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Cyanobacterial No-fixing microorganisms
(diazotrophs) play a critical role in nitrogen and
carbon cycling in the oceans; hence, accurate
measurements of diazotroph abundance are

imperative for understanding ocean biogeochemistry.
Marine diazotroph abundances are often assessed
using qPCR of the nifH gene, a sensitive, taxa-specific,
and time/ cost-efficient method. However, the validity
of nifHH abundance as a proxy for cell concentration
has recently been questioned. Here, we compare nifH
gene abundances to cell counts for four diazotroph
taxa (Trichodesmium, Crocosphaera, Richelia, and
Calothrix) on two cruises to the North Pacific
Subtropical Gyre, one of the largest habitats for
marine diazotrophs. nifH:cell relationships were strong
and significant for Crocosphaera, Richelia, and Calothrix
(nifH:cell 1.51-2.58; R® =0.89-0.96) but were not
significant for Trichodesmium, despite previous studies
reporting significant nifH:cell relationships for this
organism. Limited available data suggest that
empirical nifH:cell can vary among studies but that
relationships are usually significantly linear and >1:1.
Our study indicates that nifll gene abundance, while
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not a direct measure of cells, is a useful quantitative
proxy for diazotroph abundance.

Key index words: cyanobacteria; ddPCR; diazotroph;
nifH; polyploidy; qPCR

Abbreviations: CTD, conductivity temperature depth;
DDAs, diazotroph-diatom associations; ddPCR, digi-
tal droplet PCR; IFCb, Imaging FlowCytobot; NCDs,
non-cyanobacterial diazotrophs; NPSG, North Pacific
Subtropical Gyre; UCYN-A, unicellular cyanobacte-
rial group A

Diazotrophs convert otherwise inert Ny gas into
biologically available ammonia, fueling new produc-
tion and export in nitrogen-limited surface ocean
waters (Karl et al. 1997). Marine diazotrophs are
comprised of cyanobacterial taxa, including filamen-
tous Trichodesmium, heterocystforming diazotroph-
diatom associations (DDAs), and unicellular groups
such as Crocosphaera and UCYN-A, as well as non-
cyanobacterial diazotrophs (NCDs), whose contribu-
tion to marine Ny fixation is uncertain (Zehr and
Capone 2020).

Efforts to measure and predict marine diazotroph
abundances have used both cell- and gene-based
approaches (e.g., Luo et al. 2012, Tang and Cas-
sar 2019, Pierella Karlusich et al. 2021), which have
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Fic. 1. Sampling locations during the 2017 (a) and 2018 (b) cruises. Locations are superimposed onto satellite sea level anomaly data
from June 30, 2017 and April 03, 2018, which were retrieved from the Copernicus Marine and Environment Monitoring Service (http://
www.marine.copernicus.eu) and corrected according to Barone et al. (2019).

different advantages and limitations. Cell-based
methods, including light and epifluorescence micro-
scopy (White et al. 2018), continuous plankton
recording (Olson et al. 2015), and automated flow
cytometry (Wilson et al. 2017, Dugenne et al. 2020),
have the advantage of directly counting diazotroph
cells or filaments. Unfortunately, manual micro-
scope counts are laborious, automated imaging
methods have size and volume constraints that
exclude some taxa and/or life-stages, and these
methods cannot enumerate diazotrophs lacking
known phenotypic or fluorometric signatures, such
as NCDs. Alternatively, diazotrophs can be quanti-
fied using molecular approaches targeting the niyH
gene, which encodes the iron protein of the nitro-
genase enzyme used for Ny fixation. nifH-based
approaches have the advantage of being sensitive
and phenotype-independent, as well as being rela-
tively high-throughput. The relative ease and afford-
ability of nifH qPCR and digital droplet PCR
(ddPCR) has led to the increasing use of these tech-
niques, with >10,000 marine measurements to date
(10.5281/zenodo.6537451; Tang and Cassar 2019).
Despite the widespread use of nifH qPCR/ddPCR
measurements, their validity as a proxy for diazotroph
abundance has been questioned (Meiler et al. 2022).
Diazotroph nifH:cell relationships can be con-
founded by methodological biases in either mea-
surement; for niyH, this includes incomplete DNA

extraction, suboptimal primer specificity, and uncer-
tainties associated with qPCR, as well as true biologi-
cal variability (e.g., polyploidy). Empirical gene:cell
relationships for field populations of Trichodesmium
have ranged from <1 to >100 (Hynes 2009, Sargent
et al. 2016, White et al. 2018). Trichodesmium gene
copies per cell also differ between field populations
and laboratory cultures and appear to vary among iso-
lates (Hynes 2009, Sargent et al. 2016), though rela-
tionships in individual studies have been significantly
linear. Unfortunately, nifH gene and cell abundances
of natural diazotroph assemblages are rarely com-
pared and concerns over potential uncertainties in
nifH:cell conversion factors have led to suggestions
that nifH be used merely as a presence/absence met-
ric (Meiler et al. 2022).

Here, we compare nifH gene abundances to cell
counts for four diazotroph taxa (7richodesmium, Cro-
cosphaera, and the DDAs Richelia and Calothrix) sam-
pled from the surface mixed layer during two
cruises to the North Pacific Subtropical Gyre
(NPSG). Samples were collected between two mesos-
cale eddies June—July 2017 (KM1709; Dugenne
et al. 2020) and from eddy centers March—April
2018 (FK180310; Gradoville et al. 2021), expeditions
which each spanned >200 km (Fig. 1). While lim-
ited, this reflects the most geographically extensive
field comparison of nifH:cell among taxa to date.
DNA samples were collected from 15 m (2017) and
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Fic. 2. nif gene abundances versus diazotroph cell concentrations on the 2017 and 2018 cruises. Solid lines show a 1:1 relationship;
dashed lines show the slope from a simple linear regression model with a fixed zero intercept. Regression statistics are provided for each
subplot. Gray dotted lines reflect detection limits, corresponding to 50 cells - L™" for 20 mL binned samples (~200 cells - L™') for IFCb
measurements and 44-181 nifH genes - L™ for ddPCR measurements (Gradoville et al. 2021). Note that data are plotted on a logarithmic
scale but regressions were performed using untransformed data. [Color figure can be viewed at wileyonlinelibrary.com]

5 m (2018) by sub-sampling 2—4 L of seawater from
Niskin® sampling bottles. Sample preservation,
DNA extraction, and nifH ddPCR were performed
as previously described (Gradoville et al. 2021). Dia-
zotrophs were also enumerated from the ship’s
uncontaminated underway system (~7 m intake
depth) using two types of autonomous flow cytome-
try: an Imaging FlowCytobot (IFCb, McLane) for
taxa >4 pm (Trichodesmium, DDAs, and large cell-size
Crocosphaera; Dugenne et al. 2020) and an autono-
mous SeaFlow flow cytometer for small cell-size Cro-
cosphaera (2—4 pm; Ribalet et al. 2019), at 20 and
3 min intervals, respectively. For filamentous dia-
zotrophs, filaments were enumerated by the IFCb
and the number of cells in each individual filament
was counted manually using IFCb images. To
increase the counting accuracy of rare diazotrophs,
data from within 2 h of DNA sample collection were
binned to 1.5-2 h measurement windows, represent-
ing a cumulative volume of >20 mL from an average
of 5.5 + 1.5 individual IFCb samples. The two Riche-
lia ddPCR assays (Het-1 and Het-2) were summed

for our comparisons. All abundance data are avail-
able at https://doi.org/10.5281/zenodo.6342202.

Diazotroph taxa were detected by ddPCR and
autonomous flow cytometry in 39/52 paired mea-
surements. There were strong, significant relation-
ships between nifH and cell abundances of
Crocosphaera and DDAs, with R values from linear
regressions ranging from 0.89 to 0.96, while the
relationship for Trichodesmium was not significant
(Fig. 2). nifH:cell differed slightly among taxa, with
slopes ranging from 1.51 to 2.66 (Fig. 2).

Previous data on in situ nifH:cell relationships are
sparse. In the most rigorous assessment we are
aware of, White et al. (2018) compared cell counts
and nifH genes of Trichodesmium and DDAs at three
depths over 2 years of repeat Hawaii Ocean Time-
series cruises in the NPSG (51 sample comparisons;
White et al. 2018). We reanalyzed these data using
the same regression methods as in the present study
(Fig. S1 in the Supporting Information) and found
that White et al. observed much higher nifH:-
cell (116-971), with a stronger relationship for
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Trichodesmium (R® = 0.50) and weaker relationships
for Richelia and Calothrix (B2 = 0.35-0.40).

These contrasting results may be at least partially
driven by methodological choices. For cell counts,
White et al. (2018) used microscopy after filtering
10 L of seawater onto a 10 um polycarbonate mem-
brane filter, which may have allowed some filaments
to pass through. Since nifH measurements were
made using 0.2 pm filters, niyfH:cell might have been
artificially inflated. Additionally, DDA counts only
included heterocysts, not vegetative cells, which as
White et al. (2018) discussed, likely inflated niH:-
cell by a factor of ~3-5. In our study, Trichodesmium
cells may have been underestimated due to a
100 pm pre-filter used before IFCb counts, which
excluded colonies and perhaps some large fila-
ments, and because the field of view of the IFCb
camera prevented accurate counts of filaments
longer than 425 pm (representing ~12% of the tri-
chomes counted by microscopy in 2017). In a small
comparison on the 2017 cruise, average Tri-
chodesmium IFCb counts were 19% lower than micro-
scopy counts using the methods of White et al.
(2018; n = 3, data not shown), suggesting that a cor-
rection factor of x1.2 (not applied in the present
study) could improve the accuracy of Trichodesmium
counts via the IFCb. These methodological limita-
tions, as well as the small IFCb sample volume
(20 mL), may have contributed to the non-
significant nifH:cell relationship we observed for Tri-
chodesmium, which is well known to be heteroge-
neous in distribution.

Sampling methodology and nifH may have also dri-
ven nifH:cell differences between studies. Our study
used ddPCR, which has greater precision and repro-
ducibility than previous qPCR measurements (Hind-
son et al. 2013). Observed nifH abundances might
also vary due to different DNA extraction efficiencies
or shifts in community composition influencing pri-
mer binding sites. Finally, sampling techniques and
ocean patchiness may have influenced nifH:cell rela-
tionships. The large filtration volumes used by White
et al. (2018) surely improved the nifH:cell regression
fit for Trichodesmium, a notoriously patchy organism.
In contrast, we observed stronger fits for Richelia and
Calothrix, possibly because our sampling strategy tem-
porally linked cell counts and DNA collection (de-
spite the two sample types being collected from
different depths within the mixed layer), while in
White et al. (2018), nyfH and microscopy samples
were collected from separate CTD casts with a larger
temporal offset. White et al. (2018) did not assess Cro-
cosphaera, but our observed nifH:cell is ~half of the
value reported from a single sample in another NPSG
study (3.6; Wilson et al. 2017).

Regardless of whether the different nifH:cell rela-
tionships observed here and previously were driven
by methodological biases or true biological differ-
ences, empirical relationships have all been statisti-
cally significant, except for Trichodesmium in the

present study. These significant relationships vali-
date nifH as a quantitative abundance proxy.
Observed nifH:cell likely varies among laboratory
groups using different methodologies and possibly
also regionally from environmental effects on ploidy
(Sargent et al. 2016). The caveats described above
should be considered carefully if using nifH data to
infer cell abundance, just as caveats are considered
when using chlorophyll data to infer phytoplankton
biomass (Huot et al. 2007).

Ultimately, our limited data suggest that nifH is a
useful yet imperfect abundance proxy. Since empiri-
cal nifH:cell is not 1:1, direct cell counts may be
preferable when possible and practical. However,
not all diazotrophs can be counted using traditional
microscopy—this includes UCYN-A, undescribed
cyanobacterial diazotrophs (new species continue to
be discovered; Schvarcz et al. 2022), and NCDs
(Moisander et al. 2017). A recent report of non-Ng-
fixing Trichodesmium (Delmont 2021) also highlights
the need for nifH-based methods to complement
cell abundance data when the genetic potential for
Nj, fixation is in question. We hope that future stud-
ies report nifH:cell and explore the mechanisms
controlling this ratio.
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Supporting Information

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

Figure S1. niH gene abundances versus cell
concentrations observed by White et al. (2018).
In the original publication, the average nifH:cell
within the upper 45 m were presented and Riche-
lia and Calothrix heterocyst abundances (Het-
1 + Het-2 + Het-3) were summed. Here, we show
data separately for each genus and depth. Regres-
sions were performed using the same method as
in the current study (simple linear regression with
a fixed zero intercept using all data for which cell
and nifH abundances were above detection lim-
its).
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