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Understanding the factors that influence the distribution and abundance of marine diazotrophs is important
in order to assess their role in the oceanic nitrogen cycle. Environmental DNA samples from four cruises to the
North Atlantic Ocean, covering a sampling area of 0°N to 42°N and 67°W to 13°W, were analyzed for
the presence and amount of seven rnifH phylotypes using real-time quantitative PCR and TagMan probes. The
cyanobacterial phylotypes dominated in abundance (94% of all nifH copies detected) and were the most widely
distributed. The filamentous cyanobacterial type, which included both Trichodesmium and Katagnymene, was
the most abundant (51%), followed by group A, an uncultured unicellular cyanobacterium (33%), and gamma
A, an uncultured gammaproteobacterium (6%). Group B, unicellular cyanobacterium Crocosphaera, and group
C Cyanothece-like phylotypes were not often detected (6.9% and 2.3%, respectively), but where present, could
reach high concentrations. Gamma P, another uncultured gammaproteobacterium, was seldom detected
(0.5%). Water temperature appeared to influence the distribution of many nifH phylotypes. Very high (up to
1 X 10° copies liter™') nifH concentrations of group A were detected in the eastern basin (25 to 17°N, 27 to
30°W), where the temperature ranged from 20 to 23°C. The highest concentrations of filamentous phylotypes
were measured between 25 and 30°C. The uncultured cluster III phylotype was uncommon (0.4%) and was
associated with mean water temperatures of 18°C. Diazotroph abundance was highest in regions where

modeled average dust deposition was between 1 and 2 g/m?/year.

Input and removal of fixed nitrogen in the ocean are largely
controlled by the microbial processes of dinitrogen fixation and
anaerobic ammonia oxidation and denitrification, respectively
(23). Global rate estimates of both input and removal pro-
cesses do not balance and suggest a net loss of fixed nitrogen
from oceanic systems (11, 16). One reason for the imbalance of
the marine nitrogen budget may be due to the paucity of data
for marine diazotrophs. Until recently, the filamentous, non-
heterocystous cyanobacterium Trichodesmium and the diatom
endosymbiont Richelia were considered the major diazotrophs
in the world’s oceans (28, 49). However, field measurements
and geochemical estimates indicate that these two species to-
gether do not fix enough nitrogen to balance the global marine
nitrogen budget (3, 20). Methodological advances have led to
the discovery of many new marine diazotrophs, and it is now
possible to detect diverse diazotrophs by PCR analysis of the
nifH gene, which encodes the highly conserved iron-protein
subunit of the nitrogenase enzyme (22, 25, 26, 45, 47).

Although our knowledge of nifH sequence diversity from the
marine environment has been rapidly expanding (46, 48), the
temporal and spatial distributions of the various nifH phylo-
types remain poorly characterized (22) and estimates of nifH
abundances are rare. Real-time quantitative PCR (qPCR) was
successfully used to determine the abundances of two nifH
sequences at three stations in the Chesapeake Bay (39) and
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five nifH phylotypes at Station ALOHA in the Pacific Ocean
(9, 10, 38). Diazotrophs in the Sargasso Sea and Amazon River
plume have also been investigated using the qPCR technique
(13, 17). Although the geographical coverage was limited in
each of these studies, patterns in the vertical, temporal, and
seasonal distributions of nifH phylotypes could be identified.
The goal of this study was to determine the abundances and
distributions of seven different nifH phylotypes over a wide
geographical area of the North Atlantic ranging from the equa-
tor to 42°N. Gene copy numbers of four cyanobacterial (one
filamentous and three unicellular) and two gammaproteobac-
terial phylotypes and one cluster I11 nifH phylotype were quan-
tified using qPCR and TagMan MGB probes, providing esti-
mates of the relative distributions and abundances of these
unique diazotroph groups. Our results and those of others (14,
17, 24) suggest that diazotrophy may not be as tightly con-
strained by geographic location as previously thought.

MATERIALS AND METHODS

Sample collection, nucleic acid extraction, and nifH amplification. Samples for
this study were collected and analyzed from four cruises in the northern Atlantic
Ocean. Samples were collected in the spring during the F/S Meteor 60/5 Transient
Tracers Revisited cruise (March and April 2004) to the North Atlantic Ocean
and the F/S Poseidon 284 cruise (March 2002) to the eastern subtropical Atlantic
Ocean. Samples along a transect at 10°N with a second transect to the equator
and back were collected during the F/S Meteor 55 cruise (October to November
2002). Samples were collected from the F/S Sonne 152 cruise (November to
December 2000) in the western tropical Atlantic basin. All samples were col-
lected using a CTD rosette except for samples from the Sonne 152 cruise and
three samples from Meteor 55, which were collected using an overboard pump
from a depth of 8 m and a trace-metal clean diaphragm pump, respectively.
Poseidon 284 samples were collected from depths ranging from 10 to 30 m.
Samples from both Meteor cruises were collected at the surface (5 m) and from
one to two depths ranging from 20 to 120 m. After collection, water was filtered
onto 0.22-pm Durapore (Millipore) filters under low (2 mbar) vacuum pressure
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TABLE 1. qPCR primers and TagMan probes designed for this study

Sequence (position) of”:

T . Reference
ype Primer
Probe sequence
Reverse Forward

Group A TCAGGACCACCGGACTCAAC TAGCTGCAGAAAGAGGAACT TAATTCCTGGCTATAA AF059627.1
(146-127) GTAGAAG (50-76) CAAC (98-117)

Filamentous GCAAATCCACCGCAAACAAC TGGCCGTGGTATTATTACTG AAGGAGCTTATACAGA AY896367.1
(275-256) CTATC (165-189) TCTA (206-225)

Group B TCAGGACCACCAGATTCTAC TGCTGAAATGGGTTCTGT CGAAGACGTAATGCTC AY896454.1
ACACT (146-122) TGAA (54-75) (87-102)

Group C GGTATCCTTCAAGTAGTACTT TCTACCCGTTTGATGCTACAC AAACTACCATTCTTCACT AY896461.1
CGTCTAGCT (112-83) ACTAA (1-26) TAGCAG (32-55)

Gamma A AACAATGTAGATTTCCTGAG TTATGATGTTCTAGGTGA TTGCAATGCCTATTCG AY896371.1
CCTTATTC 321-294 TGTG (240-266) (275-290)

Gamma P CATCGCGAAACCACCAC TTGTGCAGGTCGTGGTGT CCTATGACGAAGACCT AY896428.1
ATAC (282-262) AATC (159-180) AGAC (212-231)

Cluster 11T GCAGACCACGTCACCCA ACCTCGATCAACATGCT CCTGGACTACGCGTTC AY896461.1
GTAC (267-247) CGAA (175-195) (225-240)

“ All positions and sequences relate to the 324-base nifH segment length (5'—3").

without prescreening to remove large particles. One to two liters of seawater was
filtered per sample during the two Meteor and Poseidon cruises. Two to seven
liters of seawater was filtered during the Sonne cruise. After filtration, filters were
frozen at —80°C until extraction in the lab. Detailed information on some of the
Sonne 152, Poseidon 284, and Meteor 55 stations can be found in reference 22.
Nutrient samples from the Meteor 55 and 60 and the Poseidon 284 cruises were
measured onboard using the methods described in reference 15.

All samples were extracted using the Qiagen DNeasy mini plant kit according
to the manufacturer’s protocol, except that the DNA was eluted two times with
50 wl of prewarmed PCR-grade water. DNA concentrations were measured
using the PicoGreen double-stranded DNA quantitation reagent (Molecular
Probes) and a Fluoroscan Ascent microplate reader (Laborsystems) following
the manufacturer’s protocol. Amplicons of the nifH gene were produced using
the previously described primers (45), amplified, and cloned (22).

Primer selection. Based on nifH sequence information from a subset of the
samples (22), primers and TagMan MGB probes (6-carboxyfluorescein reporter)
were selected to target seven diazotroph phylotypes using Primer Express (ver-
sion 2.0; Applied Biosystems) (Table 1). All primers and probes were checked
against the NCBI database with a BLAST search to ensure that they did not
contain any near perfect sequence matches, other than the selected phylotypes.
Standards for the different phylotypes were obtained by cloning the environmen-
tal sequences for each phylotype into Top10 cells. Plasmid extraction and puri-
fication was done using the Qiagen plasmid purification kit according to the
manufacturer’s instructions. Plasmid DNA concentrations were measured with
NanoDrop ND-1000 (PeqLab) and diluted to 4 pg pl~!, which corresponds to
107 target sequence copies in a 5-pl volume. Serially diluted plasmid standards
for filamentous, unicellular group A, unicellular group B, Cyanothece-like (group
C), gammaproteobacterium AO (gamma A), gammaproteobacterium PO
(gamma P), and cluster III phylotypes were used to calculate copy numbers in the
qPCR assays. The group B and gammaproteobacterial primers and TagMan
probes from our study were very different from those previously reported (10),
while the filamentous and group A primers and probes from reference 10 de-
tected a segment of the nifH gene similar to that detected in our study. Although
independently designed, the reverse primer and probe for cluster III in our study
were almost identical to those described in references 9 and 10. The group C
primer and probe set designed for this study selected for a different part of the
group C sequence than the set described in Foster et al. (13).

qPCR assays and detection limits. All gPCRs were run on an ABI Prism 7000
(Applied Biosystems) using the default cycling program, but increasing the num-
ber of cycles to 45. The program’s cycling conditions were 2 min at 50°C, 10 min
at 95°C, and 45 cycles of 95°C for 15 s, followed by 1 min at 60°C. The specificity
of the qPCR primer and probe sets was confirmed by testing for cross-reactivity
and sensitivity against each standard diluted to 10* and 10° nifH copies. DNA
amplification signals were detected only for the homologous phylotype. It is
important to note that the filamentous primer and probe set was designed for
Trichodesmium, but due to the high similarity in the filamentous nifH sequences
it amplified Katagnymene equally well. Additionally, the sensitivity of the primers
and probes in a mixed-DNA sample was tested in combinations of serially diluted

standards mixed in ratios ranging from 107:10' to 10':107 copies of the specific
and unspecific standard. There were no significant changes in the linear regres-
sions, indicating that the presence of various amounts of closely related DNA
sequences does not affect the quantification of a specific phylotype. However, the
detection limit of the filamentous primer and probe set was 100 filamentous nifH
copies when mixed with 107 group A nifH copies, a situation that was not
observed in any samples.

qPCR mixtures contained 1X TagMan PCR buffer (Applied Biosystems), 100
nM TaqMan probe, 5 pmol/ul each of the forward and reverse primers, 400 ng/ul
bovine serum albumin (BSA), 3 pl PCR water, and 5 pl of either standard or
environmental sample (which corresponded to 1 to 6 ng environmental DNA,
with an average of 2 ng). To test environmental samples for PCR inhibition,
serial dilutions of several samples from each cruise were run. The results indi-
cated different levels of inhibition in almost all samples tested. Also, additions of
environmental DNA to standards resulted in an underestimation of the true copy
number. Dilution of the samples partially reduced PCR inhibition but affected
the detection limit. Inhibition of PCR is a common problem with environmental
samples and has been reported before in other studies, which estimated the
degree of the inhibition from qPCR efficiency without relieving the inhibition
(13). Addition of BSA to the reaction consistently relieved the inhibition without
affecting the standard curves or detection limit (data not shown). We therefore
routinely added BSA to all gPCR mixtures. Environmental DNA samples were
run in triplicate. The coefficient of variation for the cycle threshold (C;) value of
all samples was 1.77% (n = 251). Standards were serially diluted (107 to 10
copies) and run in duplicate. The prepared serial dilutions were stored at 4°C and
were stable for about 1 month. Standard curves from stored standard serial
dilutions were highly reproducible and varied daily by an average C; of 0.7. In
contrast, freeze-thaw cycles of samples and standards resulted in 10-fold de-
crease in copy numbers (results not shown). To avoid this, extracted DNA was
frozen in aliquots and thawed only once for qPCR determination.

No-template controls were run in duplicate for each primer and probe set and
were undetectable after 45 cycles, thus setting the theoretical detection limit of
our assay mixture to one nifH copy. However, the realized detection limit de-
pends on the amount of seawater filtered per sample, elution volume after
extraction, and the amount of sample loaded. In this study, the amount of
seawater filtered determined the detection limits and these are 20, 50, and 75
copies liter ! of seawater for Sonne, Poseidon, Meteor 55, and Meteor 60 samples,
respectively. Thus, in our assays, samples with a C;, value below 36, which
corresponded to <100 copies liter !, were considered detectable but not quan-
tifiable. To minimize potential differences between qPCRs run on different days,
a sample was quantified with all primer and probe sets on 1 day and the same
standard serial dilutions were used for all samples. The ABI 7000 system SDS
software (version 1.2.3) with RQ study application was used to calculate linear
regressions of Cversus log; nifH standard copy numbers. PCR efficiencies were
calculated using the formula E = 10~ 's°P¢ — 1 (1). Average PCR efficiencies
were 96.5% * 2% (n = 37; R* = 0.999) for filamentous, 94.9% = 1% (n = 39;
R? =0.999) for group A, 96.1% = 2% (n = 22; R* = 0.997) for group B, 89.1% =
6% (n = 24; R* = 0.998) for group C, 95.3% = 2% (n = 24; R* = 0.998) for
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TABLE 2. Comparison of clone libraries and qPCR data given as
percentages of each phylotype from the total number of either
clones or phylotypes detected

% of nifH copies detected from:

Phylotype % of Clm:jis Samples with clone
recovere IDlibrariesb All samples®
Filamentous 57.4 71.1 53.1
Group A 26.9 23.9 34.1
Group B 14 0.3 43
Group C 3.6 1.2 2.3
Gamma A 5.9 2.8 53
Gamma P 2.5 0.7 0.6
Cluster IIT 2.2 0.05 0.4

“ A total of 357 clones was obtained from 23 cloned samples.

® A total of 4.9 X 10° nifH copies liter ™' was detected in samples with a
corresponding clone library.

¢ A total of 1.1 X 107 nifH copies liter ! was detected in all 142 samples.

gamma A, 100% = 2% (n = 14, R> = 0.997) for gamma P, and 100% * 1% (n =
22; R* = 0.994) for cluster III. Statistical analyses (Kruskal-Wallis and Mann-
Whitney U tests) were performed with Statistica (version 6). P values of <0.05
were considered significant. Maps of the distribution and abundance of nifH
phylotypes in the North Atlantic were generated with Ocean Data View (37).

RESULTS

Sampling and DNA concentrations. A total of 141 DNA
samples were collected from four cruises to the northern At-
lantic Ocean. Sixty-four samples were collected in surface wa-
ters, 41 from depths of 20 to 80 m, and 36 from depths below
80 m. Water temperatures from all samples ranged from 15 to
30°C, with the coldest (15 to 23°C) and highest (25 to 29°C)
temperatures recorded during the Meteor 60 and Meteor 55
expeditions, respectively. All samples were collected in waters
with a salinity of 34.6 to 37.2 ppt, with the exception of samples
from four stations located in the Amazon River plume, where
surface water salinities ranged between 31.2 and 33.4 ppt. NO;4
concentrations ranged from 0 to 25 wM; however, 65% of the
samples were collected from waters with 0 to 1 uM NO;. PO,
concentrations ranged from 0 to 1.5 uM, and 75% of the
samples had concentrations of 0.25 uM PO, or less. DNA
concentrations ranged from 16 ng liter " to 640 ng liter !
(average, 132 ng liter—*). The lower DNA concentrations gen-
erally came from samples collected at depth. The Sonne and
Meteor 55 samples collected with an overboard pump had on
average a higher DNA concentration (237 ng liter ') than
samples collected with a CTD rosette (114 ng liter ). No
other trends were observed between DNA concentrations and
location, depth, or time of year.

Comparison of clone libraries versus qPCR. Cyanobacterial
phylotypes were the most abundantly detected diazotrophs
(93.8% of the total nifH copies detected), with the majority
being the filamentous phylotype (Table 2). The group A phy-
lotype was the next most abundant, followed by gamma A,
which was lower by 1 order of magnitude. The gamma P and
cluster III phylotypes made up about 1% of all nifH sequences
detected. These results reflect the relative abundance of phy-
lotypes in clone libraries (22), except that rare groups detected
at low abundance with qPCR were overestimated in pooled
clone libraries. In direct comparisons of qPCR data and clone
libraries from the same station, more diazotroph phylotypes
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were detected with qPCR, thus demonstrating the higher sen-
sitivity of this technique, especially for the detection of rare
phylotypes. For 10 of the samples, which contained low diver-
sity (two to three phylotypes present), the relative abundance
of phylotypes from the cloned library accurately (5% differ-
ence) reflected abundances obtained with qPCR, except that
groups with low copy numbers were sometimes absent from
the clone libraries. However, results from qPCR and clone
libraries diverged greatly for samples containing high (more
than three phylotypes present) nifH diversity, with minor phy-
lotypes completely absent from the clone library and large
over- or underestimates of more dominant groups based on
data from clone libraries. Results showed that qPCR provided
a highly sensitive and quantitative estimate of phylotype abun-
dance, in contrast with clone libraries, which can only show
relative abundances at best (Table 2).

Distributions of nifH phylotypes. Diazotroph phylotypes
were detected throughout the northern Atlantic Ocean (Fig.
la). In general, very low to undetectable nifH copy numbers
were observed along the equator and at latitudes higher than
30°N. The highest nifH copy numbers were measured in Po-
seidon samples between 18 to 30°N and 30 to 23°W; however,
the lowest diversity was also observed at this location. High
copy numbers and high diversity were detected in Sonne sam-
ples between 50 and 34°W and 2 and 15°N. The filamentous,
group A, and gamma A phylotypes were the most commonly
detected phylotypes and were distributed throughout the
North Atlantic (Fig. 1b, e, and f). Both gammaproteobacterial
and cluster III phylotypes were only detectable at low copy
numbers (Fig. 1b to d). In contrast to the other phylotypes, the
cluster III distribution reached as far as 40°N (Fig. 1d). This
rare phylotype was detectable in Sonne and Meteor 60 samples,
but only west of 33°W. Copy numbers ranged from the detec-
tion limit to 1,600 cluster III nifH copies liter !, with the
highest copy numbers measured at northern stations where the
spring bloom was in progress (29). The gamma P phylotype
occurred mainly in Sonne samples, and occasionally in Posei-
don samples and the Meteor 55 samples, which were collected
using a pump. In contrast, the gamma A nifH phylotype was
detectable in most samples from all cruises, and ranged be-
tween 10° (Sonne) and 10* (Meteor 55) nifH copies liter .

Filamentous diazotroph nifH copy numbers were found
north of the equator to about 15°N (Fig. 1le) and reached the
highest abundances between 52°W and 35°W, though areas of
high abundances were also present in the eastern part of the
North Atlantic basin (up to 10° copies liter'). Others have
also observed higher abundances of Trichodesmium in the
western Atlantic basin (12) than in the eastern basin. The
filamentous phylotype was found at low copy numbers between
20°N and 30°N, and it was undetectable along the northern
cruise track, except at the two southernmost stations (approx-
imately 22°N).

Unicellular cyanobacterial diazotroph copy numbers were
more variable than filamentous copy numbers. Group A uni-
cellular cyanobacterial phylotypes were present throughout the
study area and reached high concentrations (up to 10° group A
nifH copies liter ") (Fig. 1f). No group A nifH copies were
detectable in the northwestern quadrant of the Atlantic Ocean
(west of 30°W and north 17°N) during spring. Group A copy
numbers were moderately high (9 X 10° to 2 X 10* group A
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FIG. 1. Total nifH copies liter ' detected at each station (a) and nifH copies liter ! of each phylotype in panels b to h were plotted using Ocean
Data View (37). Black dots indicate samples with concentrations below the detection limit. Note that the color scale is a log scale. Fil, filamentous;

Gam, gamma; Grp, group; CIII, cluster III.

nifH copies liter ') between the equator and 15°N but reached
the highest abundances between 30°W to 23°W and 30°N to
17°N (Poseidon cruise track), where copy numbers ranged from
4 X 10° to 10° copies liter . Group C nifH copy numbers were
low to undetectable throughout the study area, except for some
Sonne samples. Group B unicellular phylotypes were mainly
found in Sonne samples, as well, but at higher concentrations:

3 X 10* group B nifH copies liter ! as opposed 1 X 10* group
C nifH copies liter ' (Fig. 1g and h). No quantifiable group B
or group C phylotypes were detected north of 20°N. The group
B phylotype accounted for 6.9% of the total nifH copies
detected in our samples, despite being detected at only 27
stations.

In an attempt to identify what factors influence the distri-
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TABLE 3. Effect of sampling depth and NO; concentration on the
abundance of nifH phylotypes”

% of nifH phylotype copies detected

Type! Surface  Depth o5 M NO,  >0.5 uM NO

samples  samples e 3 il 3
Filamentous*{ 99.2 0.8 99.5 0.5
Group Af 30.7 69.3 97.5 2.5
Group C*f 90.5 9.5 96.5 35
Gamma A*f 89.0 11.0 95.8 4.2
Gamma P 0.0 100.0 89.8 10.2
Cluster IIT 24.6 754 40.2 59.8
Total*¥ 94.1 5.9 97.9 2.1

¢ Data are given as the percentage of either nifH phylotype copies detected in
surface and depth samples (columns 1 and 2) or nifH phylotypes recovered in
waters with less than or greater than 0.5 wM NO;. Surface samples (up to 30 m
deep) and corresponding depth samples (from 30 to 200 m) were available for 37
stations, and no group B phylotypes were detected in these samples (columns 1
and 2). NO; measurements were available for 112 samples.

® Phylotypes whose concentrations were significantly different (P < 0.03,
Mann-Whitney U test) in samples collected at depth than in surface samples are
identified by *, while those significantly affected by NO; concentrations are
identified by f.

bution of diazotrophs, we considered sampling depth, dis-
solved inorganic nutrient concentrations, mixed layer depth,
water temperature, geographical distribution, and Fe fertiliza-
tion via mineral dust deposition. Comparison of paired surface
(up to 30 m deep) and deep (30 to 200 m) samples from 37
stations indicated that overall total diazotroph abundance de-
creased with depth (Mann-Whitney U test; P = 0.004). More
specifically, the filamentous, gamma A, and group C phylotype
concentrations were significantly higher in the surface samples
(Mann-Whitney U test; P < 0.001). There were a few stations
where the group A phylotype was detected both at the surface
and at depth; however, the majority of group A phylotypes
were detected between 10 and 30 m. Cluster III and gamma P
concentrations appeared to increase with depth, but this result
was not statistically significant (Table 3).

Significant relationships were also observed between nifH
distribution and residual NO; (Table 3) and PO, concentra-
tions (results not shown), with most phylotypes being almost

30
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completely restricted to NO5 concentrations less than 0.5 M.
One clear exception was the cluster III phylotype, which
showed no significant preference for low NO, waters (Table 3).
Mixed-layer depth showed no direct relationship with specific
nifH phylotypes (results not shown).

The influence of temperature on the distribution of nifH
phylotypes was investigated by calculating the mean water tem-
perature for each phylotype in samples containing greater than
100 nifH copies liter'. The mean temperature for each phy-
lotype ranged from 28°C for group C to 18°C for cluster III
(Fig. 2a). We observed that most phylotypes were associated
with narrow temperature ranges except for gamma P, the least
abundant phylotype, which appeared to be poorly constrained
by temperature. The group C phylotype was detected in very
warm waters, while gamma A, gamma P, and group B were
detected mainly in waters of about 24°C. Temperature means
for group C, filamentous, gamma A, and cluster III were sig-
nificantly different from the mean water temperature of all
samples. Interestingly, cluster III was the only phylotype whose
mean detection temperature was below the mean of all sam-
ples. The clearest associations between temperature and nifH
phylotypes were for the filamentous and group A phylotypes,
which were detected in significant quantities at average tem-
peratures of 26°C and 20.9°C, respectively (Fig. 2a). Although
the filamentous and group A phylotypes were detected
throughout the temperature range, the highest copy numbers
were detected in samples with water temperatures from 28 to
30°C and 19 to 24°C, respectively (Fig. 2b). This suggests that
these two dominant groups may have different temperature
optima.

Distribution by geographical areas. The large geographical
coverage of our data prompted us to analyze the distributions
and abundances of the nifH phylotypes in six regions (Fig. 3a),
defined as a function of the basic water characteristics, tem-
perature and salinity, of the surface water sample (see Fig. S1
in the supplemental material). Average nifH gene copy num-
bers for the stations within regions A, B, and C, corresponding
to areas north of 35°N, the equator, and the Sargasso Sea
respectively, contained very low abundances of potential dia-
zotrophs (Fig. 3b). In contrast, the highest average surface and

4.5x10°
4oxtosf b
3.5x10°
3.0x105
2.5x10°
2.0x105

average nifH copies |

1.5x10°
1.0x10°
0.5x10°

e

0 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Temp (°C)

FIG. 2. Box-whisker plots (black dots, mean; boxes, standard error; bars, 95% confidence interval) show the temperatures where >100 nifH
copies liter ! were detected for all phylotypes in panel a. The mean temperature of all samples (22°C) and the associated standard error are
indicated by a black line and dashed line, respectively. Phylotype temperature means which are significantly different from 22°C (P < 0.05,
Kruskal-Wallis test) are identified by asterisks. Letters signify groups of phylotypes whose temperature means are not significantly different from
another group (Mann-Whitney U test). Average filamentous and group A nifH copies liter ' detected at sample temperatures rounded to the
nearest whole degree are displayed in panel b. Error bars indicate the standard error.
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FIG. 3. Separation of stations according to geographical location
(a) and physical characteristics (see the supplemental material). Sta-
tion locations are overlaid on a map of predicted annual dust deposi-
tion. The average number of nifH copies liter ' and standard error
from all samples (clear bars) and only surface samples (black bars) in
each region are plotted in panel b. Region letters correspond to the
panels in Fig. 4. Sonne 152 samples were not plotted because no
temperature and salinity data were available.

average nifH copies I'!

total nifH gene copy numbers were detected in regions E and
F (Fig. 1a and 3b).

For each geographical area, average nifH concentrations of
individual phylotypes were plotted versus temperature (Fig. 4).
Region A (northerly stations) was characterized by low surface
water temperatures (<19°C) and relatively high salinity (>36.2
ppt). This area of very low nifH gene copy numbers (Fig. 3 and
4a) contained only the cluster III, group A, and gamma A
phylotypes. Of the eight samples measured in region B (equa-
tor), only one contained abundances well above the detection
limit (Fig. 4b). Here, diversity was low and only the filamentous
and a few gamma A phylotypes were detected. Stations in the
Sargasso Sea were sampled in the spring time (region C, Fig.
4c), exhibited deep mixed layers, and contained low nifH con-
centrations. The three phylotypes found there consisted of the
rare cluster III phylotype as well as the gamma A and filamen-
tous phylotypes. These phylotypes were homogeneously dis-
tributed throughout the stations, even at depths up to 160 m.
Region D contained samples that were influenced by the
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Amazon River, where surface water temperatures were
greater than 28°C and diazotroph concentrations, especially
the filamentous phylotype, were higher in the surface sam-
ples (Fig. 4d).

Total nifH concentrations were relatively similar in regions
E and F (Fig. 3b), but different groups were dominant (Fig. 4e
and f"). Region E samples were characterized by surface water
temperatures of 20 to 23°C and salinity of 36.8 to 37 ppt. This
area was dominated by the group A phylotype. The cluster III
phylotype was also detected, but only in the samples from the
western half of this region. In contrast, the filamentous phylo-
type dominated region F, where surface water temperatures
were greater than 27°C and the salinity was 34.7 to 35.6 ppt.

The amount of dust deposition may play a role in determin-
ing the abundance and distribution of diazotrophs in a certain
region. In Fig. 3a, the stations are plotted in relation to the
annual dust deposition. Samples were then grouped according
to estimated annual dust deposition (Fig. 5). The highest dia-
zotroph concentrations were detected where the dust deposi-
tion was between 2 and 5 g m ™2 year ' (Fig. 5). The geograph-
ical regions with the lowest number of nifH copies detected
(i.e., all of region A and most of region B samples) were
located in the modeled dust deposition area with <1 g m™—*
year— . Only the cluster III phylotype was detected more often
in regions with low dust deposition (Fig. 1d and 5).

DISCUSSION

Assessing relative diversity and phylotype abundances from
qPCR data. Although extensive sequencing of clone libraries
generated from endpoint PCR products has the potential to
uncover rare and new phylotypes, amplification biases can oc-
cur from preferential primer binding, the use of different types
of Taq polymerases (32), nonselection by a primer set (30), and
multiple target gene copies. For this reason, it is well recog-
nized that endpoint PCR techniques are not suitable for quan-
titative analysis of genetically diverse phylotypes from natural
microbial communities. Prior knowledge of the nifH gene di-
versity from the study area (22) allowed us to target and quan-
titatively estimate the abundance of the dominant phylotypes,
avoiding amplification biases by using specific primer and
probe sets. We found that an approach combining both se-
quence analyses from clone libraries and TagMan-based gPCR
assays was needed for accurately assessing both diversity and
abundances of diazotrophs in a given environment.

The presence of multiple gene copies in the genome of an
organism as well as multiple genome copies per cell can affect
the extrapolation of qPCR results to estimates of cell abun-
dance. It is known that some diazotrophs, such as Clostridium
pasteurianum, have multiple copies of the nifH gene (35). Oth-
ers, such as Trichodesmium erythraeum and Crocosphaera
watsonii, have only one copy of the nifH gene per genome. As
there is no available genome information for the uncultured
phylotypes and little information on the variability of genome
copies per cell for all nifH phylotypes, the concentrations of
nifH genes presented in this study should be considered an
upper limit of the cell density. Given the limited dissolved P
and N supply in the euphotic zone of the oligotrophic North
Atlantic (27, 44), the presence of multiple genome copies per
cell is unlikely. In contrast, this may be a consideration for
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respectively.

diazotrophs located below the euphotic zone, where nutrient
levels are high (26).

Diazotrophic communities of the Atlantic Ocean. Our re-
sults on nifH phylotype distribution emphasize the importance
of Trichodesmium in the tropical Atlantic Ocean, complement-
ing other studies (6), as filamentous nifH sequences made up
51% of all detected sequences. Filamentous concentrations
were similar to Trichodesmium cell counts (7). Although the
distribution of Trichodesmium exhibits a latitudinal trend with
increasing abundances in southerly latitudes, seasonality may
also play an important role in explaining the distribution pat-
terns of this phylotype in our study. Nitrogen fixation rates
have been reported to be highest during the late summer and
autumn and lowest in the winter in the area above 10°N and

west of 40°W (6) The two cruises with the highest filamentous
copy numbers (Sonne and Meteor 55) were during the fall. The
Meteor 60 cruise was during the spring, the season correspond-
ing to the lowest Trichodesmium abundances in this latitudinal
range (31).

Although filamentous phylotypes were dominant in our
study, the group A unicellular phylotype was responsible for
over a third of our total nifH copies, suggesting that this group
may periodically contribute significantly to N, fixation in the
northern Atlantic. The gamma A phylotype, although detected
at low concentrations, was found in almost all samples and may
also play an important role globally due its widespread distri-
bution. It has already been demonstrated that gammapro-
teobacteria are cosmopolitan (8), and an nifH gammapro-
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teobacterial sequence 99% similar to the gamma A target
sequence of this study was present at all stations in an Arabian
Sea study (4). Taken together, these results suggest that the
widespread distribution of nifH phylotypes belonging to the
gammaproteobacterial group warrants further study of its role
in the global nitrogen cycle.

The presence of cluster III nifH phylotypes in oxygenated
low light waters with detectable to high nitrate is puzzling. In
our study, the highest concentrations of cluster III phylotypes
were detected during the spring bloom at stations character-
ized by a deep mixed layer and high nitrate concentrations
(29), suggesting that high nitrate conditions do not select
against all diazotrophs (20). Even Trichodesmium, which in our
study was abundant only in oligotrophic waters, could retain
some ability to fix nitrogen when grown in cultures with high
nitrate concentrations (18). Diverse cluster III nifH transcripts,
distantly related (<60%) to the ones described here, have also
been reported in well-oxygenated surface waters of the Medi-
terranean Sea (24). It was suggested that cluster III dia-
zotrophs from oxygenated waters may be either facultative
anaerobes or associated with zooplankton (24). Photosyn-
thetic, diazotrophic, purple sulfur bacteria have been reported
in association with copepods and have been found to fix nitro-
gen (34). Although prefiltered (10 wm) samples preclude zoo-
plankton as the host of cluster III phylotypes in some studies
(9), a zooplankton-cluster III association cannot be ruled out
in the present study. Whether cluster III contributes signifi-
cantly to global nitrogen fixation remains an open question
requiring further work.

To date there have been few other studies which have
looked at the distribution of oceanic diazotrophs quantita-
tively. Published concentrations of diazotroph phylotypes (9,
10) measured by real-time qPCR were comparable to those
obtained in this study. Church et al. (9) reported the group A
phylotype as being the most numerous (2 X 10° copies liter ')
in upper waters and the cluster III phylotype abundant in dim
waters (100 to 1,000 copies liter '). The situation was different
in the Atlantic Ocean, with some stations dominated by the
filamentous phylotype and cluster III often undetectable even
at depth. Concentrations reported by Foster et al. (13) of the
filamentous, group A, group B, and group C phylotypes were
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comparable to those detected in region D. We did not observe
any nifH sequences related to the diatom-diazotroph symbiont
Richelia in our clone libraries and therefore did not quantify
these groups, although our samples were collected from waters
with higher salinities and lower Si concentrations (0 to 1 wM)
than those where Foster et al. (13) observed the diatom-dia-
zotroph association. The Sargasso Sea has been considered an
area where nitrogen fixation can be important (31); however,
we detected low nifH copy numbers in this area (region C), a
finding shared by others (17).

In our study, filamentous and group A were the dominant
phylotypes whose distributions were well separated as a func-
tion of temperature (Fig. 2). The filamentous and group A
phylotypes were dominant at stations with water temperatures
ranging between 28 and 30°C and 22 and 23°C, respectively.
Similarly, group A dominated at the ALOHA time series site
when the water temperature ranged between 23 and 24°C (9,
22). The direct effects of temperature on the physiology of an
organism can be confounded by the role temperature plays in
water column stratification, light regimens, and nutrient avail-
ability. In the case of Trichodesmium, the association with high
water temperature reflects a direct effect on nitrogen fixation
and growth rates, with the optima for both physiological pro-
cesses occurring between 24 and 30°C (5, 40). The physiolog-
ical reasons for this high temperature preference are not com-
pletely understood (41). A combination of factors such as
lower dissolved O, concentration and a higher respiration rate
at high temperatures may favor Trichodesmium growth by fa-
cilitating O, scavenging and thereby protecting nitrogenase
against irreversible O, damage. A change from 30°C to 20°C
waters would result in a 20% increase in dissolved O, concen-
tration and in a twofold reduction in respiration rates. Except
for a few sparse field observations, there are currently no data
for the other nifH phylotypes primarily because there are no
culture isolates. It is therefore not possible at this stage to
establish the effects of temperature on organism physiology for
the other diazotrophic groups, although there is a need to carry
out laboratory experiments with a group B isolate, C. watsonii.

The detection of nifH in a DNA sample gives an estimate of
the potential for diazotrophy within the microbial community.
Whether any of the detected diazotrophs were actively fixing
dinitrogen cannot be determined from our results, as only
information on nifH DNA copy numbers is presented here.
However, dinitrogen fixation rates ranging from 3.7 to 255
wmol m~2 day ! were measured during the same cruises (27,
43), indicating that some of the nifH phylotypes were actively
fixing N..

nifH distribution relative to dust deposition. Iron supply has
been shown to limit diazotrohic growth (33) and, in combina-
tion with phosphate, nitrogen fixation (27). This limitation is
probably because diazotrophs can have an iron requirement up
to 10 times greater than that of other photoautotrophs (21, 40)
which is needed for the synthesis of the nitrogenase enzyme.
Iron is supplied to the Atlantic Ocean mainly through deposi-
tion of aeolian dust, originating from the Sahara (19). The
concentration of nifH phylotypes was higher in regions which
receive an estimated annual dust deposition of 2 to 5 g m™~?
year~ ! than in the area with 5 to 10 g m~2 year™'. Trichomes
were indeed visible in water samples and on filters in the area
with 2 to 5 g m ™2 year'. Although the western coast of Africa
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receives the largest amount of dust, seasonal upwelling brings
colder temperatures and higher macronutrient concentrations,
which most likely favor groups other than diazotrophs, thus
potentially explaining why nifH abundance was considerably
lower in the area with dust deposition of 5 to 10 g m ™2 year™'.
Dust particle size may also play a role in determining the
bioavailability of Fe, with heavier particles deposited more
quickly and sinking faster than finer particles (2). Similar to
our findings, Voss et al. (43) found that nitrogen fixation rates
were correlated with dissolved iron concentrations during the
Meteor 55 cruise. In contrast, a study focused on nitrogen
fixation by Trichodesmium in the central North Atlantic found
no correlation of N, fixation rates with dissolved iron (36). The
authors concluded that Trichodesmium was not iron limited in
their study because of high dissolved iron concentrations ob-
served in April, a month of high dust deposition. The cruise
track from their study was mainly located within the area with
a modeled annual dust deposition of 2 to 5 g/m?/year, covering
a fraction of the geographical area presented in our study.
Whether temperature, geographical location, residual NO;, or
amount of dust deposition plays a larger role in determining
the composition of diazotrophs requires further study.

Conclusions. Our study presents a snapshot of nifH phylo-
type distribution and abundance covering a large geographical
area of the North Atlantic and expands the known distribution
range of diazotrophs. The dominant phylotypes filamentous
and group A had different temperature optima, indicating that
these two groups may occupy different niches. Although most
nifH phylotypes were associated with warm waters with very
low NO; concentration, the presence of the cluster III phylo-
types at relatively high latitudes and high NO; concentrations
was unexpected. Data on nitrogenase activity or nifH expres-
sion will be needed to confirm that these nifH phylotypes
actively fix dinitrogen in all of the locations where they were
detected. There is currently no information on the seasonal
distribution and diurnal activity of most nifH phylotypes, with
the notable exception of Trichodesmium (10). Our study sug-
gests that atmospheric mineral dust deposition and tempera-
ture are important factors determining the distribution and
abundance of the various nifH phylotypes. However, confirma-
tion of our observations will require a coupled seasonal anal-
ysis of the nifH phylotype distribution and mineral dust depo-
sition in the North Atlantic.
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