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Summary
Populations of nitrogen-fixing cyanobacteria in the
genus Trichodesmium are critical to ocean ecosystems, yet predicting patterns of Trichodesmium distribution and their role in ocean biogeochemistry is
an ongoing challenge. This may, in part, be due to differences in the physiological ecology of Trichodesmium species, which are not typically considered
independently in field studies. In this study, the abundance of the two dominant Trichodesmium clades
(Clade I and Clade III) was investigated during a survey at Station ALOHA in the North Pacific Subtropical
Gyre (NPSG) using a clade-specific qPCR approach.
While Clade I dominated the Trichodesmium community, Clade III abundance was >50% in some NPSG
samples, in contrast to the western North Atlantic
where Clade III abundance was always <10%. Clade I
populations were distributed down to depths >80 m,
while Clade III populations were only observed in the
mixed layer and found to be significantly correlated
with depth and temperature. These data suggest
active niche partitioning of Trichodesmium species
from different clades, as has been observed in other
cyanobacteria. Tracking the distribution and physiology of Trichodesmium spp. would contribute to better
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predictions of the physiological ecology of this biogeochemically important genus in the present and
future ocean.

Introduction
Cyanobacteria in the genus Trichodesmium are keystone
members of the phytoplankton community in the tropical
and subtropical oceans. As a diazotroph, Trichodesmium
provides the oligotrophic waters it inhabits with a source
of new nitrogen (N), playing an important role in the
global cycling of carbon (C) and N (Letelier and Karl,
1996; Capone et al., 1997; Goebel et al., 2007; Benavides and Voss, 2015). Recently, the genus has also
been shown to have high rates of phosphate reduction,
producing reduced forms like phosphite and methylphosphonate in the western North Atlantic (Van Mooy
et al., 2015). Methylphosphonate hydrolysis could be a
source of the potent greenhouse gas, methane, to the
upper water column (Karl et al., 2008; Beversdorf et al.,
2010; del Valle and Karl, 2014). In short, Trichodesmium
is central to the cycling of C, N, and phosphorus (P) in
these vast oligotrophic systems.
Due to its ecosystem-level significance, many years of
study have focused on investigating the distribution and
abundance of Trichodesmium populations. While the factors controlling Trichodesmium growth and nitrogen (N2)
fixation are increasingly understood (Bergman et al.,
2013), there are still major knowledge gaps in predicting
patterns in marine N2 fixation, in part because the distribution of Trichodesmium is not well characterized. The
distribution and abundance of the genus is spatially and
temporally heterogeneous, and is sometimes, but not
always, correlated with gradients in temperature and
salinity (Foster et al., 2007; Rouco et al., 2014), iron
(Fe) and P concentrations (Tyrrell et al., 2003; Moore
et al., 2009; Snow et al., 2015) and with both anticyclonic and cyclonic eddies (Davis and McGillicuddy, 2006;
lez Taboada et al., 2010; Guidi et al., 2012; Olson
Gonza
et al., 2015a,b). Furthermore, much of the information
on Trichodesmium distribution and abundance has been
derived from surveys in the North Atlantic Ocean, specially the Sargasso and Caribbean Seas, followed by
some areas of the North Pacific and South Pacific
Oceans (Luo et al., 2012). The inherent patchiness of
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Trichodesmium, coupled with restricted surveys of its
abundance and distribution, may hinder accurate modeling of these populations. In addition, the present difficulties in revealing the factors controlling the distribution
and physiological ecology of this genus may be linked to
clade- or species-specific variability, which is widely
known for other cyanobacteria (Flombaum et al., 2013;
Biller et al., 2015), but largely unexplored in
Trichodesmium.
The genus Trichodesmium comprises 6 different species that have been grouped in 4 different clades (Hynes
et al., 2012). Clade I and Clade III populations are considered the most abundant in most field populations,
based on cellular morphology (Carpenter et al., 1993;
Hynes et al., 2012), 16S rDNA diversity (Hmelo et al.,
2012), and recent quantitative studies in the western
North Atlantic (Rouco et al., 2014). Clade I includes T.
thiebautii, T. tenue, T. hildebrandtii, and T. spiralis, and
Clade III includes T. erythraeum and T. contortum
(Hynes et al., 2012). There are few cultured representatives of the various species, and the vast majority of
experimental work has focused on T. erythraeum strain
IMS101 and other representatives of Clade III (Bergman
et al., 2013). Both laboratory work with representatives
of Clade III and Clade I, and field work with colonies of
different morphologies, suggest that there may be considerable variation in physiology within the genus, with
observed variability in response to CO2 (Hutchins et al.,
2013; Gradoville et al., 2014), the cycling of reduced P
(Dyhrman et al., 2009; Van Mooy et al., 2015), N2 fixation (Webb et al., 2007; Hynes et al., 2009), and temperature (Chappell and Webb, 2010). Yet, most field studies
have focused on the Trichodesmium genus as a whole
and quantified its abundance by performing microscopic
counts of filament and colonies (Janson et al., 1995),
using molecular tools targeting the nifH gene (Church
et al., 2005; 2008; Foster et al., 2007), or using a Video
Plankton Recorder (VPR) to observe and enumerate colonies (Davis and McGillicuddy, 2006; Olson et al.,
2015a,b). A new method was recently developed to
quantitatively survey Trichodesmium Clade I and Clade
III populations (Rouco et al., 2014), to investigate the
differential factors driving the ecology of these two Trichodesmium populations with finer resolution than previous approaches have provided.
In this study, the Eularian dynamics and vertical abundances of Trichodesmium Clade I and III populations
were investigated in whole water samples collected during two cruises (KM1217 and KM1219) at Station
ALOHA in the North Pacific Subtropical Gyre (NPSG).
Using a clade-specific qPCR approach developed and
validated by Rouco et al. (2014), the survey took advantage of the extensive field campaign conducted at Station ALOHA during the summer of 2012 (Wilson et al.,

2015) with near-daily sampling of upper water-column
physical and chemical characteristics. This data set provides a unique opportunity to explore the temporal and
vertical dynamics of Trichodesmium clades in the
NPSG, as well as to discern potential factors driving
niche partitioning within the Trichodesmium genus.
Results and discussion
Trichodesmium spp. abundance
A qPCR-based method for quantifying Clade I and
Clade III (Rouco et al., 2014) was applied to a sample
set of depth profiles (5–100 m) collected at Station
ALOHA (228450 N, 158 000 W) during August and September 2012 (see Supporting Information; Table S1).
Samples were collected at the same time of day (local
time 4 am) by draining 12 L of water onto 10 lm filters
for analysis after Rouco et al. (2014). Average abundance of Trichodesmium spp. (Clade I 1 Clade III) in the
upper 100 m was 995 cells L21, and ranged from 4 to
10 720 cells L21, showing high day-to-day variability
(Fig. 1 and Supporting Information Fig. S1). Satellite
and hydrographic data (Fitzsimmons et al., 2015; Wilson
et al., 2015) showed no clear advection of water masses
into the study area over the majority of the sampling
period that might explain this variability. Sea Surface
Height Anomaly (SSHA) was stable during the study
period with no eddies moving through the region of Station ALOHA (Fitzsimmons et al., 2015). The advection
of a low salinity water mass was observed on Sept. 6
(Wilson et al., 2015), coinciding with the final time-point
of the time-series, but this time point did not drive any of
the patterns in Trichodesmium spp. abundance discussed below. In addition, wind (7 m sec 21) and sea
state (moderate), known to influence Trichodesmium
spp. distribution (Olson et al., 2015b), were mostly uniform in the area and therefore were unlikely to influence
the daily changes observed here. Notably, daily variability was also observed for other phytoplankton groups
during this period (Wilson et al., 2015), indicating that
high sampling frequency is required to resolve phytoplankton population dynamics in detail, especially when
studying Trichodesmium which is known to fluctuate dramatically both in space and time (Church et al., 2009).
Trichodesmium is present both as free filaments and
as single colonies in the field, whose sizes can span
from 1000 to 30 000 cells colony21 (Letelier and Karl,
1996). The qPCR method used here for cell enumeration (Rouco et al., 2014) has previously been shown to
significantly correlate with total Trichodesmium spp.
abundance assayed with microscopy, and is robust both
at a low cell number and across several orders of magnitude. Yet, as discussed by Rouco et al. (2014), the
presence of a random colony in a CTD bottle could
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Fig. 1. Time-series of Clade I (A) and Clade III (B) abundance (cells L21) in the upper 100 m at Station ALOHA in the North Pacific Subtropical Gyre during August–September 2012. Samples were collected at the same time of the day from 12 L polyvinyl chloride bottles mounted on
a rosette sampling device between August 4–14 (KM 1217) and August 23–September 6 (KM 1219). Absolute abundance values were calculated using a clade-specific qPCR approach targeting the rnpB gene with methods as described in Rouco et al. (2014). Black circles represent
sample depth and white lines indicate mixed-layer depth (MLD). MLD was calculated based on a seawater potential density anomaly of 0.125
from the surface. Data were contoured using Ocean Data View 4.5.6 with the DIVA grid method (Schlitzer, R., http://odv.awi.de/). Note that for
a better visual comparison between clades the scale in A and B are the same. Thus, all Clade I values above 1250 cells L21 are grouped and
represented with a dark red color.

occasionally drive the cell count for a sample higher by
an unknown degree. Based on the low average cell
number in our study (900 cells L21) the majority of the
Trichodesmium should be in the filament form (Letelier
and Karl, 1996), and this was qualitatively confirmed by
the rare presence of colonies observed in the net tows
performed daily during the cruise, which integrated over
many thousands of liters. Thus, while colony presence
could potentially affect the cell concentration of individual samples, this likely did not affect the overall relationship observed in our study, which involved 100
samples.
The qPCR-based abundances observed during the
summer of 2012 fall within the range of microscopybased abundances observed during a three-year study
between 1989 and 1992, where average Trichodesmium
abundance in the upper 45 m ranged from 1000 to
9000 cells L21 (Letelier and Karl, 1996). However,

average total abundance (995 cells L21) was closer to
the winter (October to March) than the summer (April to
September) average values observed in Letelier and
Karl (1996). Phytoplankton biomass and productivity
during August 2012 were low in the vicinity of Station
ALOHA and across the geographical area from 22 to
268N and 152 to 1608W (Wilson et al., 2015) compared
with the historical time-series dataset (1989–2012)
recorded by the Hawaii Ocean Time-series (HOT) program, and the factors driving this anomalously low productivity might have also affected Trichodesmium total
abundance.
Overall, the average Trichodesmium abundance in the
upper 100 m at Station ALOHA during the study period
was 8 times lower than the abundance observed in the
western North Atlantic using the same method (Rouco
et al., 2014). Increased abundance of Trichodesmium in
the western North Atlantic relative to other systems has
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been observed using other molecular tools (Foster
et al., 2007; Church et al., 2008), cell counts (Sohm
et al., 2011), and image analysis from a VPR (Davis and
McGillicuddy, 2006; Olson et al., 2015a). Although it is
widely accepted that Trichodesmium has increased
abundance in the western North Atlantic relative to other
regions (Luo et al., 2012), an important consideration is
that these Atlantic datasets typically include high stationto-station variability of up to three orders of magnitude
(Foster et al., 2007; Rouco et al., 2014). This variability
in Trichodesmium abundance may, in part, be driven by
freshwater input from the Amazon River plume for studies that transect this feature (Foster et al., 2007; Subramaniam et al., 2008; Rouco et al., 2014; Hilton et al.,
2015). Rouco et al. (2014) found stations outside of the
plume region had Trichodesmium abundances similar to
those observed in this study.
Trichodesmium clade distribution
The clade-specific assay employed here identified considerable variability in the abundance and distribution of
both Clade I and Clade III populations at Station ALOHA
(Fig. 1 and Supporting Information Fig. S1). On average,
Clade I was the most abundant clade with an average
value throughout the water column of 893, ranging from
4 to 10 644 cells L21, compared with the Clade III average abundance of 102, ranging from 0 to 1242 cells L21
(Fig. 1). As a result, Clade I abundance over the study
period significantly correlated with total Trichodesmium
spp. abundance (Table 1, Table S2). However, Clade III
populations increased in abundance on certain days at
some depths, and even dominated (>50%) the Trichodesmium populations on others (e.g. August 6 at 5 m,
August 10 at 25 m, and August 23 at 75 m; Fig. 1). This
is in contrast to studies from the western North Atlantic
where Clade III was always less than 10% of the Trichodesmium community (Rouco et al., 2014). Furthermore,
Clade III abundances were not significantly correlated
with Clade I abundances at Station ALOHA, as they
were in the western North Atlantic (Rouco et al., 2014).
The data presented here suggests that Clade III is not a
uniformly small component of the community in all
ocean basins, and current culture isolates like the
genome strain IMS101 T. erythraeum (Clade III) may be
better models for some systems, like the NPSG.
Trichodesmium clade partitioning
While Clade I populations were distributed throughout
the upper 100 m of the water column with occasional
peaks in abundance below 75 m, Clade III populations
were only observed above the mixed layer depth (MLD),
which ranged from depths of 35.5 to 86.0 m (Fig. 1).
The contrasting depth distribution (Figs. 1 and 2) and

lack of correlation between clades (Table 1, Table S2) is
suggestive of spatial partitioning of Trichodesmium populations. Clade III abundance correlated negatively with
depth, suggesting that factors related to depth (e.g.,
light, temperature, and nutrients) may drive niche partitioning within the genus. Depth segregation, mainly driven by light, has been observed in other groups of
cyanobacteria, such as Prochlorococcus (Moore et al.,
1998; West and Scanlan, 1999; Johnson et al., 2006),
but is not known in Trichodesmium. Previous studies
revealed inter-clade differences in the excitation spectrum of pigments in the Trichodesmium light-harvesting
phycobilisome, with varied phycourobilin (PUB) to
phycoerythrobilin (PEB) ratios in both field and culture
representatives (Clade I: 1.31 6 0.17 and Clade III: 0.83
60.04; Neveux et al., 2006; Hynes et al., 2012). Both
Neveux et al. (2006) and Hynes et al. (2012) suggested
that this pigment differentiation could be key for the
diversification of the Trichodesmium genus with depth,
consistent with the observations herein. Unfortunately, a
direct correlation between clade abundance and Photosynthetic Active Radiation (PAR) could not be explored
in this study, since sampling was performed at night.
Yet, Clade III was always observed above the midday
10% surface PAR depth (PAR 5 4.27 6 0.36 mol quanta
m22 d21), which ranged from 49 m to 57 m throughout
the sampling period, suggesting that light could in fact
be a factor driving the observed distribution.
Clade III abundance also significantly correlated with
temperature during the study period (Table 1, Table S2),
with Clade III populations becoming a dominant (>50%)
portion of the community when the temperature was
above 258C (Fig. 3). This observation could result from
different temperature optima for growth between the two
clades. There are few culture experiments that examine
temperature optima for growth of different clade representatives in the same laboratory, where incubation conditions, including light, are internally consistent and most
directly comparable. However, Chappell and Webb
(2010) observed that a representative Clade I strain had
a temperature optimum 28C lower than two representative Clade III strains. Although extrapolation of these
data to the field must be interpreted with caution, the
temperature optima are consistent with an increase in
competitive fitness for Clade III under higher temperatures, and could potentially explain the observed
increase in Clade III abundance above 258C.
Near-surface temperatures during July–August 2012
(25.3 6 0.2) were 0.7–0.98C lower than the respective
monthly averages from the 1989 to 2011 climatology at
Station ALOHA (Wilson et al., 2015). This suggests that
Clade III populations could represent >50% of the Trichodesmium population under average summer temperatures and that the Trichodesmium community might be
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Table 1. Pearson correlation coefficients (Pearson coef.) between total Trichodesmium abundance (Clade I 1 Clade III cells L21), Clade I or
Clade III abundance (cells L21) and temperature (Temp), salinity, and depth. Significant correlations, corrected for multiple testing (Benjamini
and Hochberg, 1995), are indicated in bold. Temperature and salinity profiles were obtained using a CTD package (SBE 911Plus, SeaBird).
Clade I (cells L21)
Total
Pearson coef.
p
Clade I
Pearson coef.
p
Clade III
Pearson coef.
p
Temperature
Pearson coef.
p
Salinity
Pearson coef.
p

0.990
0.000

Clade III (cells L21)

Temp (8C)

Salinity

Depth (m)

0.089
0.638

0.129
0.434

20.007
0.953

20.184
0.281

20.052
0.768

0.080
0.641

0.012
0.953

20.140
0.434

0.350
0.009

20.136
0.434

20.311
0.023

20.393
0.004

20.847
<0.001
0.420
<0.001

dominated by different clades in the winter versus summer period. This observation in the NPSG contrasts with
previous work in the western North Atlantic where
both clades strongly correlated with temperature, and
Clade III abundances were routinely low at temperatures >258C (Rouco et al., 2014). It is possible that
different Trichodesmium species, or strains, in each
ocean basin have different temperature optima, and
this could be resolved with qPCR primers designed to
distinguish Trichodesmium at the species level.
Recent studies have revealed unique features in the
Trichodesmium genome (Pfreundt et al., 2014; Hilton
et al., 2015; Walworth et al., 2015) which suggest that
species within this genus might have the potential for
rapid evolution and adaptation in response to changing biogeochemical regimes, and this might explain
differential patterns in clade abundance relative to
temperature between these ocean basins. The relationship between clade abundance and temperature
also may influence the potential selection and distribution of Trichodesmium clades with future ocean warming. Recent modeling work suggests that even subtle
differences in growth responses to future ocean conditions may shift community structure (Dutkiewicz et al.,
2015). Seasonal observations of Trichodesmium
clade-specific abundance in this region would help
identify the consistency of the relationship with
temperature.
The significant correlation of Clade III abundance
with temperature could have been driven by other factors that co-varied with depth and temperature, such as
light, salinity, iron, nitrate or phosphorus, especially
considering the strong correlation between depth and
temperature (Table 1, Table S2 and Fig. 2). A relationship between nutrients, iron, and clade abundance

could not be directly resolved in this study given the
lower frequency of these biogeochemical measurements compared with the qPCR sampling. However,
average vertical distribution patterns of phosphate (Fig.
2) and iron (Fitzsimmons et al., 2015) throughout JulyAugust showed a decrease in both phosphate and iron
with depth, and thus, their availability could have contributed to the observed depth segregation. In fact,
phosphorus has already been suggested as a possible
driver of niche partitioning in the North Atlantic (Rouco
et al., 2014), and differential phosphorus (Dyhrman
et al., 2009) and iron (Chappell and Webb, 2010)
metabolism has been hypothesized within the Trichodesmium genus (Dyhrman et al., 2009). Previous studies in the NPSG (Karl et al., 1992; Letelier and Karl,
1996; White et al., 2006) have suggested that Trichodesmium colonies might regulate their buoyancy to
mine phosphorus at depth (Villareal and Carpenter,
1990; Letelier and Karl, 1998; White et al., 2006). The
differential depth distribution of Trichodesmium clades
observed here could thus be associated with buoyancy
capacities unique to species of the two clades. These
differences may in turn be related either to a unique
cell physiology, such as a differential production of carbohydrates that counteract positive buoyancy (Villareal
and Carpenter, 1990), or to a differential aggregation of
these species in colonies of different morphologies or
sizes, since colony size appears to be an important
factor controlling vertical migration below the MLD
(White et al., 2006). The qPCR clade-specific quantification methods are destructive and the separation of
clade representatives for activity assays or biochemical
quantification of colony size, carbohydrate pools, or
other measurements was not possible to further study
this question. Finally, it is important to consider that
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Fig. 3. Trichodesmium Clade I and Clade III relative abundance
(clade %) as a function of temperature. The highest percentages of
Clade III were observed at temperatures above 258C.

Fig. 2. Averaged vertical profiles of clade abundance and nutrient
concentrations. Error bars correspond to standard error of the
mean (n 5 14 for clade abundance, n 5 8 for PO32
4 , and n 5 6 for
2
32
2
2
NO2
2 1 NO3 ). Nutrient analyses (PO4 and NO2 1 NO3 ) were performed using protocols employed by the Hawaii Ocean Time-series
(HOT) program (http://hahana.soest.hawaii.edu/hot/protocols/protocols.html).

Trichodesmium is tightly associated with an abundant
heterotrophic epibiont community (Paerl et al., 1989;
Sheridan et al., 2002), and these communities can
play a role in both phosphorus and iron metabolism
(Roe et al., 2012; Van Mooy et al., 2012). With the
complexity of the Trichodesmium holobiont it is difficult to entirely discern if these depth patterns are
associated with resource distribution related to the
physiology of Trichodesmium spp. or if the patterns
are also influenced by variability in the epibiont heterotrophic community.
To summarize, Trichodesmium spp. from Clades I and
III show distinct depth distributions in the NPSG, and
both are highly variable even within the context of this
high-resolution dataset. The correlation between depth,
temperature and Clade III abundance is suggestive of
the important role that temperature, and other factors

that co-vary with it, such as light or nutrients, may play
as niche-defining features for species falling in this
clade. If Trichodesmium clades have distinct physiological ecology and segregate their niche space, as is suggested herein, this would contribute to the known
difficulties in predicting Trichodesmium distribution in the
field (Davis and McGillicuddy, 2006; Luo et al., 2012;
Olson et al., 2015a,b) and emphasizes that in some
instances it might not be appropriate to include Trichodesmium populations as a single entity in biogeochemical models. Climate-related increases in global sea
surface temperature and stratification are predicted in
the future ocean (Moss et al., 2010). Such changes
could intensify the uncertainty associated with the prediction of the abundance and distribution of these populations. Higher temperatures could favor Clade III in the
NPSG, leading to a differential adaptation of Trichodesmium clades in the NPSG, similar to what is predicted
for Prochlorococcus ecotypes (Flombaum et al., 2013;
Biller et al., 2015). A differential response of Trichodesmium strains to climate change, such as increasing
CO2, has been observed in laboratory cultures (Hutchins
et al., 2013) and field studies (Gradoville et al., 2014),
which may also favor certain clades in the future ocean.
More work is required to track and assay the physiological ecology of Trichodesmium beyond the genus level to
more fully parameterize the activities and distributions of
this important diazotroph. Moving forward, this information stands to improve predictions of abundance and
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distribution patterns of this biogeochemically important
species in the present and future ocean.

Acknowledgements
This research was supported by the Center for Microbial
Oceanography: Research and Education, C-MORE
(National Science Foundation award DBI04-24599). This
work was also supported in part by the Simons Foundation
(SCOPE award ID 329108 to STD and DMK) and by the
Gordon and Betty Moore Foundation (award #3794 to
DMK). We thank the Captain, crew and science party of
KM1217 and KM1219 on the RV Kilo Moana. We additionally thank Benedetto Barone, Ricardo Letelier and Jasmine Nahorniak for providing PAR information. The
authors declare no conflict of interest.
References
Benavides, M., and Voss, M. (2015) Five decades of N2 fixation research in the North Atlantic Ocean. Front Mar Sci
2: 1–20.
Benjamini, Y., and Hochberg, Y. (1995) Controlling the false
discovery rate: a practical and powerful approach to multiple testing. J R Stat Soc Ser B 57: 289–300.
Bergman, B., Sandh, G., Lin, S., Larsson, J., and
Carpenter, E.J. (2013) Trichodesmium – a widespread
marine cyanobacterium with unusual nitrogen fixation
properties. FEMS Microbiol Rev 37: 286–302.
€rkman, K.M., Letelier,
Beversdorf, L.J., White, A.E., Bjo
R.M., and Karl, D.M. (2010) Phosphonate metabolism by
Trichodesmium IMS101 and the production of greenhouse gases. Limnol Oceanogr 55: 1768–1778.
Biller, S.J., Berube, P.M., Lindell, D., and Chisholm, S.W.
(2015) Prochlorococcus: the structure and function of collective diversity. Nat Rev Microbiol 13: 13–27.
Capone, D., Zehr, J., Paerl, H., Bergman, B., and
Carpenter, E.J. (1997) Trichodesmium, a globally significant marine cyanobacterium. Science 276: 1221–1229.
Carpenter, E.J., O’Neil, J.M., Dawson, R., Capone, D.G.,
Siddiqui, P.J.A., Roenneberg, T., and Bergman, B. (1993)
The tropical diazotrophic phytoplankter Trichodesmium:
biological characteristics of two common species. Mar
Ecol Prog Ser 95: 295–304.
Chappell, P.D., and Webb, E.A. (2010) A molecular assessment of the iron stress response in the two phylogenetic
clades of Trichodesmium. Environ Microbiol 12: 13–27.
€rkman, K.M., and Karl, D.M. (2008)
Church, M.J., Bjo
Regional distributions of nitrogen-fixing bacteria in the
Pacific Ocean. Limnol Oceanogr 53: 63–77.
Church, M.J., Jenkins, B.D., Karl, D.M., and Zehr, J.P.
(2005) Vertical distributions of nitrogen-fixing phylotypes
at Stn Aloha in the oligotrophic North Pacific Ocean.
Aquat Microb Ecol 38: 3–14.
Church, M.J., Mahaffey, C., Letelier, R.M., Lukas, R., Zehr,
J.P., and Karl, D.M. (2009) Physical forcing of nitrogen fixation and diazotroph community structure in the North
Pacific Subtropical Gyre. Global Biogeochem Cycles 23:
GB2020.

Davis, C.S., and McGillicuddy, D.J. (2006) Transatlantic
abundance of the N2-fixing colonial cyanobacterium Trichodesmium. Science 312: 1517–1520.
del Valle, D., and Karl, D. (2014) Aerobic production of
methane from dissolved water-column methylphosphonate and sinking particles in the North Pacific Subtropical
Gyre. Aquat Microb Ecol 73: 93–105.
Dutkiewicz, S., Morris, J.J., Follows, M.J., Scott, J., Levitan,
O., Dyhrman, S.T., and Berman-Frank, I. (2015) Impact
of ocean acidification on the structure of future phytoplankton communities. Nat Clim Chang 5: 1002–1006.
Dyhrman, S.T., Benitez-Nelson, C.R., Orchard, E.D., Haley,
S.T., and Pellechia, P.J. (2009) A microbial source of
phosphonates in oligotrophic marine systems. Nat Geosci
2: 696–699.
Fitzsimmons, J.N., Hayes, C.T., Al-Subiai, S.N., Zhang, R.,
Morton, P., Weisend, R., et al. (2015) Daily to decadal
variability of size-fractionated iron and iron-binding
ligands at the Hawaii Ocean Time-Series Station ALOHA.
Geochim Cosmochim Acta 171: 303–324.
n, J.,
Flombaum, P., Gallegos, J.L., Gordillo, R.A., Rinco
Zabala, L.L., Jiao, N., et al. (2013) Present and future
global distributions of the marine Cyanobacteria Prochlorococcus and Synechococcus. Proc Natl Acad Sci USA
110: 9824–9829.
Foster, R., Subramaniam, A., Mahaffey, C., Carpenter, E.,
Capone, D.G., and Zehr, J. (2007) Influence of the Amazon River plume on distributions of free-living and symbiotic cyanobacteria in the western tropical North Atlantic
Ocean. Limnol Oceanogr 52: 517–532.
Goebel, N.L., Edwards, C.A., Church, M.J., and Zehr, J.P.
(2007) Modeled contributions of three types of diazotrophs to
nitrogen fixation at Station ALOHA. ISME J 1: 606–619.
lez Taboada, F., Gonza
lez Gil, R., Ho
€fer, J.,
Gonza
lez, S., and Anado
n, R. (2010) Trichodesmium
Gonza
spp. population structure in the eastern North Atlantic
Subtropical Gyre. Deep Sea Res I 57: 65–77.
Gradoville, M.R., White, A.E., Bo, D., Church, M.J., and
Letelier, R.M. (2014) Diversity trumps acidification: lack of
evidence for carbon dioxide enhancement of Trichodesmium community nitrogen or carbon fixation at Station
ALOHA. Limnol Oceanogr 59: 645–659.
€rkman, K.M.,
Guidi, L., Calil, P.H.R., Duhamel, S., Bjo
Doney, S.C., Jackson, G.A., et al. (2012) Does eddy–
eddy interaction control surface phytoplankton distribution
and carbon export in the North Pacific Subtropical Gyre?
J Geophys Res Biogeosci 117: 1–12.
Hilton, J.A., Satinsky, B.M., Doherty, M., Zielinski, B., and Zehr,
J.P. (2015) Metatranscriptomics of N2-fixing cyanobacteria in
the Amazon River plume. ISME J 9: 1557–1569.
Hmelo, L., Van Mooy, B., and Mincer, T. (2012) Characterization of bacterial epibionts on the cyanobacterium Trichodesmium. Aquat Microb Ecol 67: 1–14.
Hutchins, D.A., Fei-Xue, F., Webb, E.A., Walworth, N., and
Tagliabue, A. (2013) Taxon-specific response of marine
nitrogen fixers to elevated carbon dioxide concentrations.
Nat Geosci 6: 790–795.
Hynes, A.M., Chappell, P.D., Dyhrman, S.T., Doney, S.C.,
and Webb, E.A. (2009) Cross-basin comparison of phosphorus stress and nitrogen fixation in Trichodesmium.
Limnol Oceanogr 54: 1438–1448.

C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 8, 1058–1066
V

Trichodesmium clade depth distribution at Station ALOHA 1065
Hynes, A.M., Webb, E.A., Doney, S.C., and Waterbury, J.B.
(2012) Comparison of cultured Trichodesmium (Cyanophyceae) with species characterized from the field.
J Phycol 48: 196–210.
Janson, S., Siddiqui, P.J.A., Walsby, A.E., Romans, K.M.,
Carpenter, E.J., and Bergman, B. (1995) Cytomorphological characterization of the planktonic diazotrophic cyanobacteria Trichodesmium spp. from the Indian Ocean and
Caribbean and Sargasso seas. J Phycol 31: 463–477.
Johnson, Z.I., Zinser, E.R., Coe, A., McNulty, N.P.,
Woodward, E.M.S., and Chisholm, S.W. (2006) Niche
partitioning among Prochlorococcus ecotypes along
ocean-scale environmental gradients. Science 311:
1737–1740.
€rkman, K.M., Church, M.J.,
Karl, D.M., Beversdorf, L., Bjo
Martinez, A., and Delong, E.F. (2008) Aerobic production
of methane in the sea. Nat Geosci 1: 473–478.
Karl, D.M., Letelier, R., Hebel, D.V., Bird, D.F., Winn, C.D.
(1992). Trichodesmium blooms and new nitrogen in the
North Pacific gyre. In Marine Pelagic Cyanobacteria: Trichodesmium and Other Diazotrophs. Carpenter, E. J.,
Capone, D. G., and Rueter, J. G. (eds). New York:
Kluwer, pp. 219–237.
Letelier, R.M., and Karl, D.M. (1996) Role of Trichodesmium
spp. in the productivity of the subtropical North Pacific
Ocean. Mar Ecol Prog Ser 133: 263–273.
Letelier, R.M., and Karl, D.M. (1998) Trichodesmium spp.
physiology and nutrient fluxes in the North Pacific Subtropical Gyre. Aquat Microb Ecol 15: 265–276.
Luo, Y.W., Doney, S.C., Anderson, L.A., Benavides, M.,
Bode, A., Bonnet, S., et al. (2012) Database of diazotrophs in global ocean: abundances, biomass and nitrogen fixation rates. Earth Syst Sci Data 4: 47–73.
Moore, L., Rocap, G., and Chisholm, S. (1998) Physiology
and molecular phylogeny of coexisting Prochlorococcus
ecotypes. Nature 576: 220–223.
Moore, M.C., Mills, M.M., Achterberg, E.P., Geider, R.J.,
LaRoche, J., Lucas, M.I., et al. (2009) Large-scale distribution of Atlantic nitrogen fixation controlled by iron availability. Nat Geosci 2: 867–871.
Moss, R.H., Edmonds, J.A., Hibbard, K.A., Manning, M.R.,
Rose, S.K., van Vuuren, D.P., et al. (2010) The next generation of scenarios for climate change research and
assessment. Nature 463: 747–756.
rio, M.M.B., Dupouy, C., and Villareal, T. A.
Neveux, J., Teno
(2006) Spectral diversity of phycoerythrins and diazotroph
abundance in tropical waters. Limnol Oceanogr 51:
1689–1698.
Olson, E.M., Dyhrman, S.T., Waterbury, J.B., Davis, C.S.,
and Solow, A.R. (2015a) The depth-distribution of nitrogen fixation by Trichodesmium spp. colonies in the
tropical-subtropical North Atlantic. Deep Sea Res I 104:
72–91.
Olson, E.M., McGillicuddy, D.J., Flierl, G.R., Davis, C.S.,
Dyhrman, S.T., and Waterbury, J. (2015b) Mesoscale eddies
and Trichodesmium spp. distributions in the southwestern
North Atlantic. J Geophys Res Ocean 120: 1–22.
Paerl, H.W., Bebout, B.M., and Prufert, L.E. (1989) Bacterial associations with marine Oscillatoria sp. (Trichodesmium sp.) populations: ecophysiological implications.
J Phycol 25: 773–784.

Pfreundt, U., Kopf, M., Belkin, N., Berman-Frank, I., and
Hess, W.R. (2014) The primary transcriptome of the
marine diazotroph Trichodesmium erythraeum IMS101.
Sci Rep 4: 6187, 1–11.
Roe, K.L., Barbeau, K., Mann, E.L., and Haygood, M.G.
(2012) Acquisition of iron by Trichodesmium and associated bacteria in culture. Environ Microbiol 14: 1681–
1695.
Rouco, M., Joy-Warren, H., McGillicuddy, D.J., Waterbury,
J.B., and Dyhrman, S.T. (2014) Trichodesmium sp. clade
distributions in the western North Atlantic Ocean. Limnol
Oceanogr 59: 1899–1909.
Sheridan, C.C., Steinberg, D.K., and Kling, G.W. (2002)
The microbial and metazoan community associated with
colonies of Trichodesmium spp.: a quantitative survey.
J Plankton Res 24: 913–922.
Snow, J.T., Schlosser, C., Woodward, E.M.S., Mills, M.M.,
Achterberg, E.P., Mahaffey, C., et al. (2015) Environmental controls on the biogeography of diazotrophy and Trichodesmium in the Atlantic Ocean. Global Biogeochem
Cycles 29: 865–884.
Sohm, J., Subramaniam, A., Gunderson, T.E., Carpenter,
E.J., and Capone, D.G. (2011) Nitrogen fixation by Trichodesmium spp. and unicellular diazotrophs in the North
Pacific Subtropical Gyre. J Geophys Res. Biogeosciences
116: 1–12.
Subramaniam, A., Yager, P.L., Carpenter, E.J., Mahaffey,
€rkman, K., Cooley, S., et al. (2008) Amazon River
C., Bjo
enhances diazotrophy and carbon sequestration in the
tropical North Atlantic Ocean. Proc Natl Acad Sci USA
105: 10460–10465.
~o
n, E., Poulton, A.J., Bowie, A.R., Harbour,
Tyrrell, T., Maran
D.S., and Woodward, E.M.S. (2003) Large-scale latitudinal distribution of Trichodesmium spp. in the Atlantic
Ocean. J Plankton Res 25: 405–416.
Van Mooy, B., Hmelo, L.R., Sofen, L.E., Campagna, S.R.,
May, A.L., Dyhrman, S.T., et al. (2012) Quorum sensing
control of phosphorus acquisition in Trichodesmium consortia. ISME J 6: 422–429.
Van Mooy, B., Krupke, A., Dyhrman, S.T., Fredricks, H.F.,
Frischkorn, K.R., Ossolinski, J.E., et al. (2015) Major role
of planktonic phosphate reduction in the marine phosphorus redox cycle. Science 348: 783–785.
Villareal, T.A., and Carpenter, E.J. (1990) Diel buoyancy
regulation in the marine diazotrophic cyanobacterium
Trichodesmium thiebautii. Limnol Oceanogr 35: 1832–
1837.
Walworth, N., Pfreundt, U., Nelson, W.C., Mincer, T.,
Heidelberg, J.F., Fu, F., et al. (2015) Trichodesmium
genome maintains abundant, widespread noncoding DNA
in situ, despite oligotrophic lifestyle. Proc Natl Acad Sci
USA 112: 4251–4256.
Webb, E., Jakuba, R., Moffett, J., and Dyhrman, S. (2007)
Molecular assessment of phosphorus and iron physiology
in Trichodesmium populations from the western Central
and western South Atlantic. Limnol Oceanogr 52: 2221–
2232.
West, N.J., and Scanlan, D.J. (1999) Niche-partitioning of
Prochlorococcus populations in a stratified water column
in the eastern North Atlantic Ocean. Appl Environ Microbiol 65: 2585–2591.

C 2016 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 8, 1058–1066
V

1066 M. Rouco et al.
White, A.E., Spitz, Y.H., and Letelier, R.M. (2006) Modeling
carbohydrate ballasting by Trichodesmium spp. Mar Ecol
Prog Ser 323: 35–45.
Wilson, S.T., Barone, B., Ascani, F., Bidigare, R.R., Church,
M.J., del Valle, D.A., et al. (2015) Short-term variability in
euphotic zone biogeochemistry and primary productivity
at Station ALOHA: a case study of summer 2012. Global
Biogeochem Cycles 29: 1145–1164.

Supporting Information
Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Time series of Clade I abundance (cells L21) in
the upper 100 m at Station ALOHA in the North Pacific
Subtropical Gyre during August-September 2012. Black
circles represent sample depth and white lines indicate
mixed layer depth. The color scale includes the whole range
of abundance values for Clade I.
Table S1. Primer sequences, product sizes and efficiencies
for the qPCR reactions targeting the rnpB gene. Primer
sequences were obtained from Chappell and Webb (2010).
Table S2. Pearson correlation coefficients (Pearson coef.)
between total Trichodesmium abundance (Clade I 1 Clade
III cells L21), Clade I or Clade III abundance (cells L21) and
temperature (Temp), salinity, and depth after removal of outliers with high cell density.
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