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Transatlantic Abundance of the
N,-Fixing Colonial
Cyanobacterium Trichodesmium

Cabell S. Davis™* and Dennis J. McGillicuddy Jr.

Colonial diazotrophic cyanobacteria of the genus Trichodesmium are thought to play a significant role
in the input of new nitrogen to upper layers of the tropical and subtropical oceanic ecosystems that
cover nearly half of Earth’s surface. Here we describe results of a transatlantic survey in which a
noninvasive underwater digital microscope (the video plankton recorder), was towed across the North
Atlantic at 6 meters per second while undulating between the surface and 130 meters. Colony
abundance had a basin-scale trend, a clear association with anticyclonic eddies, and was not affected
by hurricane-forced mixing. Subsurface abundance was higher than previously reported, which has

important implications for the global ocean nitrogen cycle.

ropical and subtropical regions of the
T ocean represent the largest ecosystems on

Earth, covering nearly half the planet’s
surface. This vast oligotrophic area has been
termed a biological desert because of low
observed nutrient concentrations and biomass
(1), but it is important in global carbon cycling
due to biological feedbacks including surface
heating and gas exchange and the sinking export
of fixed carbon from the surface layer via the
biological pump (2, 3). Production in these re-
gions is nitrogen limited, and carbon and nitro-
gen cycles cannot be balanced by traditional
mechanisms of nitrate supply, such as are
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derived from winter mixing and vertical diffu-
sion (4). Data and modeling indicate that
episodic upwelling of deep nitrogen-rich water
by mesoscale eddies is a potentially important
but undersampled mechanism for input of new
nitrogen into the biologically active upper layer
of the oligotrophic ocean (5). Another potentially
important source of new nitrogen is from N,
fixation by diazotrophic colonial cyanobacteria
of the genus Trichodesmium, which are ubiqui-
tous members of tropical and subtropical pelagic
communities (6—12). Globally, Trichodesmium
has been estimated to generate 80 to 110 Tg of
new nitrogen per year in oligotrophic waters,
accounting for a significant proportion of the
annual input of new nitrogen (6, //-15). It is
considered the dominant N, fixer in the tropical-
subtropical ocean (/6). Mechanisms controlling
abundance of Trichodesmium have been exten-
sively studied, with iron and/or phosphorus
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Fig. 1. (A) Cruise track of the R/V Knorr across the North Atlantic from
the Azores to the Slope Water south of Woods Hole, Mass. (28 August to 8
September 2003). Dots show 3-hour positions of hurricane Fabian. (B)
Along-track histogram of hourly Trichodesmium abundance (number/m3)
(puffs) (Fig. 2A top panel) overlaid on a contour plot of sea surface height

limitation thought to play a major role (/7).
Trichodesmium abundance has been difficult to
quantify using traditional net sampling, because
the colonies are easily damaged or destroyed
during collection, which results in under-
estimation (18, 19). Sampling with bottles (e.g.,
10-liter Niskin) has provided quantitative esti-
mates of vertical abundance over broad areas of
the tropical Atlantic (/8), whereas current es-
timates of abundance in the Sargasso Sea are
based largely on net tows.

We used an in situ digital microscope to
quantify the abundance of Trichodesmium non-
invasively across the Sargasso Sea during
August and September 2003. We towed the vid-
eo plankton recorder (VPR) (20-23) from the
Azores toward Bermuda, continuing across the
Gulf Stream to the Slope Water south of Cape
Cod, Massachusetts (Fig. 1A). This sampling
was done opportunistically during a transit leg of
the R/V Knorr and was carried out at the
cruising speed of the ship (6 m/s) over a 12-day
period, covering a distance of 5517 km. The
VPR undulated automatically between the sur-
face and 130 m below with an average vertical
velocity of 1 m/s, yielding a total of 6910
vertical profiles. The ship’s track was intention-
ally diverted to intersect cyclonic and anticy-
clonic mesoscale ocean eddies during the transit
(Fig. 1B). Eddy positions were determined by
shore-based analysis of near-real-time satellite
sea-surface altimetry data and sent to the ship by
e-mail (23). East of Bermuda, the ship’s track
was diverted to the southwest to avoid a cate-
gory 3 hurricane (Fabian). As Fabian crossed
Bermuda, the ship turned northwest toward
Woods Hole, and sampling continued across
the wake of the storm (Fig. 1, A and B).
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(sea level anomaly, SLA) from satellite altimetry data on 3 September
2003. Highs and lows in the SLA data are labeled to show positions of
seven cyclonic (C) and six anticyclonic (A) eddies as well as the Gulf
Stream (GS). Note lower Trichodesmium abundance in cyclonic eddies on
the eastern half of transect. White line is path of hurricane Fabian.
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The VPR is equipped with a 1-megapixel
digital video camera sampling 30 frames per
second. The lens was adjusted to give a field of
view of 1.2 cm, and the calibrated imaged-
volume was 11.88 ml. Average spacing between
adjacent images was 3.3 cm vertically (20 cm
horizontally), and the total volume sampled was
356 ml per vertical meter or 46 liters per 130-m
profile. The VPR also had sensors for conductiv-
ity, temperature, pressure, fluorescence, turbidity,
and photosynthetically active radiation. Raw
sensor data were logged at 30 Hz, and 1-s aver-
ages were logged together with global positioning
system (GPS) latitude, longitude, Greenwich
mean time (GMT) at 1 Hz. Images of plankton
were sorted automatically into different taxa by
using classifiers trained with a set of manually
sorted images.

The automatically sorted 7richodesmium
images were examined manually to remove
false-positives (23). The list of observation times

>

for Trichodesmium images were binned into the
1-s time bins of the sensor and GPS data, and
the number in each bin was divided by the total
volume imaged during each 1-s period to give
the average abundance (number/m3) per bin.
These values then were divided by the probabil-
ity of detection to provide accurate abundance
estimates (21, 23). In addition to the binned data,
the latitude, longitude, and depth associated with
each individual Trichodesmium image was deter-
mined, by using interpolation, from image ac-
quisition time and GPS time. Only colonies were
readily identified from the VPR images, with
free trichomes difficult to distinguish from other
taxa (e.g., diatom chains) at the magnification
used. So abundances presented here are under-
estimates of total trichome concentration, al-
though free trichomes on average typically
represent ~10% of the total (18).

We found strong signals in temperature,
salinity, and abundance of Trichodesmium colo-

nies corresponding to seven cyclonic and six
anticyclonic eddies and the Gulf Stream (Fig.
2A). Vertical distributions of temperature and
salinity revealed strong subsurface signatures in
the eddies observed via satellite altimetry. Like-
wise, the acoustic Doppler current profiler
mounted on the hull clearly revealed the cir-
culation patterns in these eddies (fig. S3).
Trichodesmium images, sorted into two
morphological classes, puffs and tufts, were
likely T thiebautii, with the tufts also including
T. erythraeum (24, 25). Both forms had basin-
scale trends in abundance, with higher concentra-
tions in the western Sargasso Sea (west of 50°W)
(Figs. 1B and 2A). Mean colony abundances
(both forms combined) were 35.1 + 2.8 m~3 and
6.4 + 0.7 m—3 (+2 SEM) in western and eastern
regions, respectively. An association of Tricho-
desmium with warm salty water was evident at
the eddy scale, with relatively higher concen-
trations found in warm anticyclonic eddies than
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Fig. 2. (A) Hourly mean abundance (number/m3) of Trichodesmium
colonies across the Atlantic Ocean. VPR images of spherical (puffs) and
fusiform (tufts) are shown in the top and second panels, respectively
(image widths, 1 to 3 mm). Salinity, along-track SLA, and temperature are
shown below. Data points for salinity and temperature are 1-s averages and
abut each other in the plots. Cyclonic and anticyclonic eddies and the Gulf
Stream are labeled as in Fig. 1B. Arrows indicate the point of intersection
with the wake of hurricane Fabian. (Data gap is due to removal of VPR
from water during hurricane avoidance maneuver.) (B) (Left) Detrended

hourly SLA (SLA*, dotted curve), temperature (T*, dotted curve), and
abundance (abundance*, solid curves) versus distance along the initial
500- to 3000-km portion of the transect. (Right) Linear regressions of
Abundance* on SLA* and T* (P < 0.0001). (C) Vertical distributions of
Trichodesmium puffs and tufts overlaid on salinity sections. Dots indicate
locations of individual colonies. The mean vertical distributions across the
entire transect are shown at right (error bars, 95% confidence intervals of
hourly mean abundance at each depth). Arrow (top) shows intersection of
hurricane Fabian's wake.
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in cold cyclonic eddies (Figs. 1B and 2A). This
relation is especially evident for puffs during the
500- to 3000-km portion of the transect, where
their abundance closely followed the sea level
anomaly and temperature variability (P < 0.0001)
(Fig. 2B). [An exception to this relation is the
subsurface maximum of puff abundance in
cyclone Cl1 (Fig. 1B).] The mechanisms respon-
sible for higher abundance of Trichodesmium in
anticyclonic eddies are unknown. This covariance
could reflect eddy-driven transport of these
populations from a distant source region. Alter-
natively, biotic interactions may be the controlling
factor. The last-mentioned aspect is particularly
enigmatic given the traditional paradigm that
nitrogen fixation is generally phosphorus lim-
ited (26): Depression in the seasonal thermocline
in these anticyclones (Fig. 2A) would tend to
deepen the phosphocline and thereby reduce the
availability of phosphorus in the eddy cores.

Although the relatively fragile colonies of
Trichodesmium can be destroyed when wind
mixing is strong (27), we did not find any in-
dication of lower colony abundance across the
wake of hurricane Fabian, despite maximum
sustained winds of 200 km hr~! (Fig. 2A). Mean
colony concentration in the 200-km-wide wake
region (23.0 £ 3.8 m~3) was not significantly
different from that in adjacent (200 km) areas
(26.6 + 7.0 m—3, P = 0.53). It appears that both
puff and tuft colonies were able to withstand this
strong wind forcing.

Vertically, both forms were found throughout
the water column (Fig. 2C) and were not
restricted to the near surface as previously found
in this area from net tows (8, 24, 25, 28). Tufts
were more abundant in the upper 50 m, es-
pecially in the warmest saltiest layer, yet abun-
dance of puffs was high at all depths. Comparing
these vertical distributions with ones derived
from an empirical equation describing colony
abundance versus depth in this region (24), as
well as with earlier data from the Sargasso Sea

(fig. S3), reveals that the abundances observed
using nondestructive optical sampling are much
higher at these depths than previously reported
(Fig. 3 and fig. S4). This difference may be
because deep net tows allow more time for
fragile colonies to fragment (/9) (with resulting
trichomes extruded through net mesh openings),
whereas shorter surface collections may be less
destructive. By contrast, high abundance of
trichomes at depths to 100 m have been found
from quantitative bottle collections in the
tropical North Atlantic during June under windy
conditions, although overall abundance de-
creased markedly with depth (/8).

We examined the potential impact of our
abundance measurements on estimation of 7richo-
desmium nitrogen fixation in the water column,
using published data on nitrogen fixation rates.
The rate at a given depth was computed from the
product of colony abundance and nitrogen fixa-
tion rate per colony, the latter being a function of
light level, which decreases exponentially with
depth. The rate per colony was estimated from
linear and nonlinear empirically derived light-
dependent functions on the basis of two separate
data sets (23) (figs. S1 and S2).

Using VPR abundance data together with the
nonlinear equation for light-dependent nitrogen
fixation (23), we found the basin-scale average
nitrogen fixation rate to be 2.7 to 5.0 times that
expected from net-based sampling (Fig. 3A). Al-
though the linear model gave lower overall rates,
the VPR-based values were 2.9 to 3.3 times the
net-based rates (table S1). The nitrogen fixation
rate computed for the western Sargasso Sea
(3250 to 3850 km) (50.54 pmol N'm~—2 -d~1)
was three times that of the basin-scale average
from the entire transect (16.74 umol N'm~2-d~1)
(Fig. 3B). Colony abundances in this region, how-
ever, are typically lower (e.g., 50 m~3) than in
tropical regions (e.g., 1000 m~3) (17, 18, 26, 29).
If traditional net sampling methods have sys-
tematically underestimated deep colony abun-
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dance in other ocean regions, we can expect a
substantial increase in the global Trichodesmium
nitrogen fixation rate based on those studies.
Such an increase could potentially account for
the missing nitrogen in the global geochemical
nitrogen cycle and could make this genus a
crucial component to the productivity of the
world ocean (/7). Measurements made from
bottle casts in the tropical Atlantic also reveal
high abundance of Trichodesmium at these
depths at certain times of year (/8). Limited
horizontal resolution of station sampling, how-
ever, may undersample the characteristically
patchy distribution of Trichodesmium (30).
Further field and modeling studies are needed
to determine the physical, chemical, and biolog-
ical interactions controlling the multiscale distri-
bution of Trichodesmium. The patchy nature of
this species causes a large uncertainty in its
population estimates (and thus in its role in
oceanic N, fixation), and high-resolution large-
scale sampling is required for quantitative as-
sessment of its abundance and biomass (7).
Satellite remote sensing is a promising new tool
for quantifying surface distributions of Tricho-
desmium biomass (30), but this method does not
quantify its vertical distribution. Nondestructive
sampling, such as in situ optical imaging, is
needed for determining the extent of its vertical
distribution in other regions of the world ocean.
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TOPLESS Regulates Apical
Embryonic Fate in Arabidopsis

Jeff A. Long,** Carolyn Ohno,? Zachery R. Smith," Elliot M. Meyerowitz?

The embryos of seed plants develop with an apical shoot pole and a basal root pole. In Arabidopsis,
the topless-1 (tpl-1) mutation transforms the shoot pole into a second root pole. Here, we show that
TPL resembles known transcriptional corepressors and that fp[-1 acts as a dominant negative
mutation for multiple TPL-related proteins. Mutations in the putative coactivator HISTONE
ACETYLTRANSFERASE GNAT SUPERFAMILY1 suppress the tpl-1 phenotype. Mutations in HISTONE
DEACETYLASE19, a putative corepressor, increase the penetrance of tpl-1 and display similar apical
defects. These data point to a transcriptional repression mechanism that prevents root formation in

the shoot pole during Arabidopsis embryogenesis.

bryos is established during the first cell
division of the zygote, and auxin accu-
mulation and response have been shown to be
important for early steps in axis establishment
(1-5). As the embryo matures, specific cell types
become apparent, and a clear shoot/root axis is
visible at the transition stage of development
(6, 7). Although several mutants have been
isolated that affect the formation of specific
patterning elements of the shoot at the transi-
tion stage of embryogenesis, only fopless-1
(tpl-1) so far switches the identity of the shoot
into that of a root (8—11). It is therefore likely
that 7PL is acting at a different level of con-
trol than those factors that have previously
been isolated.
tpl-1 mutants are temperature sensitive and at
the restrictive temperature (29°C) transform the
embryonic shoot pole into a second root pole that
gives rise to a double-root seedling (/7) (Fig. 1,
A and B). At lower temperatures, fpl-Iembryos
fail to form a shoot apical meristem and show
varying degrees of cotyledon fusion (Fig. 1, C
to E). We view these phenotypes as a result of
partial apical-to-basal transformation during
embryogenesis (/7) (fig. S1). Previous work has
shown that transition-stage p/-/ embryos lack
or have reduced expression of genes associated
with the apical half of the embryo, whereas the

The apical/basal axis of Arabidopsis em-
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expression patterns of genes associated with
the basal half of the embryo are expanded into
the apical half and are ultimately duplicated.
Pre—transition stage #p/-/ embryos are mor-
phologically indistinguishable from those of
the wild type.

To examine the molecular organization of the
apical half of #pl-1 pre—transition stage embryos,
we performed in situ hybridizations with the

transcription factor WUSCHEL (WUS) (10).
WUS is initially expressed in a small group of
cells in the apical half of 16-cell-stage embryos.
WUS mRNA accumulated normally in #pl-1
globular-stage embryos, but was absent in
transition-stage embryos at 29°C (Fig. 1, F to
H). This indicates that early /-1 embryos have
established an apical axis with the correct or-
ganization, but this fate is lost or masked at the
transition stage.

tpl-1 was mapped to bacterial artificial chro-
mosome F7H2 on chromosome 1 using poly-
merase chain reaction—based markers (/7). We
found two base-pair substitutions in Atlgl5750
(12) that cosegregated with the #p/-1 phenotype
and result in a change of a lysine (K) to a methi-
onine (M) at amino acid 92 and an asparagine
(N) to a histidine (H) at amino acid 176 of the
predicted protein (/3). Concurrently, we con-
ducted a high-temperature ethylmethane sulfo-
nate suppressor screen in the #pl-1 background
and found five semidominant suppressors that
mapped to the original 7PL locus. We se-
quenced Atlgl5750 from these lines and found
that each harbored a second site mutation that is

Fig. 1. Effects of topless-1 on
embryonic polarity. (A) Wild-type
5-day-old seedling. (B) A tpl-1
double-root seedling. (C) A tpl-1
pin seedling lacking cotyledons. (D)
A tpl-1 tube seedling. (E) A tpl-1
monocot seedling with two fused
cotyledons. (F) WUS mRNA accu-
mulation in a &pl-1 globular-stage
embryo grown at 29°C. (G) WUS
mRNA does not accumulate in a
tpl-1 heart-stage embryo. (H) Wild-
type heart-stage embryo accumu-
lating WUS mRNA in a small group
of cells in the developing meristem.
Scale bars: 1 mm (A to E), 25 um
(F to H).
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