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22 Abstract

23 Quantifying the number of aquatic diazotrophs is highly challenging and relies mainly
24 on microscopical approaches and/or molecular tools that are based on nif genes.

25  However, it is still challenging to count diazotrophs, especially the unicellular

26  fraction, despite their significant contribution to the aquatic nitrogen cycle. In this

27  study a new method was developed to quantify unicellular diazotrophs by

28  immunolabeling the nitrogenase enzyme followed by identification and quantification
29  via flow cytometry. The new quantification method was initially developed using a

30 diazotrophic monoculture (Vibrio natriegens) and verified by various auxiliary

31 approaches. It was found that only 15-20% of the total number of V. natriegens cells
32 have synthesized the nitrogenase enzyme, even though the media was anaerobic, and
33 N limited. This approach was further tested in samples from marine and freshwater

34  environments. It was found that the ratio of diazotrophs to total bacteria was 0.1% in
35 the Mediterranean Sea, while 4.7% along the Jordan River. In contrast, the specific N2
36  fixation per unicellular diazotrophs was highest in the Mediterranean Sea (88 attomole
37 N celltd?) while the total N fixation rates were lowest in the lake and the river (0.2
38 nmole N Lt d%). Overall, we expect that this direct quantification approach will

39  provide new insights on the number and contribution of unicellular diazotrophs to

40  total N2 fixation in marine and freshwater environments under various conditions.
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Introduction

Biological N2 fixation is a central process in marine and freshwater environments as it
supplies new nitrogen compounds and support primary production (Gruber &
Galloway, 2008; Zehr & Capone, 2020). Dinitrogen fixation is carried by a specific
subgroup of bacteria and archaea known as diazotrophs. These organisms use the
nitrogenase enzyme, a two-component complex comprised MoFe protein and Fe-
reductase protein (Hoffman et al., 2014). Studies have indicated that aquatic
diazotrophs include autotrophic (Zehr, 2011), heterotrophic (Bombar et al., 2016;
Riemann et al., 2010) and mixotrophic (Benavides et al., 2020; Feng et al., 2010)
metabolism to maintain the energetic requirements of the nitrogenase enzyme.
Aquatic diazotrophs can be found in benthic mats, organized in long filamentous
chains (up to few hundreds of micrometers), free living planktonic cells, or associated

with aggregates (Bergman et al., 2013; Bertics et al., 2010; Riemann et al., 2022).

Quantifying the abundance of aquatic diazotrophs, especially the unicellular fraction,
is challenging, thus missing in most ecological studies, despite their biochemical
importance. Traditionally, microscopical approaches were used to count diazotrophs,
for most part filamentous bacteria such as Trichodesmium sp. and Anabena sp.
(Spungin et al., 2016; Zulkefli & Hwang, 2020). During the last two decades various
molecular methods such as quantitative polymerase chain reaction were also used to
estimate the numbers of smaller, unicellular diazotrophs (Foster et al., 2007; Turk et
al., 2011). These methods are mostly based on evaluating the numbers of diazotrophs
focus on the potential transcription (DNA) or expression (MRNA) of nifH genes.
Previous studies have immunolabeled the nitrogenase enzyme to visualize aquatic
diazotrophs (Currin et al., 1990; Geisler et al., 2019; Lin et al., 1998) . Differently

than targeting the nifH gene, it was estimated that diazotrophs which synthesized the
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71 nitrogenase enzyme are likely to actively fix dinitrogen. However, the advantages of
72 nitrogenase immunolabeling for unicellular diazotrophs quantification was yet

73 developed.

74 In this study nitrogenase immunolabeling was compiled with flow cytometry to

75  quantify the number of unicellular diazotrophs in aquatic environments. The

76  quantification method is based on immunolabeling the MoFe subunit of the

77  nitrogenase enzyme by two antibodies conjugated to a green fluorophore. The method
78  was first calibrated with Vibrio natriegens as a representative unicellular diazotrophs
79  and then validated in-situ from several marine and freshwater environments.

80  Complimentary N2 fixation measurements were undertaken, enabling to quantify the

81 diazotrophic cell-specific activity.
82  Materials and Methods
83  Culturing unicellular diazotroph and non-diazotrophic bacteria

84  Vibrio natriegens (ATCC 14048) and/or Escherichia coli (ATCC 11303) were

85 acclimated in a gas tight bottles (100 ml) containing Luria Bertani Broth media (LB,
86  Merck Millipore, BD, 0083370) under anaerobic conditions (~0.2 mg L™ O,) at 26 °C
87  overnight. The LB media used to grow the V. natriegens also included 1.5 % NaCl

88  (Sigma Aldrich, 312525). Cells were further diluted to ~5x10° cells mI and re-grown
89  to a mid-logarithmic phase with an ~2x10® cells mI* for 1-2 h under the same

90 conditions. Bacterial cells were centrifuged (3500 g for 6 min) to remove the LB and
91  resuspended in artificial brackish water (1 ml) to a final cell concentration of ~2x10°
92  cells mI’t. The chemical composition of the artificial media is detailed in the

93  supporting information.
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94  Triplicate biological replicates containing either V. natriegens, E. coli or both (1:1)
95  were resuspended in N limited brackish water, enriched with *N, (99%, Cambridge
96 Isotopes, lot #NLM-363-PK, final concentration 1% v:v). Monocultures or mixed
97  cultures were then incubated for 48 hours under dark and anoxic conditions at 26 °C.
98  Additional two bottles from each bacterial type were not enriched with °N; to
99  determine their natural isotopes ratio. At the conclusion of the incubation, sub
100  samples were analyzed for N fixation rates, colony forming units (CFU), as well as
101 total bacterial abundance (BA) and diazotrophic abundance (DA) as detailed below.
102  In addition, diazotrophs were visualized by capturing immunolabeled subsamples by

103 confocal laser scanning microscopy (CLSM).
104  Collection of natural diazotrophs

105  Surface waters were collected from three sampling locations, the South Eastern

106  Mediterranean Sea, Qishon Estuary, and Sea of Galilee Lake (Table S1). Water were
107  incubated in 1 L Nalgene bottles. N> fixation rates were determined by enriching the

108  samples with 15 % of dissolved *°N, stock. Enriched samples were incubated for 48 h
109  at room temperature under 12h light/dark conditions. Subsamples (1.7 ml) were

110  collected at the end of the incubation for BA and DA analysis as well as diazotroph

111 microlocalization.
112 Analytical methods
113 Diazotrophs immunolabeling for flow cytometric analysis

114  Monoculture and natural samples (1.7 ml) were fixed with 50% glutaraldehyde (final
115  concentration, 0.2 % Sigma-Aldrich, G7651), flash frozen in liquid nitrogen and
116  stored at -80 °C until analyses. Samples were prepared by slow thawing at room

117  temperature (Figure 1A). Next, ethylenediaminetetraacetic acid (EDTA, Sigma
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118  Aldrich, 03690) was added (final concentration of 5 uM) to chelate cations and

119  facilitate aggregates dispersion (Bogler & Bar-Zeev, 2018). Samples were also

120  sonicated in a bath sonicator for 6 min to disassociate cells from the aggregate matrix
121 and one another. Subsamples (1 ml) were transferred and centrifuged for 10 minutes
122 at x4000 g (a subsample was also collected for total bacterial abundance, detailed are
123 provided below). The supernatant was cautiously discarded to maintain the bacterial
124  pellet. Wash solution was prepared by mixing phosphate buffer saline (PBS) and

125  Triton X-100 (T, final concentration of 0.1 %, Sigma Aldrich, X100), define hereafter
126  as PBST. The wash solution was added to perforate the cell envelope. Samples were
127  centrifuged for 10 minutes at x4000 g, while the supernatant was cautiously

128  discarded. This washings-centrifugal cycle was repeated three times to increase the
129  efficiency of cellular perforation. Fresh anti-nitrogenase antibody (3 pg ml?, Agrisera
130  Antibodies AS01 021A) was prepared with PBST and bovine albumin serum (BSA,
131 filtered 0.2 um, 1 mg ml?, Sigma Aldrich A2153) to minimize unspecific antibody
132 binding (Figure 1B). Samples were then incubated while slowly rotating (Benchmark
133 Scientific Roto-Therm Plus, H2024) for one hour at room temperature to

134  facilitate binding between the nitrogenase MoFe subunit and the primary antibody.
135  Unbonded antibodies were removed by washing the samples three times with PBST
136  similarly to the above. Washed samples were then incubated at room temperature in
137  the dark for 45 min with the secondary antibody (3 pg ml, Thermo Fisher Scientific
138  A-11039) conjugated to a green fluorophore (Alexa Fluor™ 488) with Ex spectra of
139 498 nm and Em of 520 nm (Figure 1C). Any untagged residues of the secondary

140  antibodies were removed by washing the samples three times with PBST as described
141 above. Immunolabeled samples were suspended with sterile PBS (1 ml) without any

142  additions. Additionally, few controls were prepared following the above procedure
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143  and tested to evaluate the specific tagging of diazotrophs: (1) Negative control,

144  namely PBST-BSA without any antibodies, to determine whether any

145  autofluorescence could be detected; (2) no addition of the 1% antibody (PBST-BSA
146  with the 2" antibody only); and (3) no addition of the 2" antibody (PBST-BSA with
147  the 1% antibody only) to verify if any unspecific adsorption occurred. Additional

148  control was to test unspecific tagging by applying the immunolabeling approach on
149  non-diazotrophic (E. coli) bacteria. It should be noted that after each washing stage a
150  subsample (100 pl) was collected to count the number of bacteria that were lost

151 (Figure S1).

A. Preparing samples
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Abbreviations: PBS — Phosphate Buffer Saline, PBST — PBS with Triton, and BSA — Bovin Albumin Serum

152

153  Figure 1. Graphical summary of the immunolabeling stage for flow cytometric
154  analysis. The method is divided into three main stages: sample preparation (A);
155  Immunolabeling with the 1% antibody (B) and tagging with the 2" antibody

156  conjugated to the green fluorophore (C).
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157  Counting immunolabeled diazotrophs and total bacteria using flow cytometry

158  Diazotroph abundance (DA) was determined by detecting and counting

159  immunolabeled subsample (200 ul) using Attune-Next acoustic flow cytometer

160  (Applied Biosystems). Changes in the abundance of monoculture diazotrophs were
161  determined after diluting the immunolabeled samples (1:100, 1:250, 1:500, 1:1000).
162  Monocultures were analyzed at a flow rate of 100 pl min™, while reduced to 25 pl
163 min for natural samples. Stop condition was set to 20,000 counts for all samples.
164  Calibration beads (1 pm, F8815, Invitrogen, Ex: 350 nm Em: 440 nm) were added
165  (final concentration of 1.8x10* beads mIt) every 12 samples to evaluate the size

166  spectrum of the sample.

167  Following the above, total bacterial abundance (BA) was quantified by staining non-
168  immunolabeled subsamples (200 pl) with SYBR Green | (S7563, Invitrogen, final
169  concentration, 1 nM) (Geisler et al., 2019). Samples were incubated for 15 min under
170  dark conditions. Stained samples were measured with Attune-Next Acoustic Flow
171 Cytometry. MilliQ (sterile) water samples were used to clean the system every five
172 samples, while PBS were tested and subtracted as blanks. The specified lasers, dyes

173 and filters are detailed in table 1.

174  Table 1. Analytical specifications of the flow cytometer.

Parameter Laser (nm) Excitation Emission Detector
(nm) (nm) (nm)
Side scattering (SSC) 450 (Blue) 450 - 488+10
SYBR GREEN | 450 (Blue) 497 520 (Green) 520+30
Nitrogenase 450 (Blue) 500 520 (Green) 520%30

Immunolocalization

175

176
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177 Quantifying cells using colony forming units (CFU) counts

178  Samples were collected from the incubation bottles and serial diluted in parallel to
179  the immunolabeled samples (1:100, 1:250, 1:500, 1:1000). Subsamples (25 pl) were
180  plated on an agar plate (1.5%, Bacto Agar, DF0140) with an N limited brackish water
181  media (the recipe is detailed in the supporting information). CFU samples were

182  incubated under anaerobic conditions for 48 hours at 26 °C. CFU were determined at

183  the end of the incubation by counting plates with 30-300 colonies.
184
185  Microlocalization of diazotrophs using confocal laser scanning microscopy (CLSM)

186  Immunolabeled samples (50 pl) were stained with 250 pg ml* of 40 ,6-Diamidino-2-
187  Phenylindole (DAPI, Ex 360 nm and Em 460 nm, Thermo Fisher, D1306) or (SYBR
188  Green I, Ex 497 nm and Em 520 nm) and incubated for 20 minutes under dark

189  conditions. Samples were drop-casted on a glass microscope slide, sealed by a cover
190  slide and nail polish to minimize dehydration. Immunolabeled nitrogenase enzyme
191  was visualized by a CLSM 900 equipped with a 488 nm laser (Power, 0.2 % digital
192  gain, ~500 V, pinhole, 32 um). Stained bacteria were visualized with a 405 nm laser
193  (Power, 0.9 %, digital gain, ~730 V and pinhole, 37 pum). Samples were observed

194  under a x63 lens (63x/1.4 Oil DIC M27, respectively). Non stained samples were used
195  before to identify and subtract autofluorescence. Images were processed using Zeiss

196  ZEN Blue edition (3.5, lite, Germany).
197
198

199
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200 Measuring N fixation rates

201 Samples were filtered on a pre-combusted glass microfiber filter (GF/F, Cytivia,

202 1825025, 450 °C, 4.5 h) after 48h incubation in N2 enriched media. Different

203  volumes of samples (25 ml for lab cultures and 1L for environmental microcosms)
204  were filtered, to ensure sufficient biomass (resulting in an amplitude of ~1000 mv) on
205  the filter as their source varied from monocultures to different natural environments.
206 Samples were dried in the oven overnight (60 °C) and stored in the desiccator until
207  measurements. Filters were carefully packed in tin capsules, with clean, pre-

208  combusted glass fiber (GF/F) filters used as blanks. The samples were then analyzed
209 using elemental analyzer (EA; Thermo Scientific, Flash 2000 HT) coupled with

210  isotope ratio mass spectrophotometer (IRMS; Thermo Scientific, Delta V Plus).

211 Working with filters and environmental samples over a wide range of concentrations
212 requires caution during the isotopic measurement. The quality control measures taken
213 during the measurement are detailed in the supporting information. Briefly: Three
214  standards (Glutamic Acid USGS 40, Glycine USGS 64, and Caffeine USGS 62) were
215  chosen for calibration, bracketing the expected range for 3*°N of the enriched, as well
216  as natural abundance samples, and ensure accuracy (Figure S2A). Acetanilide

217  (Thermo Scientific, BN240741) was used for linearity test over the measured range
218  (Figure S2B) and for quantitative calibration of peak amplitude vs. pug N in sample’s
219  biomass (Figure S2D). A working range of 10 to 55 pug N per sample was determined
220  to assure precision and avoid linearity effect. Similar ranges of nitrogen (> 10 ug N
221 per filter) were previously determined (White et al., 2020). No drift was measured
222 (slope =0.01) and good precision was found (£0.3%o) throughout the analysis (Figure
223 S2C). The natural abundance of **N, reflected by the ratio of *N/**N in each culture

224 or environmental sample, was subtracted from that of the corresponding enriched
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225  sample to calculate N> fixation rates, according to previous reports (Montoya et al.,

226 1996).

227  Statistical analyses

228  Statistical tests were ran using XLSTAT (2022.2, New-York). Before analyses,

229  normal distribution of the data was validated using Shapiro Wilk test. The links

230  between BA, DA, CFU and N fixation were measured by a Pearson correlation test.
231 For comparing N2 fixation and BA/DA between samples, Analysis of Variance

232 (ANOVA) was used with post-hoc Tukey test. All the tests were run under the

233 confidence level of 95 % (a=0.05).

234

235 Results and Discussion

236 Detecting and quantifying a unicellular diazotrophic monoculture

237  Immunolabeled V. natriegens formed a distinct cluster after analyzing the samples by
238  flow cytometry using a green detector over side scatter (Figure 2A). In contrast, only
239  few unlabeled cells (< 1000 events) were captured in the same region (Figure 2B).
240  Similarly, no V. natriegens cells were detected after tagging with the first or the

241  second antibodies only (Figure 1C-D). Following the above, only conjunction of the
242  two antibodies led to a positive detection of V. natriegens by flow cytometry,

243 excluding any autofluorescence or unspecific adsorption of the tags to the cells.

244  Finally, no immunolabeling by non-diazotroph, E. coli bacteria were detected in the
245  region of interest by the flow cytometer (Figure 2E). The negative control highlighted
246  that only cells with the nitrogenase enzyme could be tagged by the antibodies and
247  detected as previously reported in other studies (Chelius & Triplett, 2000; Geisler et

248 al., 2019).
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249  Total bacterial abundance was counted in an independent test after tagging a

250  subsample with a nucleic acid stain (SYBR green) only. Tagging bacteria with SYBR
251  green resulted in a distinct cluster that was identified in the same region of interest as

252  described above (Figure 2F) and similar to previous studies (e.g., Geisler et al., 2019).
253  Complimentary visualization of V. natriegens and E. coli subsamples by CLSM

254  confirmed the results detected by the flow cytometry (Figure 2, circles).

255  Linear and significant correlation was detected between the number of

256 immunolabeled V. natriegens and the total number of cells tagged by SYBR green
257  from the same monoculture (Figure 2G). That trend line indicates that between 15 %
258  to 20% of all V. natriegens bacteria were specifically tagged by immunolabeling,
259  namely the cells that synthesized the nitrogenase enzyme. Correspondingly, a linear
260  correlation was also found between immunolabeled cells and CFU counts that grew
261  on limited nitrogen agar plates under anaerobic conditions for 48h (Figure 2H). It
262  should be noted that the number of immunolabeled cells detected by flow cytometry
263 was 20-25 times higher than those counted on the agar plates. In addition, a linear
264  relationship was found between the number of V. natriegens that synthesized the
265  nitrogenase enzyme and N fixation rates (Figure 21), resulting in a specific N2

266  fixation per cell of 1.3+0.3 attomole N cell™.

267  Lower percentage of free living diazotrophs that synthesized the nitrogenase enzyme
268  compared to total cell count may indicate that heterotrophic N2 fixation was partly
269  suppressed even under anerobic conditions and limited concentrations of inorganic
270  nitrogen (confirmed also by low fixation rates per cell). Although the scope of the
271 study was to develop a new quantification method for diazotrophs, it could be

272 surmised that other constraints that were not measured such as pH (Luo et al., 2019)
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and/or carbon liability (Benavides et al., 2020; Rahav et al., 2016) impaired N2

fixation.
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Figure 2. Representative density plots of the main verification tests (A-F) and

correlation charts of the corresponding quantification results (G-1). The region of

interest for immunolabeled V. natriegens diazotrophs as well as total bacterial count

(individually tested after nucleic staining) was determined according to green

fluorescence over side scatter (SSC). Diazotrophic abundance (DA) was correlated to

total bacterial abundance (BA) (G) as well as colony forming units (CFU) (H) and N2

fixation rates (I). Top circles of each plot (A-F) capture subsample images using

confocal laser scanning microscope with a scale bar of 5 um. Diazotrophs were

identified by nitrogenase immunolabeling (Green) while all the cells were detected by
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285  DAPI (Blue) or SYBR green (Green). Additional images are provided in supporting
286 information (Figure S3A-E).

287  Counting diazotrophic and non-diazotrophic mixed cultures

288  Two monocultures that included a diazotrophic (V. natriegens) and a non N fixing
289  bacteria (E. coli) were mixed to test the differentiation capacity of the new

290  immunolabeled—flow cytometry-based approach. Staining the DNA of subsamples
291  with SYBR green for total bacterial count formed a distinct cluster (Figure 2F).

292  Immunolabeling diazotrophic monoculture as well as a mixture of V. natriegens and
293  E. coli bacteria resulted in a clear cluster over the conjugated nitrogenase (green)

294  threshold (Figure 3A).

295  Quantifying total bacteria indicated that the numbers of V. natriegens only as well as a
296  mixture with E. coli were similar (~ 0.75 x 107 cell mIY) after 48 h of anaerobic

297  incubation in a nitrogen limited media. It should be noted that the number of E. coli
298  cells in a monoculture was lower by 71% (Figure 3B). Counting the immunolabeled
299  cells indicated that the number of N2 fixing diazotrophs, namely V. natriegens that
300 synthesized the nitrogenase enzyme, constitute 18% of the total V. natriegens cells
301 and 13% of the mixed culture. Note, no immunolabeled E. coli cells were detected by
302  the flow cytometer (Figure 3B), ruling out any unspecific links or adsorption of the

303  fluorophore.

304  Corresponding N fixation rates were found to be significantly higher (1.3 times) by
305 V. natriegens mixed with E. coli than in the monoculture (Figure 3C). That difference
306  was even greater (2.5 times) when comparing N> fixation rates per cell in the mixed
307 culture to those measured from the V. natriegens culture. Altogether, it appears that
308 mixing V. natriegens with a non diazotrophic heterotrophic bacteria such as E. coli

309  spur N fixation rates per cell. It is plausible that increasing N2 fixation rates per cell
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enabled V. natriegens to compensate the enhanced consumption of limited dissolved

inorganic nitrogen (initial concentration of 80 uM) that was included in the artificial

media.
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Figure 3. Representative flow cytometry plot of E. coli (Ec) and V. natriegens (\Vn)

mixed culture (A). The corresponding CLSM micrographs capture immunolabeled

diazotrophs (5 um scale bar). Additional image is provided in supporting information

(Figure S3F). Abundance of non (E. coli) and diazotrophic bacteria (V. natriegens) in

mono and mixed cultures was quantified after DNA staining and nitrogenase

immunolabeling by flow cytometry (B). Corresponding N fixation rates were

determined from all the cultures (C). N2 fixation rates per cell were calculated by

normalizing the measured rates to the number of immunolabeled diazotrophs counted

in the same culture. Values represent the mean and standard deviation from six

independent replicates. Letters above the bars refer to ANOVA analysis followed by a

Tukey post hoc test.

Evaluating the abundance of unicellular diazotrophs in aquatic environments

Quantification of unicellular diazotrophs from different aquatic environments by

immunolabeled flow cytometry resulted in a marked cluster, yet slightly more

scattered than the monoculture controls (Figure 4A). Complimentary imaging of

subsamples by CLSM indicated that only a small fraction of the cells collected from

Specific N, fixation
(amole cell”! d")


https://doi.org/10.1101/2022.06.23.497322

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.23.497322; this version posted June 24, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

331 the Sea of Galilee Lake were tagged by nitrogenase immunolabeling (Figure 4A, top

332 circle).

333 Sporadic collection of water samples from different aquatic environments indicated
334  that the abundance of unicellular diazotrophs ranged from 2+0.2 x107 cells L™* in the
335  Mediterranean Sea to 1+0.7 x10" cells L™* in the Sea of Galilee Lake and 6+0.9 x10’
336 cells L™ in the Jordan River. The number of diazotrophs found in these environments
337  were between 0.1% to 4.7% out of the total bacterial abundance (Figure 4B).

338  Corresponding N2 fixation rates from these samples were between 0.2 to 1.2 nmole N
339 L (Figure 4C), which are in similar ranges to previous reports (Halm et al., 2009;
340 Marcarelli & Wurtsbaugh, 2006, 2009; Rahav et al., 2022). Note, data on N fixation
341 rates in freshwater environments is still limited (Marcarelli et al., 2022). Normalizing
342  these rates to the number of diazotrophs detected by immunolabeling flow cytometry
343 resulted in N fixation per cells that ranged between 0.3-88 attomole N cell™X. These
344  specific rates were found to be significantly lower at the Sea of Galilee Lake or the
345  Jordan River than the Mediterranean Sea. Previous studies indicated on high specific
346  rates correspond to high C:N or N:P ratios (Inomura et al., 2018; Knapp et al., 2012),
347  conditions that are often found in the Mediterranean Sea. Differently, it was recently
348  reported that N2 fixation rates per cell were high while at the same time nitrate

349  concentrations in the surrounding environment were high (~2 uM) (Mills et al., 2020),
350 conditions that could potentially impair diazotrophy. Currently, the cellular

351  mechanisms that control N fixation rates in environmental samples is not decisive
352  and likely change according to the abiotic conditions and the different metabolic

353  pathways.
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355  Figure 4. Representative density plots of an immunolabeled subsample (Green as a
356  function of SSC) that was collected from the Sea of Galilee Lake (A). Complimentary
357  CLSM image was further captured from a lake subsample (A, top circle), whereas
358  diazotrophs were identified by nitrogenase immunolabeling (Green), while total

359  bacteria were detected by DAPI (Blue). The image scale bar is 10 um. Bacteria and
360 diazotroph counts (BA and DA, respectively) were determined from the Sea of

361  Galilee Lake, the Jordan River and the Mediterranean Sea (B). N2 fixation rates were
362  measured from the same natural environments (C). N> fixation per cell was calculated

363 by normalizing the rates to number of DA.

364

365 Conclusion

366  Coupling immunolabeling and flow cytometry can be used to quantify the number of
367 unicellular diazotrophs that synthesized the nitrogenase enzyme, thus were likely
368  fixing N2. This approach can be applied to count diazotrophs in controlled lab-scale
369  experiments as well as various aquatic environments. Counting the total and

370 immunolabeled cells of a diazotrophic monoculture indicated that even under

371  anaerobic and N limiting conditions, only a fraction (15-20%) has synthesized the
372 nitrogenase enzyme. That difference was likely due to the experimental conditions

373  and yet highlights the importance of counting diazotrophs (even from monocultures
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374  under controlled conditions) to determine fundamental aspects such as specific N2

375  fixation per cell.

376  This approach can also enable quantification of unicellular diazotrophs in various
377  marine and freshwater environments. Although the scope of this research was

378  developing a new quantification approach for diazotrophs, it was interesting to find
379  that N> fixation per cell was highest in the oligotrophic Mediterranean Sea, compared
380 to the Jordan River and the Sea of Galilee Lake, pointing on their potential

381  significance for total biological N production.

382 It should be highlighted that this approach should be further investigated and

383  developed: (i) differentiating and specifically counting unicellular heterotrophic or
384  phototrophic diazotrophs is of high interest to estimate their contribution to total N>
385  fixation; (ii) the number of diazotrophs using this immunolabeled flow cytometry
386  approach should be further compared to molecular-based approaches that are

387  currently applied at various aquatic environments. Nevertheless, we suggest that
388  adopting this approach could provide information on specific N2 fixation capacity of
389  freshwater and marine diazotrophs. Moreover, quantifying diazotrophs will likely
390 provide new insights on the contribution of these microorganisms to the aquatic

391  nitrogen cycle.
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