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Abstract

The giant diatom Ethmodiscus was examined along an east–west transect at 28–301N during 2002 and 2003 to determine

if abundance, chemical composition or physiological status of this largest of diatoms varied on the scale of 100’s–1000’s of

km in North Pacific gyre. Abundance ranged fromo0.1–42.0 cellsm�3 and supported the notion of an abundance mosaic

reported previously. However, there was only minimal support for the relationship between abundance and nutrient

concentration at 125m reported previously. Cellular chlorophyll varied little along the transect (7.3–10.9 ng chl cell�1)

except at the westernmost station. Cellular N and P quotas co-varied 3–4.5 fold (mean ¼ 50.873.7 and 3.770.8 nmol N

and P cell�1) and yielded N:P ratios that closely clustered around the Redfield ratio (average ¼ 14.671.1). Only low levels

of chlorophyll-normalized alkaline phosphatase (APase) activity were observed (0.4–2.5 nmol P mg chl�1 h�1) with APase

activity lower than that in either the bulk water, or co-occurring Trichodesmium spp. and Pyrocystis noctiluca. The active

fluorescence parameter Fv:Fm, a property sensitive to Fe stress, was uniformly high at all stations (average ¼ 0.7370.04 for

2003, and 0.6970.05 for 2002), indicating sufficient Fe for optimum photosynthetic competence. These results contrasted

sharply with results from Rhizosolenia mats reported along the same transect where there was a significant decline

westward in Fv:Fm. Both ferredoxin (Fd) and flavodoxin accumulated in cells of Ethmodiscus, resulting in Fd Index values

ofo0.6. Iron cell quotas ranged from 0.7–5.1 pmol Fe cell�1. When normalized to cytoplasmic volume, the Femm�3 was
comparable to that of Escherichia coli. We note that the disproportionate contribution of the vacuole (with its high organic

content) to total volume typical of large diatoms is a potentially significant source of error in Fe:C ratios and suggest that

Fe should be normalized to cytoplasmic volume whenever possible to permit valid intercomparisons between studies. The

composition, Fv:Fm data and Fe:C ratio suggest a relatively uniform population experiencing little N, P or Fe stress. The

uncoupling of the Fd Index from these measures is consistent with previous findings showing that the expression of

flavodoxin can be characterized as an early stress response and that its accumulation is not necessarily correlated with

physiological deficit. Ethmodiscus appears to be well adapted to some of the most oligotrophic waters in the ocean. Because

it is an important sedimentary marker, the biology of living Ethmodiscus provides insights into the source of extensive
front matter r 2007 Elsevier Ltd. All rights reserved.
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Ethmodiscus oozes. Mass sedimentation after frontal accumulation has been suggested as a source for these oozes. Our

data contain no evidence that the flux is linked directly to Fe, N or P stress.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ethmodiscus is a widespread, although numeri-
cally rare, member of the oligotrophic, open-ocean
flora. This genus contains the largest diatoms
known with diameters of 2–3mm reported (Round
et al., 1990), and its large size places it at the upper
end point of size–rate and size–composition rela-
tionships. Ethmodiscus is also a key indicator species
for paleoceanographic reconstructions, and infor-
mation on the biology of extant species is useful for
interpreting sedimentary abundance and distribu-
tion data (Abrantes, 2001; De Deckker and Gingele,
2002; Gingele et al., 2002). Rivera et al. (1989) noted
that abundance increases and range expansions
were closely linked to El Niño warm-water intru-
sions off the Peruvian coast reinforcing its strong
relationship to sub-tropical waters.

The survival of Ethmodiscus in the nano- and
pico-plankton dominated open-ocean is linked to a
vertical migration strategy wherein cells descend
below the nutricline for nitrogen (and possibly other
macro- and micro-nutrients) and then return to the
euphotic zone for photosynthesis. Positively buoy-
ant cells are rich in nitrate (Villareal and Lipschultz,
1995), assimilate it via the induced enzyme nitrate
reductase (Villareal et al., 1999), have high d15N
values typical of deep N pools (Villareal et al.,
1999), and reverse buoyancy as internal nitrate
pools decrease and photosynthesis becomes im-
paired (Villareal and Lipschultz, 1995). Ascent rates
of up to 4.9mh�1 allow the cells to ascend from the
base of the euphotic zone to the surface in less than
a day (Moore and Villareal, 1996). Enzyme and
uptake rates suggest potential doubling times of
45–75 h (Villareal et al., 1999); specific growth rates
based on cell cycle markers indicate rates as high as
0.46 d�1 (Lin and Carpenter, 1995). However, the
realized growth cycle may take as long as 10 days
because of the need to sink to depth, assimilate
nutrients and return to the euphotic zone for
photosynthesis (Villareal et al., 1999).

While the data support the idea of nitrate
assimilation at depth, much less is known about
both P and metal status of the cells. Earlier work
indicated that the abundance of Ethmodiscus

increased westward across the Pacific Ocean with
an inverse correlation to the P concentration at
125m west of 1401E (Belyayeva, 1968, 1970). The
extremely low surface:volume ratio of Ethmodiscus

suggests that both P and metal availability should
be a significant problem, although one that may be
circumvented by acquisition of nutrients below the
nutricline. Since the limited data suggest that zonal
gradients of Fe concentration and depositional
fluxes occur in the Pacific Ocean, we hypothesized
that this would be reflected in changes of parameters
that are sensitive to P or Fe cellular status. In
particular, the Ferredoxin (Fd) Index, the active
fluorescence parameter Fv:Fm, and alkaline phos-
phatase rates should show east-west gradients.

In the present paper, we present data indicating
that Ethmodiscus experiences little N, P or Fe stress
across an east–west gradient of ca. 3000 km. While
site-to-site variability exists, there are no consistent
trends suggestive of decreased physiological vigor
associated with east–west gradients. While frontal
mechanisms can concentrate such buoyant particles
and would seem to be suggested by the paleo-
oceanographic data, we found neither impaired
physiological condition nor any suggestion of a
potential mechanism for inducing the mass sedi-
mentation suggested in the sedimentary record.
Ethmodiscus appears to be well adapted for survival
in these ultra-oligotrophic environments.

2. Methods and materials

Ethmodiscus species (Ethmodiscus rex and Ethmo-

discus gazellae) were collected in the central North
Pacific (CNP) gyre in 2002 and 2003. The two
cruises covered a region from Hawaii to California
(June–July 2002) and west of Hawaii (August–
September 2003) between 281 and 301N (Fig. 1).
Cells were collected during daylight hours using a
flowmeter-equipped 1-m net (253 mm mesh) towed
at 0.5–1m s�1 for 10–20min. Collection depth for
Ethmodiscus was usuallyo5m.

Abundance was determined on board ship by
counting aliquots of the cod-end sample on an
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Fig. 1. Stations sampled for this study. Stations numbers in bold are 2003.
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Olympus BZH stereoscope (Olympus America Inc.,
Center Valley, PA) and normalizing to the volume
swept by the net. On two occasions, cells were so
numerous that counting was impractical. These are
indicated in the text as ‘‘too numerous to count.’’
Volume sampled by the net ranged from 196 to
2820m3. Cell abundance was collected only from
stations 1–15. Because of the constraints of identify-
ing these cells at sea, we did not separate the species
of Ethmodiscus. However, different size classes
(which likely represent E. rex and E. gazellae) were
evident and are noted where appropriate.

From the concentrated seston collected in the
cod-end of the net, individual cells of Ethmodiscus

were picked using a plastic transfer pipette and
serially transferred through a minimum of 3 rinses
of freshly collected, filtered seawater prior to their
use. Cells for PAM fluorometry were rinsed only
once. A variety of cell sizes were present during the
cruise, ranging from 800 to 42000 mm in diameter.
Hydrographic data were collected with a SBE
911plus CTD (Sea-Bird Electronics Inc., Bellevue,
WA) equipped with ten 12-L Niskin bottles.
Nutrients were frozen immediately (�20 1C) and
analyzed on a Lachat QuikChem 8000 (Lachat
Instruments, Milwaukee, WI) at the Marine Science
Institute, Pt. Aransas, Texas. Whole-water chlor-
ophyll at each station was determined from samples
that were filtered onto 0.7-mm glass fiber filters (GF/
F), extracted overnight in methanol, and analyzed
fluorometrically (Welschmeyer, 1994). These data
are presented for context here and will be discussed
in detail elsewhere.

Chlorophyll content and N:P ratios (Sta. 14–22)
were determined on groups of 20–30 cells placed on
10-mm pore-size polycarbonate filters (GEOsmo-
nics, GE Water Technologies, Trevose, PA). Chlor-
ophyll was extracted in methanol and determined
fluorometrically (TD-700, Turner Designs, Sunny-
vale, CA) using a non-acidification technique
(Welschmeyer, 1994). Cellular N and P were
determined by simultaneous wet chemical oxidation
(Raimbault et al., 1999) as modified by Villareal and
Carpenter (2003). Photochemical yield (Fv:Fm) for
Ethmodiscus was determined on a microscopy-PAM
system (Heinz Walz GmbH, Effeltrich, Germany);
bulk water samples were measured on a Xe-PAM
system (Heinz Walz GmbH) zeroed to local filtered
(0.22-mm pore-size) surface seawater using the
protocols of Villareal (2004). PAM systems are
multiple turnover systems (Kromkamp and Forster,
2003) and values can reach as high as 0.8.

Alkaline phosphatase activity (APase, E.C.
3.1.3.1.) was measured fluorometrically using
4-methyl-umbelliferyl phosphate (MUF-P; Sigma,
St. Louis, MO) as substrate for the enzyme
(Sinsabaugh et al., 1997). Ethmodiscus cells collected
from net tows between Sta. 4 and 22 were
distributed to replicate (n ¼ 3–4) methacrylate
cuvettes containing surface (ca. 3m) seawater
collected from the ships flow-through pump system.
To each cuvette was added 50 mmolL�1 MUF-P
followed by dark incubation for 3 or 6 h in a flow-
through (ca. 26 1C) on-board incubator. Cuvettes
containing surface water but without Ethmodiscus

served as activity controls for the endemic phyto-
plankton. Sodium bicarbonate (4mmol L�1) was
substituted for Ethmodiscus in substrate controls
whereas quench standards were prepared using
1mmol L�1 of 4-methylumbelliferone (fluor without
substrate) in seawater. APase-catalyzed fluorescence
was determined using a TD-700 laboratory fluo-
rometer equipped with a near UV lamp and a
methylumbelliferyl filter set (ex: 300–400 nm; em:
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410–610 nm). Enzyme activities were calculated
using a 4-methylumbelliferone reference standard.
A standard dilution series between 0.1 and
1 mmolL�1 demonstrated a linear response by the
fluorometer. Activities were normalized to total
Ethmodiscus chl-a in each cuvette. A single-cell
enzyme-linked fluorescent (ELF) assay was used to
visualize the pattern of APase activity associated
with cells of Ethmodiscus. The assay was modified
from that previously described by González-Gil et
al. (1998). Briefly, cells that had been made perme-
able with 70% ethanol were incubated in the dark
for 30min with ELF 97 substrate (Molecular Probes
Inc., Eugene, OR) diluted 20� using buffer
provided by the manufacturer. Following incuba-
tion, the substrate reagent was aspirated and the
cells were rinsed 4� using filtered seawater. For
visualization of APase activity, the cells were viewed
using a Zeiss Axiophot microscope (Carl Zeiss
MicroImaging Inc., Thornwood, NY) equipped
with a mercury arc lamp and UV excitation filter
(G 365).

For comparative purposes, APase was measured
for puffs of Trichodesmium spp. (primarily as T.

thiebautii) at stations located along the eastern
reaches (Sta. 18–22; 154–1661W) of the transect and
also for the dinoflagellate Pyrocystis noctiluca at
stations where it was abundant (Sta. 11–17). For
both, samples were collected by net tow as for
Ethmodiscus. Also reported is APase activity of the
bulk water collected across the transect (Sta. 2–22)
from the surface mixed layer (ca. 25m) using Niskin
bottles deployed on the CTD rosette. For Tricho-

desmium and Pyrocystis, APase activity was calcu-
lated following 1 h dark incubation with the MUF-P
substrate at ambient sea-surface temperature (ca.
26 1C), whereas samples of bulk water, which
contained low biomass, were incubated for ca.
12 h. After incubation, samples were filtered for
chlorophyll analysis as described above.

To demonstrate the inducible nature of APase, we
conducted nutrient amendments at Sta. 14 and 17
where we amended triplicate acid-cleaned polycar-
bonate bottles containing bulk water with
0.5 mmolL�1 sodium phosphate. A series of control
bottles received no phosphate addition. Bottles were
incubated in an on-deck flow-through seawater
incubator on the ships deck receiving ca. 50%
incident irradiance for 20 h, following which APase
activity was measured. We also conducted nutrient
amendments on Ethmodiscus by incubating cells in
water collected from the deep chlorophyll maximum
(DCM) (Sta. 5 and 7) or by amendment with either
0.5 mmolL�1 glycerophosphate or 0.5 mmolL�1 so-
dium phosphate (Sta. 7). To cuvettes containing
Ethmodiscus was added 50 mmolL�1 MUF-P fol-
lowed by dark incubation for 6 h (Sta. 5) or 8 h (Sta.
7) in a flow-through deckboard incubator.

The iron nutrition of Ethmodiscus was assessed by
assay of the iron-responsive redox proteins ferre-
doxin (Fd) and flavodoxin (Flvd) as described
previously (McKay et al., 1999, 2000). At each
station, 50–100 cells were transferred to cryotubes
and frozen in liquid nitrogen within 60min follow-
ing their collection. Total protein was extracted
from net plankton samples by sonication in lysis
buffer containing 4% (w/v) sodium dodecyl sulfate
(SDS) and 68mM sodium carbonate. Following
centrifugation (5min at 3000g), a portion of the
supernatant was reserved for protein assay using
bicinchoninic acid (Pierce, Rockford, IL) and
bovine serum albumin as a standard. To the
remaining supernatant were added 1 volume of
0.2M dithiothreitol and 2 volumes of electrophor-
esis sample buffer (8% (w/v) SDS, 15% (v/v)
glycerol, and 0.05% (w/v) bromophenol blue).
Proteins were resolved by discontinuous gel electro-
phoresis (Laemmli, 1970) prior to electrophoretic
transfer to nitrocellulose membranes (Nitrobind,
0.45 mm; GEOsmonics) according to Towbin et al.
(1979).

The presence of Fd and Flvd in Ethmodiscus was
assessed by Western blot analysis using polyclonal
antiserum raised against Phaeodactylum tricornutum

Flvd (La Roche et al., 1995) and Thalassiosira

weissflogii Fd (McKay et al., 1999). Replicate blots
(n ¼ 2–3) were processed using standard immuno-
blotting procedure (Towbin et al., 1979) and
subsequently incubated with an affinity-
purified goat anti-rabbit IgG-alkaline phos-
phatase conjugate (Amersham Biosciences, Piscat-
away, NJ). Immunoreactive proteins were visualized
by chemifluorescence using the ECF substrate
(Amersham Biosciences) followed by detection
using a Storm 860 imaging system and analyzed
using ImageQuant software (vers. 5.2; Amersham
Biosciences).

Additional insight into the iron nutrition of
Ethmodiscus was provided by a determination of
its iron quota at two stations along the transect.
Cells were collected using a hand-deployed 20 mm
mesh-size Nitex nylon net that had been briefly
rinsed in dilute HCl prior to deployment. The net
was fitted with a plastic threaded adapter to
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Fig. 2. Contour plots of nitrate+nitrite and chlorophyll

distributions from Sta. 1–12 (northern transect): (a) nitrate+

nitrite (mmolL�1) and (b) chlorophyll a (mgL�1).
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accommodate a small, acid-rinsed plastic bottle in
which to concentrate seston. From this bottle, ca. 20
Ethmodiscus cells were collected using a plastic
transfer pipette and the cells were serially trans-
ferred through three rinses ofo0.2 mm-filtered sea-
water. The seawater had been collected earlier in the
day by divers operating from an Avon inflatable
boat at a distance 4500m from the research vessel.
Seawater from 1–2m below the surface was
collected in 1-L acid-rinsed Teflon bottles (Savillex,
Minnetonka, MN) and returned to the main vessel
where it was filtered in a laminar flow bench using a
Teflon filtration assembly (Savillex) containing an
acid-cleaned 47-mm, 0.2 mm polycarbonate mem-
brane (GEOsmonics).

Following the initial three seawater rinses,
oxalate reducing rinse reagent (Tovar-Sanchez
et al., 2003) was added to the cell suspension in a
volume equal to the remaining final seawater rinse
in a 1.5-mL acid-cleaned micro-centrifuge tube.
After 5min incubation to remove extracellular Fe,
oxalate solution was removed using an acid-cleaned
pipette tip and the cells were rinsed again 3� with
0.2-mm filtered seawater. Finally, residual seawater
was pipetted out of the vial containing the
Ethmodiscus and cells were frozen at �20 1C in the
centrifuge tube for shipment to the shore lab. At
Rutgers University, cells were thawed and trans-
ferred intact to an acid-cleaned 3-mL Teflon screw-
cap vial (Savillex) using a small volume of ultrapure
Milli-Q water. The water was evaporated using
gentle heat on a hot plate and the cells were digested
in a mixture of concentrated ultrapure nitric and
hydrofluoric acid (Seastar) for 4 h on the hot plate.
Vial lids were then removed, and the digest
solutions heated gently to dryness in a HEPA clean
bench. Finally, dried residue was re-dissolved in 5%
(v/v) ultrapure nitric acid for analysis of Fe and a
suite of other elements by high-resolution induc-
tively coupled plasma mass spectrometry (ICP-MS)
as described in Cullen et al. (2001). Only iron results
are reported here; total Fe content per sample
ranged from 14 to 92 pmol. Mean digestion blanks
(digestion vials without cells carried through the
procedure) were 3–16% of sample Fe signals. We
estimate precision of the sample iron determinations
at 710%.

Contour plots were generated by Ocean Data
View (Schlitzer, R., Ocean Data View, http://
www.awi-bremerhaven.de/GEO/ODV, 2004.). Sta-
tistical analyses were performed on Statview 5.0.1
(SAS Institute, Inc, Cary, NC).
3. Results

The bulk of the data described here were collected
in 2003, and the results will focus on that cruise.
During the 2003 cruise, the ship traversed the atolls
of the northwest Hawaiian Islands chain twice, once
at 281N heading west and again at approximately
27.51N on the return to Hawaii (Fig. 1). Water
column characteristics showed the expected deep
nutricline and low phytoplankton biomass typical
of the CNP gyre (Fig. 2a and b); however,
significant differences between stations just east
and west of Midway Island (Sta. 9 and 10,
respectively) were observed in the depth of the
nutricline and total chlorophyll biomass. Station 9
(176.91W) had the lowest deep chlorophyll biomass
(Fig. 2a) noted on the cruise, whereas Sta. 10 (175.9
E) had significant doming of the nutricline and
elevated chlorophyll biomass. Sta. 9 was remarkable
for the much greater water clarity evident to
shipboard observers. This feature was not evident
in the eastward leg returning to Hawaii. The two
transects were similar in the general features
observed.

Ethmodiscus was present at all stations except Sta.
21 (Fig. 3). Abundance varied greater than 20-fold
between stations, from o0.1 to 42.0 cellsm�3. At
two stations (Sta. 7 and 8) between 170 and1751W,

http://www.awi-bremerhaven.de/GEO/ODV
http://www.awi-bremerhaven.de/GEO/ODV
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Fig. 3. Ethmodiscus abundance in 2003 from Sta. 1–15. The

dotted box indicates the 2 stations where the count was

terminated at 500 cells (see text for details).

T.A. Villareal et al. / Deep-Sea Research I 54 (2007) 1273–12881278
the net tows were dominated by a small diameter
Ethmodiscus (probably E. rex) that were too
numerous to count. The data plotted for Sta. 7
and 8 (box) represent minimum values and the true
abundance was likely several times higher. Other
than those two stations, there was no consistent
trend in abundance. The average7S.E. over all
samples was 0.6670.14 cellsm�3. There was a
general inverse relationship between nitrate and
silicate at 150m and abundance; however, this
relationship was driven largely by the high abun-
dance at Sta. 7 and 8. When the abundance data
were plotted versus surface temperature (T), salinity
(S), and sigma-t (st), no relationship was apparent.
A similar lack of pattern was evident when the
difference between average T, S, st values at 0–10m
and 100–110mm were plotted versus abundance.

Photosynthetic yield (Fv:Fm ¼ quantum yield of
charge separation at photosystem II) of bulk water
samples exhibited a typical diel down-regulation
with typical maximum values (0.5–0.6) during the
dark period (Fig. 4a). Yield decreased to a mini-
mum (0.10–0.15) during the day. Fv:Fm of individual
Ethmodiscus cells exceeded 0.6 at all times (Fig. 4b).
Yield reached 0.8 with 80% of the values being
X0.7 (range ¼ 0.61–0.80). The two cruise years
(2002 and 2003) overlapped in values. However, the
2002 cruise started sampling approximately 41 east
of the 2003 cruise data, so the geographic distribu-
tions did not overlap. There were no geographic
trends evident in the data. Mean value (7std. dev.)
was 0.7370.04 for 2003 and 0.6970.05 for 2002.
There was no significant difference between years
(po0.01). Chl-a cell�1 (Fig. 5) remained stable
along the transect except for a single set of samples
collected at the westernmost station (Sta. 12). With
the exception of this one station, values ranged from
7.3 to 10.9 ng chl-a cell�1 (mean ¼ 10.273.8 for all
data).

There was considerable variation in both N and P
cell quota (Fig. 6a). P varied by a factor of 4.5 and
N varied 3-fold with highest values for both between
1651 and 1751W. Cell quotas for N and P averaged
5.170.9 and 0.470.1 nmol cell�1, respectively. The
effect on N:P ratios is evident in Fig. 6b where it is
seen that N:P ratio decreased from 17 to 18.5 at the
ends of the transect to a minimum of 12 at 1661W.
Average N:P (795% C.I.) was 14.671.1.

APase activity associated with cells of Ethmodis-

cus was low, ranging from 0.4 to
2.5 nmol P mg chl�1 h�1 (Fig. 7a and b). Ethmodiscus

APase rates were positively correlated to the N:P
ratio (Fig. 7b) with an r2 ¼ 0.83. ELF staining
indicated only a minor amount of fluorescence
concentrated in discrete regions near the periphery
of the cells (data not shown). Rates for both
Pyrocystis noctiluca and Trichodesmium spp. were
higher, ranging from 10–120 nmol P mg chl�1 h�1

(Fig. 7a) except for Sta. 14 and 21 where Pyrocystis

and Trichodesmium showed depressed rates of
APase activity similar to that of Ethmodiscus. Rates
of APase activity attributed to bulk water varied
from near 0 to 4450 nmol P mg chl�1 h�1 (Fig. 7c).
Further, the transect legs presented different pat-
terns. Stations 1–12 (northern, westbound transect)
showed a clear increase from 1591W to 1741E (Fig.
7c), whereas this trend occurred only from 1741E to
approximately 1701W on the southern, eastbound
leg. Further east of that point, APase rates varied
from 12 to 451 nmol P mg chl�1 h�1.

APase was inducible in both the bulk water and in
Ethmodiscus. APase activity in bulk surface water
(ca. 25m) amended with inorganic phosphate was
reduced by 87% and 499% at Sta. 14 and 17,
respectively, when compared with unamended con-
trols (Table 1). Likewise, APase activity of Ethmo-

discus was reduced by ca. 40% when cells were
incubated in water collected from 113m depth
(SRP�0.3 mmolL�1) compared to 62m depth
(SRP o0.1 mmolL�1) (Table 1). Addition of inor-
ganic phosphate further depressed APase rates in
the latter by 460% whereas addition of glycer-
ophosphate, an organic phosphomonoester, re-
sulted in only a modest reduction (ca. 25%) in
APase activity (Table 1).
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Fig. 4. Fv:Fm yield values for phytoplankton: (a) Bulk water sampled 7–10 September and (b) Ethmodiscus collected in 2002 (n ¼ 14) and

2003 (n ¼ 68). Values represent individual cells. As noted in Villareal (2004), this yield value is not fully dark adapted because of the need

to use transmitted light to center the cell on the microscope stage.

Fig. 5. Ethmodiscus chlorophyll content along the cruise track

(Sta. 14–22). Error bars are 95% C.I.
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The Fd Index derived for Ethmodiscus along the
transect was highly variable, with values ranging
between 0.10 and 0.55 (Fig. 8). Values were most
depressed around 1701W (Sta. 5–6) whereas the Fd
Index values along the western reaches of the
transect were generally elevated. Cellular Fe quotas
were measured for cells at two stations along the
transect, with values ranging between 0.7 and
5.1 pmol Fe cell�1 (Fig. 8). Using the average value
of 2.6 pmol Fe cell�1 and our average P value
(0.4 nmol cell�1), we calculate an Fe:P ratio of
6.5mmol:mol.

4. Discussions

Ethmodiscus was distributed across the central
North Pacific Ocean. As noted by previous ob-
servers (Belyayeva, 1972), this is a typical, albeit
rare, member of the oceanic community. We found
two regions where the abundance increased sharply
and exceeded our ability to quantify. At these
stations (Sta. 7 and 8), values were likely
4–8 cellsm�3 or higher and support the character-
ization of Ethmodiscus distribution as a ‘‘mosaic’’ of
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Fig. 6. Elemental composition of Ethmodiscus: (a) N, P content

per cell and (b) N:P ratios (by atoms) of Ethmodiscus along the

southern portion of the cruise track (Sta.12–20).

Fig. 7. Alkaline phosphatase activity (APase) in individual

species and bulk water samples along the transect. (a) APase

activity in Ethmodiscus, Pyrocystis and Trichodesmium. Error

bars are standard deviation. An error bar of

73 nmol Pmg chl�1min�1 is left off of the Trichodesmium point

above the axis break for clarity. (b) Ethmodiscus APase as a

function of cellular N:P ratio. Data was curve fit by the equation

f(x) ¼ 1.550922E�4� exp(0.55� ) with an R2
¼ 0.83. (c) APase

activity in the bulk water. Sta. 1–12 made up the northern leg

heading west, Sta. 12–20 made up the southern leg, heading east.
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high and low abundance regions (Belyayeva, 1970).
Such variation need not be attributed to growth;
buoyant particles may be concentrated by frontal
convergences (Yoder et al., 1994), or by Rossby
wave-induced convergences (Dandonneau et al.,
2003). Dandonneau et al. (2003) suggested that the
‘‘hay rake’’ may be identifiable by local sea-surface
heating. Examination of the CTD and underway
data suggests a complex frontal feature may have
been associated with a concurrent Hemiaulus bloom
(Villareal et al., in prep.). Since localized concentra-
tions also likely result in localized vertical fluxes,
identifying these concentration mechanisms is an
important goal in relating the biology of living
forms to records in the sedimentary record (Kemp
et al., 2000).

The low abundance and large size of Ethmodiscus

require the use of nets for measuring abundance, a
methodology more commonly utilized for zoo-
plankton. As a result, there is very limited informa-
tion available for examining how abundance and
distribution patterns may be linked to physical or
chemical gradients. Belyayeva (1970) noted that
there was a generalized increase in abundance
westward in the Pacific with maximum abundance
near the equator and decreasing to the north.
Abundance was inversely related to phosphate
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Fig. 8. Measures of Fe status of Ethmodiscus: Ferredoxin Index

and cellular Fe content along the 2003 cruise transect.

Table 1

APase activity in bulk water and Ethmodiscus in response to amendment with phosphorus after 24-h incubation

Station Depth (m) Treatmenta Bulk water APaseb Ethmodiscus APasec

14 26 Control 1159.33 –

PO4–Pi 151.04 –

17 25 Control 1444.59 –

PO4–Pi 7.18 –

7 62 Control – 4.6

Glycerophosphate – 3.36

PO4–Pi – 1.76

113 Control – 2.91

Glycerophosphate – 1.45

PO4–Pi – 2.24

aPhosphate added at 0.5 mmolL�1.
bActivity in units of nmolMUFmg chl-a�1 h�1.
cSurface-collected Ethmodiscus incubated in water collected from depth in column 2.
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concentration at 125m in a zone west of 1401E
(Belyayeva, 1971). In our data, no such relationship
was seen with r2 of o0.2 for phosphate, nitrate or
silicate at 125 and 150m. There was a suggestion
that lowest cell numbers were recorded at stations
with the highest silicate or nitrate concentration at
150m; however, considerably more data are re-
quired before a conclusion can be drawn.

The chlorophyll and N cell quotas were only
50–60% and 15%, respectively, of values reported
previously from the Pacific from cells in the same
1–2mm diameter size range (Villareal and Carpen-
ter, 1994; Villareal et al., 1999) but similar to values
from the Caribbean (Villareal and Carpenter, 1994)
despite being approximately 5–10-fold greater in
volume. The summary in Table 2 suggests that the
cells in Villareal et al. (1999) were substantially
richer in both N and chlorophyll compared to the
other two studies. The Ethmodiscus in Villareal et al.
(1999) were collected much farther to the east near
the edge of the California Current where the
nitricline shoals considerably. We do not have
concurrent measurements of C cell quota in this
study, but adoption of a value of 0.48 mmol cell�1

(Villareal et al., 1999) yields improbably high C:N
(94), C:P (1200), and C:Chl (576) given the near-
Redfield N:P ratios. Use of the Villareal and
Carpenter (1994) C:Chl ratio reduces these ratios
by a factor of 4.8 and yields more realistic values.
The C cell�1 in Villareal et al. (1999) was indepen-
dently confirmed in two laboratories (M.A. Altabet
and F. Lipschultz). However, it seems likely that
this is not an appropriate value to use for our study
in the region west of Hawaii. Irrespective of the C
cell quota, chlorophyll and N cell quotas are quite
plastic in Ethmodiscus.

Ethmodiscus N:P ratios were close to Redfield
stoichiometry and showed no evidence of systematic
limitation by either nutrient. The near-Redfield
stoichiometry argues for a reasonably balanced
uptake of N and P, although we sampled only
floating Ethmodiscus and have no ratios from
sinking, and presumably, nutrient-stressed cells.
Since surface concentrations of nitrate were low
and previous evidence supports N acquisition at
depth (Villareal et al., 1999), we inferred that P was
acquired at depth also. However, we were unable to
examine systematically sinking and floating cells
independently as has been done for Rhizosolenia

(Villareal et al., 1996), Pyrocystis (Ballek and Swift,
1986) and Trichodesmium (Villareal and Carpenter,
2003) and this conclusion requires further study.
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Table 2

Summary of Ethmodiscus cell quota and ratio data

Component (per cell) This study Villareal et al. (1999) Villareal and Carpenter (1994)

C (mmol) – 0.48 0.1070.03

N (nmol) 5.170.9 – 7

P (nmol) 0.470.1 – 0.8

Fe (pmol) 0.7–5.1 – –

Chl-a (ng) 10.273.8 16.473.8 9.372.8

C:N – 7.8-24 13–16

C:P – – 125

C:Chl (wt) – 350 129

N:P 12–18.5 – 9

Fe:P 6.5 – –

Units for cell quotas per cell are given in the column identifying the component. Error bars, where shown, reflect the units presented in the

original text. Ranges of ratios are given to provide context for the variability noted.
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Similar near-Redfield N:P values (18.1) have been
found on Sargassum natans from the Atlantic Ocean
(Lapointe, 1995) but there are few other data
available from non-diazotrophic open-ocean spe-
cies. Rhizosolenia mats from this same cruise had
N:P ratios of �12 (Villareal et al., in prep).
Trichodesmium N:P ratios vary considerably de-
pending on the ocean basin (Krauk et al., 2006). At
Station ALOHA (Hawaii Ocean Time-series), Tri-

chodesmium N:P ranged from 34 to 45 (Letelier and
Karl, 1998), whereas off northern Australia, N:P
ranged from 11 to 47 (Krauk et al., 2006). Reflecting
the broad range of N:P associated with Trichodes-

mium sampled near Australia, Mulholland et al.
(2002) reported APase rates for Trichodesmium of
0.65–13.1 nmol substrate mg chl�1 h�1. Although we
did not measure N:P of Trichodesmium in the
present study, rates of Trichodesmium-specific
APase measured were in the range of those reported
by Mulholland et al. (2002) and thus may be
reflective of a similar broad range of Trichodesmium

N:P in our study area.
There are limited reports of species-specific APase

rates to compare to our values for Ethmodiscus. In
Pyrocystis, both field and laboratory data indicate
an ontogenetic vertical migration occurs (Ballek and
Swift, 1986; Rivkin et al., 1984). Orthophosphate
additions inhibited APase activity rapidly and P-
depleted Pyrocystis noctiluca doubled its cell quota
in minutes to hours (Rivkin and Swift, 1979, 1980).
Our results with Ethmodiscus were consistent with
such rapid repression of APase activity. There is
evidence (Fig. 8) that internal N:P ratios are linked
to induction of APase activity, although the data
would be more compelling if a greater range of
activity and N:P ratios had been observed. The low
APase rates and near-Redfield N:P ratios reported
for Ethmodiscus suggest that P storage from
migration to the nutricline is adequate to support
growth. Our collection method was biased for the
collection of positively buoyant cells, and it is
possible that sinking cells had higher APase activity.
Alternatively, it is tempting to speculate that
Ethmodiscus may supplement its P requirements
by use of phosphonates (sensu Dyhrman et al.,
2006).

Karl et al. (2001) suggested that the North Pacific
Ocean is currently in a state of net N sequestration
with P availability regulating phytoplankton dy-
namics. The bulk water APase rates in our study
suggest a moderate degree of organic P utilization
that is greatly increased by a 24-h incubation,
similar to results in Perry (1972). There was a clear
trend of increased bulk APase activity westward,
evidence for decreasing availability of inorganic
phosphate. Vidal et al. (2003) noted horizontal
gradients in APase activity in the Atlantic Ocean of
a similar scale to our bulk measurements, and
observed an inverse relationship between APase
activity and calculated upward nutrient fluxes.
However, in Ethmodiscus, the limited and near-
Redfield range of N:P ratios and low APase activity
suggested that their P-limitation was minimal.
Although there was a westward increase in APase
activity and an apparent step function APase rate
increase in Ethmodiscus, the changes were minor
compared to the bulk rates increase. We conclude
that there is little evidence of either N or P
limitation in Ethmodiscus based on the N:P ratios
and APase activity.

Active fluorescence provides a useful proxy for
physiological vigor, although the utility of the
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parameter is constrained by cell-specific responses
to nutrient limitation versus exhaustion, the rapidity
of cell recovery from down-regulation, and alter-
native sinks for electrons from the pigment beds
(Parkhill et al., 2001; Villareal, 2004). Cyanobacter-
ia, in particular, can produce Fv:Fm ratios lower
than those expected from typical eukaryotes (Camp-
bell et al., 1998). Their contribution can lower
overall Fv:Fm and could explain the lower maximum
Fv:Fm ratios (0.5–0.6) in the bulk water at night
relative to Ethmodiscus maximum values. The diel
pattern of diurnal down-regulation and nocturnal
recovery in the bulk water was similar to those
noted in the Gulf of Mexico (Villareal, 2004), the
Atlantic Ocean (Behrenfeld and Kolber, 1999),
the subarctic Pacific (Suzuki et al., 2002), and the
Southern Ocean (Boyd and Abraham, 2001). The
complexities noted in the light:dark transition
periods by Behrenfeld and Kolber (1999) and
Behrenfeld et al. (2006) were not seen, although it
must be noted that the biomass levels were near the
limit of detection for the Xe-PAM, and the noise in
the measurements may have obscured these pat-
terns. There was, however, no evidence of a
nocturnal decrease in Fv:Fm as reported in their
work. Except for the Gulf of Mexico, the absolute
values of Fv:Fm in these studies are not directly
comparable since different measurement systems
were used. Nocturnal Fv:Fm values were very similar
in the Gulf of Mexico and the present study.

Our Fv:Fm data from Ethmodiscus supports
previous observations of the high and nearly
invariant Fv:Fm in this genus (Villareal, 2004). This
was somewhat unexpected considering the absolute
low levels of dissolved Fe (DFe) routinely measured
in the CNP gyre where the vertical distribution of
Fe resembles a macronutrient-type profile (Johnson
et al., 1997). During the 2002 Intergovernmental
Oceanographic Commission (IOC) cruise, surface
mixed layer DFe concentrations ranged between
0.04 and 41 nmol kg�1 (median: 0.13 nmol kg�1;
n ¼ 21) along a portion of the cruise transect
conducted between 221 and 261N and extending
from 1701E to 1551W (Brown et al., 2005). Further,
there was a distinct trend showing an increase in
DFe along the eastern reaches of this transect with a
median value of 0.45 nmol kg�1 (n ¼ 5) measured
for DFe between 1551 and 1601W (Brown et al.,
2005). This transect essentially paralleled our study
transect of 2003 and thus should provide a reason-
able proxy for levels of DFe. Such low levels of
DFe, especially those encountered west of 1601W,
are often reflected in depressed Fv:Fm measured for
phytoplankton (Geider et al., 1993; Kolber et al.,
1994). Reinforcing this view, using a recently
developed Fe-responsive luminescent marine cya-
nobacterial bioreporter with archived filtered
(o0.2 mm) water samples from the transect, we
have obtained convincing evidence of low Fe
availability at locations west of 1701W (Boyanapal-
li, 2006).

However, steady-state growth allows phytoplank-
ton to acclimate to Fe deficiency, one manifestation
of which is a high, constant Fv:Fm (Price, 2005). This
has been demonstrated repeatedly for phytoplank-
ton cultured under Fe deficiency in steady-state
conditions (Doucette and Harrison, 1990; McKay et
al., 1997; Peers and Price, 2004). While Ethmodiscus

showed no evidence of stress, Singler and Villareal
(2005) reported a systematic decline in Fv:Fm in
Rhizosolenia mats westward along the transect, with
values decreasing from 0.6 to 0.7 near Hawaii to ca.
0.4 west of Midway Island. Despite the similar
vertical migration strategy in the two genera, there
are fundamental differences in either their ability to
exploit nutrients or in their Fv:Fm responses.

As a parallel assessment of physiological Fe
status, we measured the Fd Index of Ethmodiscus

collected along the transect. During periods of Fe
deficiency, the Fe containing protein Fd is replaced
with the functionally equivalent, although less
efficient redox catalyst Flvd, a small protein
containing a non-covalently bound flavin mono-
nucleotide (FMN) cofactor. It is believed that this
substitution serves to alleviate Fe deficiency in
cyanobacteria (Straus, 1994) and algae (Geider
and La Roche, 1994). Exploiting this substitution,
a Fd Index has been proposed as a physiological
indicator for Fe deficiency where the Fd In-
dex ¼ (Fd/[Fd+Flvd]). Fe sufficient samples typi-
cally have a Fd Index ¼ 1 (Doucette et al., 1996;
Erdner et al., 1999; Strzepek and Harrison, 2004;
Xia et al., 2004) meaning that Fd, but not Flvd, has
accumulated inside the cells. Considering the uni-
formly high transect-wide profile for Fv:Fm, we
hypothesized that Ethmodiscus would accumulate
Fd but not Flvd. Instead, both Fd and Flvd
accumulated in cells of Ethmodiscus resulting in
Fd Index values ofo0.6.

The apparent uncoupling of Flvd expression from
physiological Fe deficiency presented by Ethmodis-

cus in this study is consistent with previous findings
showing that the expression of Flvd can be
characterized as an early stress response and that
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its accumulation is not necessarily correlated with
physiological deficit (McKay et al., 1997; Sandmann
et al., 1990; Xia et al., 2004). Flvd commonly
persists in diatoms during mesoscale Fe fertilization
experiments despite the fact that the addition of Fe
commonly relaxes nutritional constraints on phyto-
plankton photochemistry and growth (Boyd et al.,
2005; Erdner et al., 1999; Maldonado and Price,
2001). In this context, the persistence of Flvd could
be viewed as an opportunity to divert scarce Fe
supplies to obligate Fe-containing proteins. Alter-
natively, we cannot discount the possibility that
Flvd is expressed constitutively in Ethmodiscus.
Evidence for the constitutive expression of Flvd
has been presented previously for Rhizosolenia

formosa (McKay et al., 2000). Unfortunately,
our present inability to culture Ethmodiscus in the
laboratory precludes direct testing of this
hypothesis.

At two stations, we processed cells for measure-
ment of their cellular Fe quota. If we use the
measured C value for Ethmodiscus from the
eastern Pacific Ocean (Villareal et al., 1999), we
calculate a mean Fe:C of 5.4 mmolmol�1 (range ¼
1.5–10.7 mmolmol�1). However, as we note above,
we feel that the Villareal et al. (1999) C cell�1 value
is too high, thus the Fe:C ratio is too low, possibly
by a factor of 4.8. Applying this correction yields
Fe:C ratios of 20+ mmolmol�1 , values more in
keeping with those reported by Sunda and Hunst-
man (1997) and Ho et al. (2003) for Fe-replete
growth. A 5.4 mmolmol�1 Fe:C ratio for Ethmodis-

cus would be in the range of unfertilized, Fe-stressed
diatoms sampled during the Southern Ocean Iron
Experiment (SOFeX) (Twining et al., 2004), an
interpretation inconsistent with the Fv:Fm data.

We evaluated the Fe content of Ethmodiscus by
converting the Fe quota (0.7–5.1 pmol Fe cell�1) to a
volumetric measure by assuming the volume of a
typical cell to be 4.17� 109 mm3 (a sphere of 2000mm
diameter). A cellular Fe content was derived ranging
from 1.7� 10�7 to 1.2� 10�6molL�1, several orders
of magnitude lower than the Escherichia coli Fe
content of ca. 1� 10�4mol L�1 for cells cultured in
minimal medium (Outten and O’Halloran, 2001).
Likewise, the cellular Fe content of Ethmodiscus was
very low compared to several oceanic diatom
isolates, where cellular Fe ranged from ca.
1� 10�4mol L�1 in low Fe-cultured Thalassiosira

oceanica (Strzepek and Harrison, 2004) to
4.3� 10�5mol L�1 for the diatom Ditylum bright-

wellii (Ho et al., 2003).
However, diatoms have a cytoplasmic layer
surrounding a large vacuole, and the percentage
occupied by the vacuole increases with size (Smayda
1978). This is an important consideration in
generating positive buoyancy (Villareal, 1988).
While the organic composition of diatom vacuoles
is poorly known, it is necessarily distinctly different
from the organelle-containing cytoplasm. We calcu-
lated a cytoplasmic component (plasma volume) of
1.87� 107 mm3 (assuming cytoplasmic thickness of
1.5 mm). This yielded a revised cellular Fe content
ranging from 3.7� 10�5 to 2.7� 10�4mol L�1,
within the range for E. coli and for other open-
ocean diatoms as reported above. Normalizing to
cytoplasmic, rather than cellular volume, leads to a
two-order-of-magnitude change in concentration
due to the dominance of total volume by the
vacuole (499%). In normalization to C, the
measured value typically is a whole cell, not just
the cytoplasmic (and presumably Fe-containing)
components. There are few direct measures of
vacuole C concentration in phytoplankton; how-
ever, osmotic requirements indicate at least 102mM
concentrations of compounds with multiple carbons
are required (Boyd and Gradmann, 2002). Conse-
quently, the vacuole has the potential to be a
significant, if not dominant, component of the
organic C signal. Hence Fe:C ratios based on total
carbon, rather than cytoplasmic C, could lead to
spuriously low ratios of cytoplasmically based
components.

There is some suggestion in the literature that this
is an issue warranting attention. Cell size was
inversely related to Fe:C in laboratory studies
(Sunda and Huntsman, 1997), an observation
consistent with an increased contribution of vacuo-
lar carbon in larger cells. Sunda and Hunstman
(1997) further noted that their species fit a single
saturation equation when Fe uptake was normal-
ized to surface area, not total volume. Since
Ethmodiscus has a remarkably thin cytoplasmic
layer (microns), this would seem to argue that it
should be at no particular disadvantage for Fe
acquisition despite its large total volume. This
necessarily limited analysis of cell size, diatom
cellular morphology and vacuolation highlights a
potential source of great variability among datasets.
Pending better measurements on the partitioning of
C and metals between vacuole and cytoplasm, Fe
contents should be normalized to cytoplasmic
volume as much as possible in phytoplankton to
insure proper comparisons between samples.
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Phosphorus cell quota was calculated to be
9.6� 10�4mol L�1 for cell volume and
2.13� 10�1mol L�1 for plasma volume and yielded
a mean Fe:P ratio of 6.5mmolmol�1. Both the
plasma volume normalized-value and Fe:P ratio
were similar to multi-species culture values of
43–1600� 10�3mol L�1 and 0.3–5.4mmolmol�1,
respectively, reported by Ho et al. (2003). The
somewhat higher Fe:P value in Ethmodiscus sug-
gests that the vacuole may contain only a small
portion of cellular P or that the values in Ho et al.
(2003) reflect luxury consumption of P in the
nutrient-replete medium used.

Given the limited sample size for determining Fe
quotas in the present study, we were unable to
illustrate trends along the east–west transect.
Several lines of evidence suggest a gradient of
decreasing Fe availability towards the west includ-
ing Fe concentration (Brown et al., 2005), decreas-
ing Rhizosolenia Fv:Fm (Singler and Villareal, 2005)
and our studies using the Fe-responsive marine
cyanobacterial bioreporter (Boyanapalli, 2006). Our
limited data suggest Ethmodiscus was not responsive
to this gradient, but do suggest overall low cellular
Fe contents relative to the limited literature on
open-ocean diatoms in the field or grown in culture.

As a proxy for paleoceanographic events, Ethmo-

discus serves an important role due to robust
preservation of frustule fragments and the unusual
oozes it forms (Abrantes, 2001). Accurate inter-
pretation of these sedimentary events is dependent
on how well the biology of the living form is
understood. Positive buoyancy and a vertical
migration life-history strategy no longer supports
early ideas of an upwelling species, but rather a
species that thrives in oligotrophic conditions and
can be concentrated at frontal convergences
(Abrantes, 2001; Kemp et al., 2006). Our data
suggests that changes in cellular condition leading
to mass fluxes probably cannot be linked to a
decrease in nutrient availability unless the depth of
the nutricline increases beyond their range for
vertical migration. At present, we have no data to
constrain this depth. The energetic requirements for
buoyancy control (Waite et al., 1992) and the role
iron stress plays in accelerating sinking rate in
diatoms (Muggli et al., 1996) suggest that fluxes to
depth after frontal concentration could be linked to
regional iron fluxes, not macro-nutrients. However,
direct observations indicate that Fe re-supply in
Southern Ocean Fe-enrichment experiments had
little effect on the sinking rate in the largest diatoms
(Waite and Nodder, 2001). At this point, the
environmental factors limiting Ethmodiscus, and
potentially controlling presumptive mass fluxes,
remain unclear. The lack of significant east–west
gradients in this study supports the concept that
Ethmodiscus is tolerant of ultra-oligotrophic condi-
tions across vast areas of the ocean and that little
evidence of macro- or micronutrient stress can be
found in Ethmodiscus inhabiting the modern ocean.
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