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Abstract

Nitrogen fixation is an essential process that biologically transforms atmospheric dinitrogen gas to ammonia, therefore
compensating for nitrogen losses occurring via denitrification and anammox. Currently, inputs and losses of nitrogen to the
ocean resulting from these processes are thought to be spatially separated: nitrogen fixation takes place primarily in open
ocean environments (mainly through diazotrophic cyanobacteria), whereas nitrogen losses occur in oxygen-depleted
intermediate waters and sediments (mostly via denitrifying and anammox bacteria). Here we report on rates of nitrogen
fixation obtained during two oceanographic cruises in 2005 and 2007 in the eastern tropical South Pacific (ETSP), a region
characterized by the presence of coastal upwelling and a major permanent oxygen minimum zone (OMZ). Our results show
significant rates of nitrogen fixation in the water column; however, integrated rates from the surface down to 120 m varied by
,30 fold between cruises (7.564.6 versus 190682.3 mmol m22 d21). Moreover, rates were measured down to 400 m depth in
2007, indicating that the contribution to the integrated rates of the subsurface oxygen-deficient layer was ,5 times higher
(5746294 mmol m22 d21) than the oxic euphotic layer (48668 mmol m22 d21). Concurrent molecular measurements detected
the dinitrogenase reductase gene nifH in surface and subsurface waters. Phylogenetic analysis of the nifH sequences showed
the presence of a diverse diazotrophic community at the time of the highest measured nitrogen fixation rates. Our results thus
demonstrate the occurrence of nitrogen fixation in nutrient-rich coastal upwelling systems and, importantly, within the
underlying OMZ. They also suggest that nitrogen fixation is a widespread process that can sporadically provide a supplementary
source of fixed nitrogen in these regions.
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Introduction

Fixed nitrogen is continuously being added to and removed

from the ocean through processes mediated by microbial

communities. Over large temporal and spatial scales, potential

changes to the marine N inventory depend on the variability of

biological nitrogen fixation and denitrification (the stepwise

reduction of nitrate to N2; [1,2]) plus anammox (the anaerobic

ammonium oxidation with nitrite to N2 [3,4]). The current view is

that these processes are spatially disconnected [5,6]. Marine

nitrogen fixation, with a global rate of ,150 Tg N y21 [1], is

thought to occur predominantly at the surface (and subsurface) of

tropical oceans by the activity of diazotrophic phototrophs (such as

the colonial cyanobacterium Trichodesmium [7]) and unicellular

cyanobacteria [8,9]. It is also performed, to a lesser degree, by

non-photosynthetic diazotrophic bacterioplankton [10,11]. In

contrast, nitrogen losses, with global rates of ,200 Tg N y21

[1], are primarily the result of the activities of denitrifying and

anammox bacteria [12]. Nitrogen losses occur mainly in sediments

[13], anoxic basins [3,4] and oxygen minimum zones (OMZs)

[14,15,16]. The main oceanic OMZs are located in the eastern

tropical Pacific Ocean and the Arabian Sea.

Although it has been suggested that surface diazotrophic activity

could be enhanced near areas with high rates of water-column

denitrification [17] or even within oxygen-deficient waters [11],

direct evidence for this process within OMZ regions has been

missing. In this study, we report on direct N2 fixation rates and on

the molecular diversity of the nitrogenase reductase gene nifH for

waters of the eastern tropical South Pacific (ETSP) off Peru and

northern Chile. This region of the ETSP is the site of permanent

wind-driven coastal upwelling and contains a persistent, large and

intense oxygen minimum zone (OMZ) at intermediate depths (80–

400 m). It contributes a significant fraction of global marine

nitrogen losses [15,18,19,20]. Our results come from two

oceanographic cruises, one carried out in October 2005 (R/V

Knorr) and the other in February 2007 (Galathea-3, R/V Vædderen).

Measurements were taken at stations located between 1.5uN and

20uS and at depths ranging from the surface to 120 m in 2005 and

to 400 m in 2007 (Fig. 1).

Results

Oceanographic conditions during both cruises showed active

wind-driven coastal upwelling off northern Chile and Peru, as seen

in the Sea Surface Temperature (SST) distribution (Fig. 1A, B).

During Galathea-3 in 2007, SST values (17–24uC, Table 1) were

higher than during the Knorr cruise in 2005 and bore the

signature of the last phase of a moderately warm El Niño-Southern

Oscillation (ENSO) event [21]. On both occasions, the signal of

subsurface nutrient-rich oxygen-deficient waters (mainly associated
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with Equatorial Sub Surface Water (ESSW)), clearly appeared in

the near surface waters as a result of the upwelling process. During

both cruises, the vertical distribution of dissolved oxygen showed a

sharp oxycline, with oxygen-deficient waters (in which nitrite starts

accumulating to form a secondary nitrite maximum) reaching

depths as shallow as 40 m (Fig. 2A and B). The oxygen-depleted

zone extended from approximately 80 m to depths exceeding

400 m. During the 2007 cruise, essentially anoxic waters

(,2 nmol L21 O2) were measured at the core of the OMZ using

the ultra-sensitive STOX oxygen microsensor [22]. Concentra-

tions of dissolved inorganic N (DIN; NO2
2, NO3

2 and NH4
+)

during the 2005 and 2007 cruises were high. Average nitrate levels

at the surface reached 7.865 (s.d.) and 5.563.8 mmol L21 for the

Knorr and Galathea-3 cruises, respectively, while average

ammonium values reached 0.0860.08 and 0.2360.3 mmol L21.

The secondary nitrite maximum extended approximately from the

upper boundary of the oxygen deficient zone to depths exceeding

120 m during the Knorr cruise and to depths of 400 m during the

Figure 1. Location of the sampled stations and integrated N2 fixation rates. A) Knorr cruise (October–November 2005) and B) Galathea-3
expedition (February 2007). Stations are superimposed on daily N2 fixation rates (mmol m22 d21) integrated over the water column (black circles).
Colour scale represents Sea Surface Temperature (SST uC).
doi:10.1371/journal.pone.0020539.g001

Table 1. Geographical location and hydrographic features of the stations visited during cruises Knorr and Galathea 3.

Cruise Station

Longitude

(6E)

Latitude

(6N)

SSTa

(6C)
Surface NO3

2

(mmol L21)
SurfaceN:
P ratio SurfaceP*b

Surface r15N2

(nmol N L21 d21)

Knorr 8/9 74.65 215.91 15.0 9.6 5.7 1.69 0.06

Knorr 12 75.61 216.28 15.9 10.3 7.4 0.67 0.03

Knorr 14 76.69 217.68 17.2 1.5 1.5 1.39 0.04

Knorr 20 76.99 213.3 15.3 7.4 3.8 1.4 0.27

Knorr 24 79.3 212.25 17.1 18.4 12.4 0.25 0.11

Knorr 32 78.16 210.99 16.3 12.9 7 1.02 0.03

Knorr 37/33 83.94 23.59 18.5 8.9 11.13 0.72 0.01

Knorr 38 86.94 1.5 25.3 0.9 1.6 0.5 0.15

Galathea3 9 75.75 215.5 21.1 10.9 11.55 20.1 0.23

Galathea3 5 71.03 218.5 23.9 4.1 4.2 0.23 0.05

Galathea3 4 70.76 220.6 22.1 1.4 2.3 0.55 0.55

Galathea3 14 76.43 214.39 17.7 10.7 13.05 0.1 n.d.c

Galathea3 22 77.62 217.44 21.3 5 3.79 0.09 1.85

Galathea3 17 77.43 214.16 20.6 4.9 6.26 20.28 0.23

Galathea3 15 76.8 213.87 19.8 9.29 9.66 0.22 0.12

Galathea3 16 76.79 214.28 19.9 6.1 14.03 20.33 0.2

aSea Surface Temperature.
bP* represents an index of excess phosphorous compared to inorganic nitrogen [17].
cNot detected.
doi:10.1371/journal.pone.0020539.t001

Nitrogen Fixation in the Peruvian Upwelling
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Galathea cruise (Fig. 2A and B). Molar N:P nutrient ratios were

generally below the canonical Redfield value of 16 in both surface

waters (surface average was 6.364 versus 8.164.5 Table 1) and in

deeper layers (average N:P was 8.364.9 for the Knorr and

11.964.4 for the Galathea cruises, respectively). Exceptions were

observed at stations 24 and 38 for the Knorr cruise and stations 9,

14 and 16 for the Galathea-3 expedition (Table 1). Likewise,

values of P* (an index of the excess of inorganic phosphorous

relative to inorganic nitrogen [17]) for the water column reflected

conditions of nitrogen deficiency (0.9960.7 and 0.5960.6 in 2005

and 2007, respectively) indicating the vertical advection of

denitrified water towards the surface.

N2 fixation occurred at a wide range of depths in both cruises

and was detected in surface oxic and subsurface suboxic waters

(Fig. 3). During the Knorr cruise (2005), N2 fixation rates in

surface waters ranged between 0.01 and 0.27 nmol N L21 d21

(average 0.08960.08 nmol N L21 d21, n = 17). In the upper

oxycline, rates were in the same range as the surface values and

maximum N fixing activities reached 0.2 nmol N L21 d21

(average 0.07560.07 nmol N L21 d21 n = 8). Within the upper

OMZ (sampling was only carried out to 120 m depth during this

cruise), rates decreased to an average of 0.04160.02 nmol N

L21 d21. During the Galathea-3 expedition in 2007, rates of N2

fixation were over an order of magnitude higher than rates found

in the previous cruise. Rates obtained in surface waters reached up

to 2.34 nmol N L21 d21 (average 0.6660.7 nmol N L21 d21;

n = 10). An exceptionally high rate was detected at station 4 at

15 m depth (14 nmol N L21 d21) and was coincident with high

NH4
+ concentrations (0.7 mmol L21). Rates in the upper oxycline

reached maximum values of 3.26 nmol N L21 d21, with an

average rate of 1.7161.03 nmol N L21 (n = 17). The deeper

sampling in 2007 allowed us to detect active nitrogen fixation

within the core of the OMZ and at a maximum depth of 400 m;

these measurements considerably extended the currently accepted

vertical and geographical distribution of marine nitrogen fixation.

To our knowledge, this is the deepest water column measurement

of N2 fixation to date. Rates obtained at the core of the OMZ were

as high as 3.5 nmol N L21 d21, with an average value of

1.2761.2 nmol N L21 d21 (n = 13). Overall, comparisons of both

data sets show that the N2 fixation rates measured during the

Galathea-3 cruise largely exceeded those measured in 2005, both

in surface waters (0.0760.07 versus 0.3660.46 nmol N L21 d21

(e.g., Fig. 2A and B) and for integrated values down to 120 m

(from 7.564.6 to 190682.3 mmol m22 d21).

To assess the community composition and distribution of

diazotrophs, we amplified DNA sequences for the nitrogenase

reductase gene nifH, which encodes for the metal protein of the

nitrogenase enzyme complex. Positive amplifications were ob-

tained for all the stations in which 15N2 fixation experiments were

performed. Phylogenetic analyses of clone libraries obtained from

selected stations in 2005 and 2007 (1125 valid nifH sequences)

showed the existence of microorganisms with the genetic potential

for N2 fixation (Fig. 4) at different depths (see Table S1, Table S2,

Table S3, and Table S4). However, the diversity of the nifH genes

for the 2005 cruise was very low compared to the diversity found

in other marine systems [23,24], and was especially low compared

to what we found in 2007 (6 versus 14 phylotypes with 95%

similarity at the nucleotide basis, respectively). Our nifH sequences

fell within three of the four known clusters for this gene [25]. Most

of our clones fell within Cluster I, which includes a, b and c
proteobacterial (as well as cyanobacterial) nitrogenases, and which

has many marine representatives (Table S1, Table S2, Table S3,

Figure 2. Selected N2 fixation profiles. Representative stations are plotted for cruises A) Knorr 2005 and B) Galathea-3 expedition 2007 carried
out in Peruvian waters. Rates (nmol L21 d21) are represented in red dots. Full lines represent continuous oxygen profiles obtained from the CTD
(upper cast). Nitrite concentrations (black points, mmol L21) increase through the oxycline, forming the main secondary maximum at the core of the
oxygen minimum zone. In this layer, N2O and NO3

2 decrease, but a large amount of NO2
2 accumulates.

doi:10.1371/journal.pone.0020539.g002

Nitrogen Fixation in the Peruvian Upwelling
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and Table S4). Importantly however, no sequences associated with

cyanobacteria were found during our study, particularly within the

euphotic zone. The rest of our sequences fell within Clusters II and

III. These clusters include nitrogenases coming from the group

Archaea, as well as diverse anaerobic microorganisms (such as the

sulfate reducers chlorobiaceae and clostridia (Fig. 4)), but contain

few marine representatives [26]. These molecular results thus

suggest the presence of a diverse community of diazotrophs in the

region during times of high N2 fixation rates. These results also

indicate the need for further investigating the identity of the most

important nitrogen fixers in these waters through, for example, in

situ nitrogenase gene expression and stable-isotope probing studies,

as well as culturing efforts.

Discussion

Biological N2 fixation was detected during two cruises (2005 and

2007) off northern Chile and Peru using the 15N isotopic technique

[27]. Rates obtained during both cruises were in the range of

previously reported N2 fixation (Table S5), although values

differed significantly (by an order of magnitude) between cruises.

Phylogenetic diversity of the nifH sequences also varied greatly

between cruises, in agreement with the biogeochemical rates of N2

fixation. Several aspects should be considered in the analysis of

factors that govern this variability. First, hydrographic conditions

differed between cruises: SST was higher during the Galathea-3

cruise than it was during the Knorr cruise, although we did not

observe a clear correlation between the distribution of our N2

fixation rates and temperature. Second, significant differences

were observed in P* and N:P values (Student t-test values of

p,0.05 in both cases, Table 1). However, the stoichiometry of the

water column alone cannot account for the observed variability in

our rates, as the data distributed over a vast range of P* values (see

Fig. S1). Third, the vertical distribution of nitrogen fixation

extended into the core of the OMZ, suggesting that this process

might not respond solely to an excess of P compared to N in the

surface waters of the ETSP [17] but that it could also be linked to

varying levels of anoxia in the water column. Indeed our highest

rates were obtained during the Galathea-3 expedition, when

complete oxygen depletion was observed in the core of the OMZ.

Unfortunately, we do not have STOX measurements for the 2005

cruise to compare the levels of oxygen-deficiency between cruises.

Overall, our results suggest that N2 fixation acts as a transient

process in denitrified marine waters. This characteristic has

already been observed for other diazotrophic communities, such

as the well-known bloom-forming cyanobacterium Trichodesmium in

the North Pacific Subtropical gyre [28].

The overall input and potential significance of the N fixation

process can be evaluated by integrating N2 fixation rates

throughout the upper and the OMZ layers (see methods) and

comparing them with the nitrogen losses. Daily integrated

diazotrophic inputs from the surface to the 10-mmol O2 L21 level

at the base of the oxycline reached 48668 mmol N m22 d21 in

2007. N2 fixation within suboxic waters (e.g., taken from the

deepest level of the 1- mmol L21 isoline to the deepest level of the

average profile — 400 m for Galathea-3 cruise) revealed a

contribution of 5746294 mmol N m22 d21 of newly-fixed N

coming from the OMZ. These integrated input rates correspond

Figure 3. Nitrogen fixation rates of cruises Knorr 2007 and Galathea-3 2007. The nitrogen fixation data gathered for northern Chile and
Peruvian upwelling in 2005 (Knorr cruise, green circles) and 2007 (Galathea 3 expedition, red circles) is plotted against potential density from surface
oxic layer to the core of the Oxygen Minimum Zone.
doi:10.1371/journal.pone.0020539.g003

Nitrogen Fixation in the Peruvian Upwelling
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to up to 5% of the N losses, which are estimated to be on average

,11 mmol m22 d21 in the Peruvian OMZ [20]. However, the

high variability observed between cruises, as well as reports of a

methodological underestimation of nitrogen fixation rates with the

conventional application of the 15N technique [29], suggest that

higher and deeper N2 fixation fluxes, than those reported here are

possible in the ETSP.

Some important aspects must be kept in mind when evaluating

the potential of N2 fixation for offsetting N losses. First, while

denitrification and anammox should be spatially confined to

subsurface oxygen-deficient waters, N2 fixation is not. Our results

are consistent with the idea that nitrogen fixation is enhanced in the

surface layer via vertically transported N-deficient waters [17], but

they also show that this process is not confined to areas adjacent to

upwelling centers. Instead, nitrogen fixation actively occurs in

coastal upwelling waters and can extend to depths within the core of

the OMZ, but with significant time variability. On the other hand,

the occurrence of active sporadic N2 fixation could locally increase

the N:P ratios of organic matter and could therefore affect the

signature origin of DIN removed via denitrification. This possibility

was suggested by the excess N2 data obtained during the 2005

Knorr cruise in the ETSP [30]. Complementary evidence also exists

in the form of isotopic anomalies that differ from expectations for

denitrification in OMZs [31,32,33]. For these cases, the re-

mineralization of organic matter bearing the signature of nitrogen

fixation has been suggested.

The marked difference between cruises in the diversity of nifH

genes could indicate that high nitrogen fixation rates might not be

the result of a single blooming diazotroph, but of a broader

community. The distribution of our rates, which cover surface as

well as subsurface and deep water with varying oxygen levels, also

supports this idea. On the other hand, the fact that we found no

nifH sequences associated with cyanobacteria in surface waters is

consistent with previous surveys in the south-eastern border of the

South Pacific gyre [34]. In those studies, extremely low

abundances of group UCYN-A cyanobacteria were observed

along with a total absence of large and group UCYN-B

cyanobacterial diazotrophs. Also in agreement with our data,

very low abundances of cyanobacterial nifH sequences were

recently found at the redoxcline of the meromictic Lake Cadagnio,

where other diazotrophs thrive [35]. In addition, a few of our

sequences were grouped with microorganisms suspected to be

reagent contaminants (e.g., b-proteobacteria [36,37]. Thus, studies

that unambiguously link function with taxonomic identity are

needed.

Finally, although the temporal and spatial resolution of our

study is not fully representative of the range of variability of N2

fixation within OMZs and coastal surface waters (e.g., the Knorr

cruise was carried out in late spring, while the Galathea

expeditions covered the late summer season), our measurements

reveal a dynamic process with high temporal variability. Our

molecular data also suggest that a diverse diazotrophic community

can develop at certain times in the Peruvian upwelling ecosystem,

for which oxygen-deficient conditions as well as persistent N

removal [15,20] may alleviate the inhibition of the nitrogenase

enzymatic machinery by oxygen.

In summary, observations in the eastern tropical South Pacific

demonstrate that significant diazotrophic activity occurs in oxic

and subsurface denitrified waters, albeit with significant temporal

variability. N2 fixation co-occurs with water column denitrifica-

tion, a feature that has been described for sediments [38,39].

Factors such as the level of oxygen-deficiency in the water column,

hydrographic physical conditions (e.g., temperature) or nutrient

ratios may be responsible for the observed variability between

cruises. Further studies are needed to determine the transient

nature of the phenomenon, the identity of the main diazotrophs,

and whether nitrogen fixation occurs in other OMZ regions.

Materials and Methods

Data presented here were obtained during two different cruises,

the KN182-9 cruise (R/V Knorr; October-November 2005) and

the Galathea-3 expedition (R/V Vædderen; March 2007). Both

cruises covered the ETSP and particularly the Peruvian upwelling

and northern Chile area (1.5uN to 20uS). Core parameters

(including nutrients and dissolved oxygen), as well as biogeochem-

ical variables (natural C and N isotopic composition, POC/ PON,

Chl-a, DNA), were determined at all stations during these cruises.

All water samples were retrieved with 11-L Niskin bottles

attached to a Conductivity-Temperature-Depth / rosette system

(Seabird). For nutrient measurements, water was sampled with a

60 mL plastic syringe and filtered through a glass fiber filter (pore

size 0.7 mm) into high-density polypropylene scintillation vials that

were immediately frozen at 220uC. Samples were stored until

laboratory analysis using an AlpkemH autoanalyzer (Knorr 2005

Cruise) or a manual colorimetric technique (Galathea-3 cruise)

according to standard protocols for ammonium [40] and nitrate,

nitrite and phosphate determination [41].

15N2 Fixation Experiments
Measurements of N2 fixation were performed in both cruises

following the existing protocol for 15N2 trace addition experiments

[27]. Incubations for N2 fixation were performed using 2-L tedlar

gas-tight bags. These were equipped with inox (2005 cruise) or

Teflon (2007 cruise) caps that included a silicone septum though

which trace additions of 15N2 (99 atom%; CAMPRO SCIEN-

TIFIC) were made with a gas-tight syringe at 2 mL gas L21 of

seawater. In all cases, samples were directly retrieved from the

Niskin bottles using gas-tight Tygon tubes, which prevented

contact with atmospheric oxygen and also prevented air-bubbles

from entering the sample bags. For incubations using tedlar bags,

the volumes and weights of filled bags were recorded at the

beginning and at the end of the incubation process and real

volumes were used in rate calculations. Possible permeability of

tedlar to oxygen was reduced with double-layered tedlar. As bags

were incubated under water, permeability (if it existed) should

have been significantly reduced [42] and should not have

exceeded 2 mmoles per liter of seawater per day. Since nitrogenase

is oxygen sensitive [43], the effects of oxygen contamination

should result in an underestimation (rather than an overestima-

tion) of the true rate. Moreover, because all measurements were

performed as 15N2 gas bubble injections, incomplete equilibration

Figure 4. Maximum-likelihood phylogenetic tree of nifH predicted amino acid sequences obtained in the Peru coastal upwelling.
Sequences for representative clones ($95% identity at the nucleotide level) are given in bold (PU and GA indicate representative sequences for the
Knorr and Galathea-3 cruises, respectively). Bootstrap support values ($50%) for 1000 replications are shown at nodes. The scale bar indicates the
number of sequence substitutions per site. The archaean Methanosarcina barkeri was used as an outgroup. Accession numbers for published
sequences used to construct the phylogenetic tree are given in parenthesis. Additional information is given as Table S1, Table S2, Table S3, and Table
S4.
doi:10.1371/journal.pone.0020539.g004

Nitrogen Fixation in the Peruvian Upwelling
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of isotopic gas during a standard incubation period might result in

underestimations of N2 fixation rates [29]. Therefore, the actual

rates of N2 fixation in this study could be higher than those

reported.

In both cruises, incubations were performed on deck and lasted

24 h. Six deck incubators were maintained at sea surface

temperature with light intensities ranging between 65 and 4% of

incident light (Lee FiltersH). Samples coming from below the 4%

light level (Knorr and Galathea-3 cruises) were incubated in the

dark in a thermo-regulated bath (Johnson ControlH) or temper-

ature-controlled incubator (VelpH) at in situ temperatures.

All incubations were terminated by gentle filtration onto 0.7 mm

glass fiber filters (GF/F precombusted at 450uC; 12 h) using a

vacuum (,100 mm Hg) or a peristaltic pump. Filters were dried

at 60uC for 24 h and stored at 40uC until laboratory analysis by

mass spectrometry. Once in the laboratory, filters were wrapped in

tin cups and packed into pellets before analysis by continuous-flow

isotope ratio mass spectrometry (IRMS delta plus, Thermo

FinniganH). Values given are a range of daily rates for all stations.

Vertical profiles were separated in three distinct layers according

to the potential density structure reported for the area [44] and

corresponding to Subtropical Surface Water, Eastern South

Pacific Intermediate Water and Equatorial Subsurface Water.

Vertical integration was carried out by obtaining an average depth

profile for each hydrographic layer (upper, oxycline and OMZ)

and integrating within the specific depth range. Integrated values

over each layer were then added to obtain an overall contribution

of N through diazotrophy per cruise. The linear accumulation of
15N in particulate organic matter was tested using samples (5 to

80 m depth) obtained in central Chile in 2008 (Fig. S2). Results

obtained during a time-series experiment showed increasing %15N

in all samples, while particulate nitrogen (PN) remained relatively

constant.

Community composition of diazotrophs. During the

cruises Knorr (2005) and Galathea-3 (2007), water samples were

collected at all stations for molecular characterization of the

diazotroph community. Samples (up to 10 L) were successively

filtered onto 3.0-mm (Isopore) and 0.22-mm (Sterivex-GV) pore-

size filters, which were immediately covered with 2 mL of EDTA

buffer and stored in liquid nitrogen until DNA extraction in the

laboratory. Samples of both size fractions (. and ,3 mm) were

independently amplified by nested-Polymerase Chain Reaction

(nested-PCR) with nifH primers (see Supplementary Information).

The resulting PCR products from selected stations were cloned

and sequenced to characterize the nifH sequence diversity.

Isolation and purification of nucleic acids. Lysozyme

(50 mg mL21) was added to the Sterivex filter and the filter unit

incubated at 37uC for 45 min. Then, proteinase K (10 mg mL21)

and sodium dodecyl sulfate (SDS, 20%) were added, and the filter

unit incubated at 50uC for 2 h. In the case of the Isopore filter, the

procedure was similar but carried out in a 15-mL Falcon tube with

10% SDS. The lysates were then extracted once with phenol-

chloroform-isoamyl alcohol (25:24:1; pH 8) and once with

chloroform-isoamyl alcohol (24:1). The samples were

precipitated with isopropanol and sodium acetate (3 mol L21,

pH 5.2), and the pellets were washed with ethanol and then re-

suspended with HPLC water. Nucleic acid extracts were stored at

220uC.

nifH PCR. To amplify nifH genes, a nested Polymerase Chain

Reaction (nested-PCR) was performed. First, 1 mL of a

20 ng mL21 of DNA was added to a PCR containing 16 PCR

buffer (GoTaq, Promega), 2 mmol L21 MgCl2, 0.2 mmol L21

deoxynucleoside triphosphates, 1 mmol L21 of nifH4 (59-TTY

TAY GGN AAR GGN GG-39 ), 1 mmol L21 nifH3 (59-ATR TTR

TTN GCN GCR TA-39) [45] primers and 0.5 U of Taq DNA

polymerase (GoTaq, Promega). All of the reagents were prepared

with Dnase- and Rnase-free water. Thermal cycling for the first

PCR was performed as follows: 5 min at 94uC, 30 cycles of 1 min

at 94uC, 1 min at 55uC, and 1 min at 72uC, followed by a final

extension step of 10 min at 72uC. After that, the samples were

purified with the E.Z.N.A. Cycle Pure Kit (Omega Bio-Tek).

Under the same conditions, but using a different pair of

degenerate primers (nifH1 and nifH2 [46]), an aliquot of 1 mL of

this purified PCR product was added to a nested PCR. For the

nested PCR, the only difference was the annealing temperature,

which in this case was 57uC. Subsequently, 50 mL of each PCR

reaction were purified with the E.Z.N.A. Cycle-Pure Kit (Omega

Bio-Tek). In both PCRs, a total of six negative controls were run to

preclude false positives. The purified PCR products were cloned

using the pGEM-T Easy vector systems according to the

manufacturer’s instructions (Promega). Sequencing was done by

Macrogen Inc. (Korea).

Phylogenetic analysis. A total of 1125 valid sequences were

obtained in this study, 437 for the Knorr cruise and 688 for the

Galathea expedition (more detailed information is given in Table

S1, Table S2, Table S3, and Table S4). Representative clones, one

from each of the different phylogenetic groups identified based on

$95% nucleotide similarity (Table S1, Table S2, Table S3, and

Table S4), were used to construct the phylogenetic trees. Sequence

alignment in the amino acid space was performed with MUSCLE

3.6 [47]. The maximum-likelihood phylogenetic tree in Fig. 4 was

constructed with PhyML [48] using the default parameters in the

program Bosque [49]. Percentages of Bootstrap support values

($50) based on 1000 replications are shown at the nodes.

Sequence data were deposited in the GenBank database under

accession numbers HM801148 to HM801841.

Supporting Information

Figure S1 N2 fixation rates versus P* (and index of the excess

inorganic phosphorous relative to inorganic nitrogen [17]). Rates

of N2 fixation were distributed across a wide range of P* values

during the Knorr and Galathea-3 cruises.

(TIF)

Figure S2 Time course experiments of nitrogen fixation rates

carried out in the upwelling system off central Chile (36uS) in

2008. Data shows (A) an accumulation of %15N in all samples over

time and (B) A relatively constant trend in particulate nitrogen

(PN) during the same experiments. Samples were obtained at 5 m

(Times Series 1), 80 m (Time Series 2), 15 m depth (Time Series 3)

and 30 m depth (Time Series 4).

(TIF)

Table S1 Operational Taxonomic Units (OTUs; with 95%

similarity at the nucleotide basis [50–52]) and representative nifH

sequences for the Knorr cruise (2005).

(DOC)

Table S2 Distribution of the different OTUs found at each

station and depth during the Knorr cruise.

(DOC)

Table S3 Operational Taxonomic Units (OTUs; with 95%

similarity at the nucleotide basis [52–58]) and representative

sequences for the Galathea 3 cruise.

(DOC)

Table S4 Distribution of the different OTUs found at each

station and depth during the Galathea-3 cruise.

(DOC)
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Table S5 Comparison between water column N2 fixation rates

obtained from the literature ([8,10,35,59–64]) and values obtained

in this study. The table shows previously published rates for

unicellular diazotrophs as well as rates obtained during this study.

Colonial diazotrophic cyanobacteria were not included in the table

because they were not detected in the study area. The listed

techniques are: ARA (Acetylene Reduction Assay), NA (Nitroge-

nase Activity) and 15N2 (Stable isotope tracer technique). Rates

reported as hourly estimates (*) were transformed into daily rates

regardless of potential daily periodicity in unicellular diazotrophs.

(DOC)
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