed fraction of these elementssolutes.) This result should apply to laboratory cul-
should only become significant when the kefn- tures in which the trace metals are suitably buffered
centration reaches 10M and above. by a strong chelating agent and to field samples
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Fig. 7. The cellular P concentration and metal: P quotaswreissflogiias function of Fe concentrations in the growth medium. Open squares:
intracellular fraction from oxalate—EDTA wash and filled circles: total cellular quota from NacCl rinse. (For Ba, extra crosses represent data from
oxalate—EDTA wash without Kryptofix-222 addition from a different experiment.)

when the lithogenic fraction of the suspended parti- plex) and mixtures of two ligands that act synergis-
cles is not too large. Thus, for example, an accuratetically (such as oxalate+EDTA) can both dissolve
elemental composition should have been obtainedFeQ, without damaging the integrity of the cells.
by Ho et al. (2003)for various phytoplankton spe- One approach or the other may be preferable
cies in culture and by a number of previous authors depending on the particulars of the situation. For
(Martin and Knauer, 1973; Martin et al., 1976; elements that are effectively bound to chelator(s) in
Collier and Edmond, 1984; Kuss and Kremling, the wash solution, it is generally possible to elim-
1999 for the composition for the ambient biomass inate much of the contamination introduced by this
in field samples. solution through extensive rinsing of the filters. For

For some elements, chiefly Fe but also elements elements that are not chelated in the wash solution,
such as Ba or V (or even Mn which may precipitate as exemplified here for Ba and Cu(l), it may be
on its own), an accurate measure of the true cellularnecessary to add specific chelators and/or to pre-
concentration requires a washing step to dissolve theclean the wash solution. When the concentration of
FeQ (or the MnQ) associated with the cells. Two FeQ, is high or the precipitate is relatively inert, a
types of wash solutions are effective for this purpose. reducing solution appears generally more effective
Solutions of mild reductants (such as a Ti(lll) com- than a two-ligand solution.
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