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Abstract

Nitrogen (N) fixation by heterotrophic bacteria associated with sinking particles contributes to
marine N cycling, but a mechanistic understanding of its regulation and significance are not
available. Here we develop a mathematical model for unicellular heterotrophic bacteria growing on
sinking marine particles ar@hnfix N2 under suitable environmental conditions. We find that the
interactive effects of polysaccharide and polypeptide concentrations, sinking speed of particles, and
surrounding @and  ;’ concentrations determine the fikation rate inside particles..Nixation

inside sinking particles is mainly fueled by 86?respiration rather than -° respiration. Our

model suggests that anaerobic processes, including heterotredhkatidn, can take place in

anoxic microenvironments inside sinking particles even in fully oxygenated marine waters. The
modelled rates are similar to bulk rates measured in the aphotic ocean, and our study consequently
suggests that particle-associated heterotrophitxiition contributes significantly to oceanie N

fixation.

Keywords

N2 fixation; Sinking marine particlesieterotrophic bacteria; Anaerobic respiration; Anoxic

interior; Trait-based optimization model
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Introduction

Nitrogen (N) is an essential element for all living organisms but its availability often limits the
growth and productivity of terrestrial and aquatic ecosystems. Although molecular dinitrogen gas
(N2) is highly abundant in the marine water column, only specific prokaryotes that can fix N
(diazotrophs) using the nitrogenase enzyme comjalssimilate this form of nitrogen.

Nevertheless, nitrogen fixation maintains the inventory of biologically available nithoglea

open oceans, which fuels primary producti§rand thereby affects the biogeochemical cycling of

both nitrogen and carban

N> fixation was thought to exclusively be carried out by cyanobacteria in the oligotrophic and
sunlit upper layers of the tropical and subtropical oceans (reviewed if). Zgébwever,
accumulating evidence shows thatfixation is surprisingly widespread, for example in the deep
sed, nutrient-rich coastal watérsand cold Arctic watefs Moreover, analyses of genesfid)
encoding the enzyme complex used feffidation documenthat non-cyanobacterial diazotrophs
are almost ubiquitouP FUR VYV W KH Z Bftgrodeniivat@&ifiF lgEn€INdraries over
cyanobacteria, and occasionally express nitrogéftdsdence, the emerging picture shows N
fixation as a global marine process partially carried out by non-cyanobacterial diazotrophs, but their

ecology and contribution to totakNixation remain enigmati€.

Nitrogenase is irreversibly inactivated by'® Cyanobacteria adopt several strategies to
protect nitrogenase from inactivation by'® Heterotrophic diazotrophs may under rich culture
conditions surround cells with extracellular polyni&ts lower the permeability to extracellulas O
to protect the nitrogenase, but since this is highly energy-demahiiisgan unlikely strategy in
the relatively nutrient-poor marine water column. Recent work, inspired by the pioneering work of

Paerl and co-worket3!6 has suggested that heterotrophidikation takes place in low-oxygen or
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anaerobic microzones associated with marine particles (reviewed in Riemahhagtcain Bombar
et al19). Indeed, anaerobic microzones are occasionally associated with marine phttidResent
studies show Bfixation is stimulated by the presence of part®ésand that heterotrophic
diazotrophs are associated with plankton specifiéfand marine aggregatés®. Hence, beyond
doubt, marine particles provide, at least ephemeral, conditions suitablefieatin by

heterotrophic bacteria.

Cellular @ removal by diazotrophs is considered highly energy-demanding, even more

energetically expensive than fixation per sé* Hence, considerable amounts of labile carbon

(e.g. carbohydrate and amino acids) are required to sustain particle-associated microbial respiration

beyond the specific energy requirements for diazotrophy. Interestingly, preferential microbial
utilization of N-rich organics on particksand release of g~ 2’ may increaseaticle C:N ratios

over time&®, gradually making N acquisition by.Nixation increasingly advantageous.

While synthesizing ATP during respiration; (S used as the most common and favorable
form of electron acceptday prokaryotes. In the absence af, Other electron acceptors (e.qg. ;7
and %) may be used iastepwise manner according to their free energy yiéldsth a rather
small drop-off in the theoretical energy vyield for -~ respiration, followed by g°?respiration
with almost tenfold less energy yield per electron d&hetowever, g° ’respiration is likely the
primary form of anaerobic respiration supportingfiXation since  g° *reducing diazotrophs

have been widely fourg?, also on marine partici&s®

Another important factor regulatingMxation in sinking marine particles is the particle size,
which varies from micrometers to several millimetér$he particle size spectrum follows a power
law relationship showing a decrease in particle abundance with increasiigBepause of

smaller surface to volume ratios, large particles are more likely to desebopoxic interior
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suitable for N fixation. Moreover, particles face changing &d .7 concentrations while
descending in the water colunirhe rate of charedepends on particle sinking speed, but no
universal size-sinking speed relationship eXis#lthough all these external factors can have huge
influences, the extent by which they affect heterotrophi@iXdtion inside sinking particleis

currently unclear.

To quantitatively analyze the conditions when heterotrophbifixidtion occurs on sinking
particles, we presemttrait-based model of heterotrophic bacteria associated with sinking particles.
This effort aims to encapsulate an understanding of the dynamics between (micro)environmental
conditions and the requirements and constraints of heterotroplfficabion. Specifically, the model
captures basic cellular processes determining growth afidation in an individual cell, and then
scales up to the population level to address particle dynamics and the contribution te total N
fixation in the water column. We also examine how the size of particles, initial concentrations of
polysaccharide and polypeptide, and environmeniaddcentration influence heterotrophie N
fixation inside sinking particles, and the succession of aerobic and anaerobic respiration as support
for N2 fixation. In doing so we identify potentially testable hypothetical consequences: (H1) Excess
acquired N released by cells and hydrolysis products diffuse away from the particle and contribute
to an organic solute trail in the water column as the particle sinks. (HRaton by heterotrophic
diazotrophs depends on the generation of particle-associated low-oxygen microenvironments. (H3)
DXULQJ WKH 30OLIH VSDQ” RI D VLQNLQJ PDULQH SDUWLFOH WKHUH LV DQ HSKHPHUDO ZL(
where environmental conditions are conducive for heterotrophitxétion. (H4) 86 ?reduction
is more important for Nfixation within sinking particles than -’ reduction(H5) The particle
sinking speed and concentrations afadd 7? in the water column affectsyfixation rates.
Although the model is developed to investigatdikation, it also provides critical insights on

biochemistry and microbial respiratory processes inside sinking particles.



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

Results and discussion
Overview of the model

The overall model consists ofgell modelfand ap S D U W L F Ohe¢ delR@tkOd®scribes basic
cellular processes, like uptake of resources, respiration, growth -dn@ion rate. The cell model

is embedded in a dynamic model, callgdV KH S D U Wthdt @ells evish@ke@dtions of cells

with the available abiotic factors (polysaccharide, polypeptide, 0,7,  §°? over time.

The cell modelThe model describespopulation of facultative Nfixing heterotrophic bacteria

growing inside a patrticle sinking through a water column. A schematic representation of the
processemside a single cell is presented in Figure 1 and the full description of mathematical forms
and equations are provided in the Methods section. The cell uses ectoenzymes to degrade polymers
(polysaccharides and polypeptides) to oligomers or monomers (glucose and amino adtdsarthat
efficiently take up to fulfillits C and N requirements. The uptake of glucose and amino acids

follows Michaelis-Menten kinetics. The model accounts for acquired C and N to ensure that the cell
satisfies its needs for both. While glucose uptake provides only C, amino acids provide both C and

N (equations (1) and (R)

C obtained from glucose and amino acids is respired to carry out resource uptake, cellular
maintenance (Fig. 1), and standard metabolism (equation ¢5)). Q?, and 86?are used as
electron acceptors in a stepwise manner in order of their free energy yield to perform redpiration
In the absence of sufficient(he cell uses 7? to continue respiration, although all N necessary
for growth comes from organic sources andikation (whenever possible). The further need of

?

electron acceptor is fulfilled by ¢°°
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The cell can carry out Nixation to supplement its N requiremehtregulates the rate of2N
fixation to optimize its growth rate. As nitrogenase is irreversibly inhibited-bYy e cell needs
low O- conditions inside particles or increased respiration to make thede#e€Cand thereby

enable N fixation.

The synthesis of biomass using available C and N from resource uptake and electron
DFFHSWRUV IROORZV /LHELJTV ODZ RI Wd€HIlaP CQ taBXRLDPQG LV FRQVWUDLQHG E\ WKH
(equation (21)). Any excess assimilated C or N is excreted from the cell. The cell divisidisrate

found from the mass-specific synthesis rate.

The particle modelWe consider a sinking particle consisting of polysaccharides and polypeptides
and colonized by facultative nitrogen-fixing bacteria (Supplementary Fig. S1). Only fractions of
these polymers are considered labile, i.e. accessible by bacteria. Bacterial enzymatic hydrolysis
converts labile polysaccharides and polypeptides into monosaccharides (glucose) and amino acids
that are efficiently taken up by bacteria. Excess glucose and amino acids diffuse out of the particle
to the surrounding environment, while @d -, diffuse into the particle from the surrounding
water. Due to high concentrations of g° “and N in ocean wate?&3? these elements are assumed
not to be diffusion-limited inside particles, their uptakes are, therefore, limited by the cellular
maximum uptake capacities. Depending on the concentrations of glucose, aminogcidsz?o

and 86?inside the particle, bacteria carry outfixation (equation (23)). Fean essential

component in the nitrogenase complgxconsidered nonlimitingssinking particles contain high

levels ofFe°. The interactions between particle, cells, and the surrounding environment are
explained in Fig. S1, equations are provided in Table 1, and a full description of the particle model

is provided in the Methods section.



155 Biochemical dynamics inside a particle under static environmental conditions

156 The dynamics inside a particle of radius 0.125 cm with initial polysaccharide and polypeptide
157 concentrationsotax Hr< g G Ltands ax $irc g A L%, with relative lability of 0.238 and 0.5,
158 respectively, are depicted in Fig.\®e simulate a population of bacterial cells of radiu{ m

159  (wr” %ocelr!) growing inside a particle where the surrounding glucose, amino acids, @?,

160 and &°?concentrations are kept fixed at 5§G L1, 5 gA L™, 50 mol 14L% 15 mol 01,

161 Lt andt{ Hsr’ mol 5 kL™ Here, concentrations inside the particle are given as per liter of
162 particle and outside as per liter of water. A full description of the included parameters and their
163 values is available in Supplementary Material S1 and Table S1. The bacteria hydrolyze labile
164 polysaccharides and polypeptides into glucose and amino acids using ectoenzymes (Fig. 2a, b). As a
165 result, glucose and amino acid concentrations increase (Fig. 2c, d), which causes a high growth rate
166  of cells (~3.6 d; Fig. 2j), an increase in bacterial abundance (Fig. 2g)aaedreasén labile

167 polysaccharide and polypeptide concentrations. The occurrence of such high grdWemchte

168  bacterial abundané&&*>*3is not seldom inside natural sinking particles. The increased community
169 respiration (Fig. 2h) decreases €@ncentration and eventually leads to anoxia in the particle

170 interior (Fig. 2). This is consistent with ephemeral anoxia inside marine aggr&gatesthe

171  anoxia observeihside suspended cyanobacterial colonies of comparaeé Sihe gradual

172  formation of low-oxygen or anoxic conditions and depletion of organic N (amino acids) facilitates
173 N2 fixation (Fig. 2i), supported by aerobic respiration followed by7?respiration (Fig. 2d). The

174  lesser energetic yield of ,? respiration leads to a reduced growth rate (~3)6Eurthermore,

175 when -7 becomes exhausted (Fid),Zells respire g°?(not shown in the figure) and the

176  growth rate becomes very low (~0.2)dBecause of the energetic constraintsfikation during

177  this phase becomes low and eventually ceases due to incredsedl®as the exhaustion of labile



178 carbon in the particle decreases cell concentration amuflGx exceeds @consumption (aerobic

179 respiration).
180
181 Cellular mechanisms ofNixation

182 To explore the cellular mechanism of fikation, we examine concentrations and rates over time at
183 aradial distance of 0.027 cm from the particle center (Fig. 3). We identify four phases based on
184 limitations of either C or N or electron acceptor where the growth rate is determined by the

185 minimum availability of these three substances (equations (21) andr{@23a). Available C for

186 growth is theC remaining from total C uptake after paying the respiratory costs, whereas the N

187 available for growth comes from uptake angdfidation.

188 | (C limited phase): Cells are limited by C, which is seen by the light blue line coinciding with the
189 magenta line in Fig. 3a. Growth rates are high, up to 3.6.dacess N and hydrolysis products
190 not taken up by cef8will diffuse away from the particle and contribute to an organic solute trail in

191 the water column as the particle sitfksupporting our hypothesis H1.

192 Il (High respiration phasg}he large bacterial population causes high community respiration,

193 matching or exceeding the diffusive influx of,@nd anoxia forms in the particle interior (Fig).3

194 Cells start respiring 7? and even 86?reduction happens at the end of this phase (not shown in
195 the figure) when 7? is depleted. Now growth is limited by the availability of electron acceptor

196 (the yellow line coincides with the magenta in Fig).. 3an organic solute trail rich in both C and N

197 is predicted during this phase. The amino acid concentration decreases rapidly during the final part

198 of this phase (Fig.8.
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[l (N2 fixing phase)Because of our initial choice of polysaccharide and polypeptide
concentrations, amino acids are exhausted. In real life, bacterial preferential degradatiormof N-ric
organics results in similar early exhaustion of amino &ti@ucose remains available as C source
(Fig. %), so cells start fixing Nto maintain growth (Fig. 3d). However, since the availablenO

the particlas insufficient to support respiration, ;7and  g°®7also act as electron acceptors
during this phase. Cells become co-limited by N frosrfikation and electron acceptor (green and
yellow lines coincide; Fig.& and we predict that the expected solute trail consists only of C during
this phase. Because of the lower free energy yieldixisition decreases when using g° ?as an
additional electron acceptor. Towards the end of this phase, the respiratory cost of glucose uptake
decreases with the decrease in glucose concenttatsuth an extent that there is excessffer
performing respiration. At that point, cells increase respiration to burn exgéspe&form N

fixation for avery short interval of time, resulting in a peak inf\ation rate (Fig. 3d) and the

respiratory cost for @removal (Fig. 3b).

IV (Fading phase): Cells have insufficient C to deal with excess@consequently stopN
fixation. N becomes the limiting factor for cell growth and growth ceases. Later, the growth rate
becomes negative as there is no glucose left needed for basal respiration. Throughout this phase, the

bacterial concentration decreases (F@. 3

Comparing different respiratory costs related tdikation in terms of direct respiration,
enzyme production, and.@moval, it becomes evident that when cells use respiratory protection
to keep nitrogenase viable and enabidikation, the related cost becomes much higher than the
direct cost for M fixation (Fig. 3b). A similar high cost of Onanagement duringNixation was
previously shown to exceed the costs effiMation per sefor the heterotrophic soil bacterium

Azotobacter vinelandit. We therefore conclude that active @anagement by particle-associated

10



222  heterotrophic diazotrophs is not prevalent, but that they rather depend on the generation of low-

223 oxygen microenvironments by community respiration, supporting our initial hypothesis H2.

224

225 Effects of particle size,Qand initial polysaccharide and polypeptide concentrations

226  Marine particles are highly variable in sizand chemical composition. For example, the C:N ratio
227 (and implied polysaccharide:polypeptide availability) varies considerably, depending on

228 environmental conditio’8 Moreover, while descending in the water column, partfaesa range
229 of surrounding @concentrations. Therefore, we examined the implications fdix&tion in

230 particles of different sizes under different polysaccharide, polypeptide, acmh€@entrations (Fig.

231 4). We considered open ocean particles with radius  0.25 cni® and estimated the total

232 amount of fixed M per particle by allowing bacteria to grow inside particles for 20 days. As

233 expected, large particles provide a suitable environmentiftix&tion. The minimum size of

234  particles where Bfixation is possible increases with polysaccharide concentratiord@ig.

235 decreases with environmental @ncentration (Fig. 4c), and attains a maximum at intermediate
236  polypeptide concentration (Fig. 4b). Rixation does not occur in particles with radius below ~0.03
237 cm. The increase inNixation with polysaccharide concentrations is consistent with observations
238  of stimulated N fixation in seawater upon the addition of C substrate (e.g. Raha%'ket al.

239 Interestingly, maximum Bfixation occursatintermediate polypeptide concentrations(~+sr ¢

240 L) in large particles (Fig. 4b). Our interpretation is that low polypeptide concentrations do not
241  allow cells to grow to high concentrations and create an anoxic interior, whereas, at high

242  concentrations, cells cover their N demand by amino acid assimilation and, therefore, refrain from

243 N2 fixation.
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Maximum N fixation in large particles occurs under very low (~0a3ol L) and
intermediate (~80mol L) O; levels (Fig4c). Under very low @concentrations, cellular
respiration is expected to occur using ;7and  °7as electron acceptors causing low cellular
growth rate an@ slowly increasing cell concentration. Howeveg, fixation occurs for a long time
period and makes the totab Kixation per particle relatively high (Supplementary Fig. S2d). A
intermediate @levels, cells are not limited by.@nd reacla high growth rate during the initial
phase. Therefore a high cell concentration is rapidly obtained (Supplementary Fig S2c) causing
reduced @levels suitable for Bfixation forarelatively shorter time interval (Supplementary Fig
S2d). The combination of high cellulap Kixation rate and high cell concentration results in high
total N fixation per particle. Aahigh G level (=200 mol LY), this low Q period is very short,
possibly because of a large diffusion loss of glucose associated with extensive polysaccharide
hydrolysis caused by the high cell concentration (Supplementary Fig S2c¢). This lowers the total
amount of N fixed per particle. However, the concentrations gfWhere these two maxima occur,
depend on the initial polysaccharide and polypeptide concentrationsadétitease in these
concentrations, the intermediate@ncentration, where the maximum occurs, decreases
(Supplementary Fig. S3) and finally merges with the other maximum atdgmoOshown). Indeed,
empirical results confirm the existence of such optimakc@ncentration for bifixation and a level

of 6 mol L' has been observed for heterotrophic diazotrdphs

By simultaneously varying initial labile polysaccharide and polypeptide concentrations in
small and large particles at different surrounding:@ncentrations, it appears thatfixation is
restrictedto large particles with high initial polysaccharide and polypeptide concentrations when O
concentration is high (Figa} However, under low ©concentrations, Nfixation occurs eveat

lower concentrations of polysaccharides and polypeptides (Fig. bliixation can also occur in

12



267 relatively smaller particles, however, only when the initial polysaccharide concentsatigh and

268 the surrounding ©concentration is low (Fig. 5c).

269 The amount of POC present in particles can be considered a proxy for polysaccharide and
270 polypeptide concentrations. The presence of high POC in freshly formed particles from dense
271  phytoplankton bloonf§ and fecal pellefS would increase the likelihood of particle-associated N
272 fixation. Likewise, the seasoiyalhigh POC content of particles during late spring in high latitude
273 areag’ could increase the likelihood of particle-associatedixtion at this time. On the other

274  hand, the size of particles, which also bgsofound impact on Pfixation, is closely associated

275  with the species responsible for particle formation. For instance, since particles are larger during
276  diatom blooms compared to cyanobacterial blobnas increasd likelihood of N fixation during

277 diatom blooms would be expected. The latitudinal variation in particle size spectrum with

278 dominance of larger particles at hegltatitudes compared to smaliparticles in the oligotrophic

279  subtropical gyres? indicates a greater opportunity for particle-associatefixition at high

280 latitudes. Hence, the potential for particle-associatefixistion is highly dependent on local

281 dynamics in the size and composition of particles, together with the locain@itions.
282
283 N fixationin sinking particles

284  To explore the dynamics of2Nixation in sinking particles of different sizes, we use vertical

285 profilesof @and - in the upper 500 m of the Mauritanian upwelling zone in the North

286  Atlantic Ocean (NAO; Fig. 6f. O, concentration drops to hypoxic levels (~62.57 pmol L) in
287  the water column between 18D0 m (Fig. 6a N2 fixation coincides mainly with the presence of
288 an anoxic particle interior. The amount of fixegiNcreases with particle size and because of

289 higher sinking rates and more C to fuel respiration the existence of both anoxic interior (regions

13



290 within magenta lines) and2Nixation (within white lines) in large particles occur in deeper waters
291 and persist for longer time (Fig. 6b). We presume thdbddtion stops in deep water when labile
292 material in the particle is exhausted. This shows that the window of opportunity where

293 environmental conditions are conducive for heterotrophifiXdtion is ephemeral, supporting our

294  hypothesis H3.

295 In the anoxic particle interior, 5’ and g°?function as electron acceptorshiimodel

296 suggests that the fraction of particle volume where denitrification occurs (maximum 6%) is much
297  smaller than the fraction of volume of occurrence o§® ?reduction (maximum 90%) (Fig. 6c, d).
298 The model predicts that despite being energetically profitable,’ does not play a big role in,N

299 fixation and 86?reduction appears as the key anaerobic process within sinking particles. This
300 due to very high cell concentration near the surface of the particle (Fig. 2g) thasafegh

301 respiratory demand for electron acceptors, exhausts close to the particle surface, and prevents
302 .7 from reaching the patrticle interior (Fig. 2f). As a resultfikation in most of the particle

303 interior is supported by ¢°?respiration, which confirms the importance ofg® *reduction in

304 particle-associated Nixation compared to -? reduction, supporting hypothesis H4.

305 Diazotrophy among g®°’reducing bacteria is well established in various marine

306 environment¥>°
307
308 Influence of sinking speed on particle-basedikation.

309 The speed at which particles sink is a critical parameter since it determines the duration of exposure
310 to environmental conditions (e.g2)@hat influence MNfixation inside particles. Sinking speed is

311 affected by a multitude of factors related to particle composition, size, and eftfsiand no

14
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universal size-sinking velocity relationship exi&t®Ve, therefore, examine scenarios with three

types of particles(1) natural marine snow measuiadgitu off Californie’®, (2) laboratory-made

diatom aggregates and (3) coccolithophore aggregates measuiteo*®. Sinking speed is lowest

for natural marine snow followed by diatom aggregates and coccolithophore aggregates (Fig. 7a).
For the sake of simplicity, these particles are assumed to vary only in their sinking speeds and not in
their initial concentrations and lability of polysaccharides and polypeptides. We again use the
vertical profile of Qand 7 at the NAO but extended to 1,500 m depth sittypoxic region

between 100-600 m depth (Fig. 7b).

Three different aspects are evidewni the analysis. Firstly, when particles sink at a speed
similar to natural marine snow (~15-#bd?), anoxic microenvironments are created (regions
within magenta lines) and-Nixation happens (indicated by color) in particles within the hypoxic
zone (Fig. 7e). However, with higher sinking speeds similar to diat@§0m d?) and
coccolithophore (~20-37& d!) aggregates, the existence of anoxia apéliXdtion inside particles
can extend beyond the hypoxic strata of the water column (Fig. 7d,e); both anoxic interier and N
fixation are predicted even at 1,800 m depth for large coccolithophore aggregatesh@digure).
Secondly, the depth window where fikation occurs increases with particle sinking speede{/c-
Finally, our study predicts that the highestfiation rate (1.46 g N (cm?particle)! d?) is attaired
in large particles at intermediate sinking velocities, similar to that of diatom aggregates (Fig. 7d).
Since, 7? respiration yields more energy than 86?reduction, we speculate that the presence of
relatively higher concentrations of ,? during the time of Mfixation helps to boost Nfixation
rate in diatom aggregates. High sinking speed, similar to that of coccolithophore aggregates,
transports particles quickly to deep water with high7? and Q concentrations (Fig. 7e). &/
expect that high 7? concentration favors relatilyehigh N fixation, but high @ concentration

decreases thexNixation rate in coccolithophore aggregates. Therefore, the interplay between

15
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particle sinking speed and vertical water column profilescdr@  ;° concentrations determines

the N fixation rate, supporting our hypothesis H5.

N fixationin contrasting oceanic environments

N fixation is dependent on the;@nd  ;° concentrations in the water column, but those
are highly variable around the global océafe investigated MNfixation ratesn three contrasting
water columns: an Ominimum zonen the Eastern Tropical South Pacific (ETSPihe
Mauritanian upwelling zone in tH¢AO>3, and an open ocean site (D@ra™, w & W)%%5% The
ETSP has @minimum zones with < 5mol O, L'! at~150600 m depth (Fig. 8a), tHi¢AO has
reduced Qlevels(~62.5457 umol L) at ~100600 m (Fig. 8d), whereas the open ocean site has
high G: concentration throughout the water columma57 umol LX; Fig. 8g). NOs concentrations
increase gradually up to 800 m depth, with decreasing levelsHi@® to NAO and to the open
ocean siteWe consider particles with sinking speed similar to natural marine snow and examine N
fixation rates per unit volume of patrticle (fig 8c,f,i). To compare with existing measurements, we
further calculate Blfixation rates per unit volume of water (Fig. 8b,e,h) and depth-integrated N

fixation rates by multiplying the number of particles withfixation per particlgequation (34)3°.

Maximum N fixation rates per volume of particle and per volume of water lie within ranges
0.31-1.1 gN (cnm?particle)* d* (Fig. 8c,f,i) and 0.14-0.7mol N m=d* (Fig. 8b,e,h). The highest
rate of N fixation is in theNAO followed by the ETSP. Interestingly, fixation is observed even
at the high @concentrations of the open ocean, although, thiexiition rates and the depth
window of N fixation are smaller than for the other two scenarios. Since the abundance and size
spectrum of particles vary with latitude and seasorslhygh latitude®?, we test the sensitivity of

N2 fixation rates by varying the parameter determining the abundaicand the proportion of
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large and small particlesg¢ We find that the Mfixation rate varies between 0.3-1.ol N m3d?
(Supplementary fig. S4). Our modelled fikation rates are comparable with bull fikation rates
measured in the aphotic ocean (0-0.8®I N m3d1)®%3where active autotrophic cyanobacterial
diazotrophs are not expected. Our calculated depth-integratiedabon rates lie within the range
7.1-65.1 mol N m?d. Empirical evidence from regions, where fixation is dominated by
heterotrophic bacteria, show similar levels of depth-integratdikétion rates; e.g. 6.24.6.6

mol N n2d? in the equatorial and southern Indian Oééand 12.4+190.9 mol N ni?d in the
South Pacific Gyr®. In comparison, depth-integrated fikation rates by cyanobacteria in most
regions of the global upper ocean are in the orderft®@ mol N mi?d1®, Hence, taken together,
our modelled rates for heterotrophic bacteria on particles are consistent with empirical bulk rates
from the deep sea and comparable to areal rates measured for cyanobacteria. This supports
empirical studies suggesting that aphotic fixation can account for a significant or even predominant
fraction of water column Nfixation®®®’, and substantiates the idbat aphotic M fixation may be

important to global nitrogen budget considerations

Conclusions and broader implications

Our model suggests that particle-associated heterotroptiigdtion is viable and reasonable based

on the known properties and physics of marine particles and reveals a significant contribution to the
oceanic biological Nfixation. The likelihood and rate of2Nixation associated with any individual
particle will depend upon numerous factors including the initial polysaccharide and polypeptide
concentrations (and associated C:N ratio), the size and sinking speed of the particle, and the vertical
profiles of @ andNOzs™ through which the particle sinks. We show how logeDanoxic zones

generated inside sinking particleg microbial respiration provide conditions suitable for
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382 heterotrophic Nfixation, however, only in particles larger than about Ofd3Moreover, we show

383 that these anoxic microenvironments can promote anaerobic respiratory processes that even extend
384 into well-oxygenated deep waters. Interestingly, our simulations suggest that even in particles that
385 favor N fixation atapoint in their descent, the window of time (depth) where diazotrophy occurs is
386 likely to be short. However, despite the necessity of several coinciding environmental conditions for
387 Nqfixation in particles, the criteria are met in natural particles. Because of the huge number and
388 heterogeneity among particles sinking in the ot&anis highly likely that a large number of

389 individual particles at any given time might meet these criteria and in doing so, confer a fitness

390 advantage on a subset of bacteria that retain the ability to fix nitrogen. This may explain the

391 ubiquity and persistence of the genetic signature for heterotropliicaion throughout the

392 ocean& The combined knowledge of the probability density of particle sizes, compositions, and

393 sinking speeds is suggested to predict the average rategioatidn associated with particles.

394 Our model makes several interesting and potentially testable predictions: Firstly, the C:N

395 FRPSRVLWLRQ RI SDUWLFOH 3WUDLOV"™ ZLOO UHIOHFW WKH LQWHULRU VWDWH DQG PLJK)
396 UHVSRQVH RI GLITHUHQW SDUWLFOH W\SHV RU FRQGLWLRQV 6HFRQGO\ WKH PRGHO SUF
397 ¢° “electron acceptor over nitrate in low oxygen particles. Thirdly, heterotrophic diazotrophs

398 mostly use local and ephemeral oxygen conditions and get windows of opportunity fortheir N

399 fixation. Fourthly, N fixation can occur on large particles with high concentrations of

400 polysaccharides and polypeptides in fully oxygenated marine waters, but also on older less

401 substrate-rich particles if oxygen concentration in the surrounding water is low. These predictions

402 could be promoted as perspectif@sfuture experiments.
403

404
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Methods

The cell model

Growth rate of a cell:

The growth rate of a bacteria cell depends on the acquisition of C (from the particle) and N (from

the particle and throughoNixation), as well as on metabolic expenses in terms of C.
Uptake of C and N

Bacteria get C from glucose and both C and N from amino acids. The total amount of C available

for the cell from monomers is (units of C per time)
Hscl Bam E Bap @ 'S

and the amount of N available from monomer is (N per time)

HsrL Bage @ 't
where ,5 and . are uptake rates of glucose and amino adiggis the fraction of C in glucose, and
B4.and B4 @re fractions of C and N in amino acids.

The rate of obtaining N through:Mixation is:

c -W; LWa :u;

where W:r O W OregulatesN: fixation rate and fixation can happen at a maximum fae

N2 fixation is only limited by the maximumNixation rate as dissolved dinitrogenzjias in

seawater is assumed to be unlimited

The total uptake of C and N from different sources becomes

vl Hse (4)
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¢ W LusrE ¢ 1 W;a(s)
Costs

Respiratory costs of cellular processes together witfixidtion and its associatedg removal cost

depend on the cellularg concentration. Two possible scenarios can be observed:
Case 1: Wherilgconcentration is sufficient to maintain aerobic respiration

Respiratory costs for bacterial cellular maintenance can be divided into two parts: one dependent on
limiting substrates and the other one is independent of substrate conceftrietoa we consider

only the basal respiratory codt, T,, which is independent of the limiting substrates and is assumed

as proportional to the mass of the cg&ll( g C). In order to solubilize particles, particle-attached
bacteria produce ectoenzymes that cleave bonds to make molecules small enough to be transported
across the bacterial cell membrane. Cleavage is represented by a biomass-specific ectoenzyme
production cost4s/°. The metabolic costs associated with the uptake of hydrolysis products and
intracellular processing are assumed to be proportional to the upjaké(x and 4g . where the

41V D U ppeFRiVoM®source uptake. In a similar way, the metabolic costfofdtion is

assumed as proportional to thefikation rate: 4¢c €g g sc » Where €g g ds the bacterial C:N ratio.

If we define all the above costs as direct costs, then the total direct respiratory cost becomes
4 W LA E 43/4TF E4«kE 4&cE 4; éGFéF(;_ W ax;

Indirect costs related toMixation arises from the removal ob@om the cell and the
production/replenishment of nitrogenase as the enzyme is damagedThe@ell can remove O
either by increasing respiratitror by increasing the production of nitrogenase enzyme ifself
Here we consider only the process efr@noval by increasing respiration. To calculate this

indirect cost, the concentration of @esent in the cell needs to be estimated.
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Since the time scale of2@oncentration inside a cell is short, we have assumed a pseudo
steady state inside the cell; the diffusion rate inside a cell is always balanced by the respiration

rate!4, which can be expressed as
s L 44:Wa Y
Here € dis the conversion factor of respiratory © C equivalents ands is the actual @
diffusion rate into a cell from the particle and can be calculated as
(s L VNNg kis F:syspa 1z,

where N is the cell radius; s is the local @ concentration inside the particleg 4 js the cellular
Oz concentration, and s is the effective diffusion coefficient of{@ver cell membrane layers.
The effective diffusion coefficient can be calculated accordingdmura et at?in terms of

diffusion coefficient inside particles@(g), the diffusivity of cell membrane layers relative to water

(%), the radius of cellular cytoplasnyg, and the thickness of cell membrane layerg) @s

Yk:HE-k;a
Y% NE

-s L& {;

The apparent diffusivity inside particle&’g_) is considered as a fractidg of the diffusion

coefficient in seawatergs )

# LB S&. (10)

Combining (7) and (8) gives the cellulas Gdncentration: ¢ 4 as

« p Ea" .
:S,éaL -fsdrg_:F#K.?Kha S S

If there is excess ¢ present in the cell after respirationg( 5 P r; then the indirect cost of

removing the excessgto be able to perform gfixation can be written as
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484

485

4s (W L *:Weg v NiNg 1 482 st
where * : W is the Heaviside function:

<< W
W

.. ra L.r _
WLVSs cwef o sw

Therefore, the total aerobic respiratory cost becomes:
mra L 44°WE 4& Wa swv
Case 2: Anaerobic respiration

When available @is insufficient to maintain aerobic respiratiof, (,;W, P & s ak ), cells use

;7and  g®7for respiration. The potential ;” uptake, g s 4nmis

L /g ° oA Ne A a4 sw:
1R A VIR N -
Sanmr DCEo wNoa > A& A

where/ g5 and #z 5 are maximum uptake rate and affinity for .? uptake, respectively.
However, the actual rate of ,’ uptake, ,r g, is determined by cellular respiration and can be

written as

A

YW F é .
RS L-<-FRSénnaf-f§ Frgfraw eCS(S'ak—fEGélsx;

€rs

where ég 5 is the conversion factor of respiratory 7? to C equivalents and the maximum O
diffusion rate into a cel(s s gan be obtained by making cellulaz €@ncentration: ¢ 4 zero in

(8) as
(s ak_ v VNNg 15 a (17)

Further, in the absence of sufficient -7, the cell uses g°”as an electron acceptor for

respiration. Since the average concentration of° ’in seawater is 29 mmot3  3°is a non-

22



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

limiting nutrient for cell growth and the potential uptake rate o§° ’is mainly governed by the

maximum uptake rate as
:W&énmlr/iEoé Sz .

where / \ gis the maximum uptake rate for 3°uptake. The actual rate of ¢° “uptake, w g

can be written as

4

W F & s ax F & ,
wg L *<* Fwgani*f S Fr:’i”aw &ds ak F & (Ryan

aw 5

"éGa'.S{;

where €g gis the conversion factor of respiratory ¢® “to C equivalents.

According to formulations (16) and (19), ;7 and  g° ?uptake occurs only when the
diffusive flux of O, and both @and ;7 are insufficient to maintain respiratiddoreover, the

uptake rates of ;°and g°®’are regulated accorfiJ WR WKH FHOOVY UHTXLUHPHQWYV

Uptakes of ;7 and ®7incur extra metabolic costér 5 écrs rs and 4w s€onswe
where 4z 5 and 4,y gare costs per unit of ;> and 86 ?uptake. The total respiratory cost can

be written as
4miW L 4 a¥W E 4?5, éGRS RS E 4W§éGW5,W5a tr;
Synthesis and growth rate

The assimilated C and N are combined to synthesize new structure. The synthesis rate is
FRQVWUDLQHG E\ WKH OLPLWLQJ UHVRXUFH /LHELJYVY ODZ RI WKH PLQLPXP DQG E\ DYD

acceptors such that the total flux of C available for growgh( g C d?) is:

rmiW L e<eCgF 4niWa €rac:Wa €ds E &g rs E &wswgda ts;:
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Here, the total available C for growth js F 4, ,; W, the C required to synthesize biomass
from N source isé; g »c, and the C equivalent inflow rate of electron acceptors to the cell is
ésdt E @&rsrs E &wswg We assume that excess C oiskeleased from the cell

instantaneously.

Synthesis is not explicitly limited by a maximum synthesis capacity; synthesis is constrained
by the C and N uptake in the functional responses (equations (28) and (29)). The divisiwof rate
the cell (d) is the total flux of C available for growth divided by the C mass of the gtl (

a:W; kW5 R tts

The resulting division rateg is a measure of the bacterial fithess and we assume that the cell
regulates its Nfixation rate depending on the environmental conditions to gain additional N while
maximizing its growth rate. The optimedlue of the parameter regulatingNz fixation o (r Q

0 Q ythen becomes:
WL f "% f&:W;=4du;
and the corresponding optimal division rate becomes
AL awa tv;:
The particle model

We consider a sinking particle of raditg(cm) and volume8: (cm®) (Supplementary Fig.
S1). The particle contains facultative nitrogen-fixing bacterial populaiorN(cells L1,
polysaccharide€4: N(¢ g G L), and polypeptide®r: N¢ g A LY) at a radial distancé(cm)
from the center of the particle, where G and A stand for glucose and amino acids. We assume that

only fractions B;and B of these polymers are labil&4: N; LcBe: N; a: N ; L{Br: N, i.e.
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accessible by bacteria. Bacterial enzymatic hydrolysis converts the labile polysaccharides and
polypeptides into monosaccharides (glucoge)d G L) and amino acids# g A L™Y) that are
efficiently taken up by bacteria. Moreover, the particle contains O,°, and  g° ?with
concentrations s : N( mol Oz L?), : g :N¢ mol NGz L™), and : yg: N¢ mol SO LY.

Glucose and amino acids diffuse out of the particle whereas® .7 diffuse into the particle

from the surrounding environment. Due to the high concentration gt ’in ocean waters, we
assume that ¢ ’is not diffusion limited inside particles, its uptake is limited by the maximum
uptake capacity due to physical constraint. The interactions between particle, cells, and the
surrounding environment are explained in Supplementary Fig. S1 and equations are provided in

Table 1 of the main text.

We assume that labile polysaccharidg) @nd polypeptide 2y are hydrolyzed into glucose and

amino acids at rateg,and ,g with the following functional form

0'1/%

w L yg—,, (26)

] =7
E L D’ O >9AE, (27)

where Dsand Dy are maximum hydrolysis rates of the carbohydrate and peptide poofzamd

#1 are respective affinitiesa and ,o represent uptake of glucose and amino acids:

° A
AL /Am (28)

0,0

o L Lo (29)

where/ aand/ . are maximum uptake rates of glucose and amino acids, whigeasl # are

corresponding affinities. Hydrolyzed monomers diffuse out of the particle at &kate
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546 aYis the optimal division rate of cells (equation (24)) dnglrepresents the mortality rate of
547  bacteria. (¢ and ,c 5 represent the diffusive flux of s and the consumption rate of s
548 respectively, through the bacterial cell membra@@.and & 5 are diffusion coefficients of ¢

549 and -’ inside the particle.

550 At the center of the particleN L )rthe gradient of all quantities vanishes:
551 2z 1Ez 1Az Behy L @o)
'a a@4 'a3@4 '2a a@4 'a a@4
552 At the surface of the particldN L gNconcentrations are determined by the surrounding

553 environment:

554 ) a@al )y aeal fas y o,k isa@irs Y gl ‘Ryay (B1)

555 where)q @#q4: s a7and : g5 4 gare concentrations of glucose, amino acids a0d ;7in the

556 environment.
557 Calculation of total N fixation rate

558  The total amount of fixed Nn a specific size class of particleq g, 6d N particlel), is calculated

559 as
560 dgvdrt tveNS . TANta@ ut;

561 where M (cm) is the particle radius and z (m) represents the water column depth.

562 N2 fixation rate per unit volume of water,q 4,32 (J *" AN m?d?), is calculated as
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dgvdzt t veNés$g J:T;ENT & uuy

Here T(cm) represents the size range (radius) of partiédesthe fraction of diazotrophs of
the total heterotrophic bacteria, add T (number of particles per unit volume of water per size
increment) is the size spectrum of particles that is most commonly approximated by a power law

distribution of the form
J:T; LJtT, (34)

where J,is a constant that controls total particle abundance and the aepeesents the relative
concentration of small to large particles: the steeper the slope, the greater the proportion of smaller

particles and the flatter the slope, and the greater the proportion of larger particles

Depth-integrated Mixation rate, qq4d*‘ 2N m?d?), can be obtained by

dgvéla L £ dngi/a uw

Assumptions and simplification in the modelling approach

According to our current model formulation, the particle size remains constant while sinking.
However, in nature, particle size is dynamic due to processes like bacterial remineralization,
aggregation, and disaggregation. We neglect these complications to keep the model simple and to
focus on revealing the coupling between particle-associated environmental conditions and N
fixation by heterotrophic bacteria. These factors can, however, possibly be incorporated by using
situ data or by using the relationship between carbon content and the diameter of faatides

including terms for aggregation and disaggregation
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Our model represents a population of facultative heterotrophic diazotrophs that grow at a rate
similar to other heterotrophic bacteria but the whole community initiaidéisdion when
conditions become suitable. However, under natural conditions, diazotrophs may only constitute a
fraction of the bacterial community, and their proliferation may be grétipaésumably affected
by multiple factors. In such case, our approach will overestimate diazotroph cell concentration and

consequently the Nixation rate.

For simplicity, our approach includes only aerobic respiration{" and 86 ?respiration,
although many additional aerobic and anaerobic processes likely occur on particles (e.g Klawonn et
al'®). To our knowledge, a complete picture of such processes, their interactions and effects on
particle biochemistry is unavailable. For example, we have assumed that whed O ;° are
insufficient to maintain respiration, heterotrophic bacteria start reducig§’ However, ®°
reduction has been detected only with a significant lag after the occurrence of anaerobic conditions,
suggesting it as a slow adapted protesghereas we assume it to be instantaneous. On the other
hand, the lag may not be real but due @ BU\SWLF VX O X Ug¥Fr&dddtdh isZ KH U H
accompanied by concurrent sulfide oxidation effectively masking sulfide prod{ictitmpefully,

future insights into interactions between diverse aerobic and anaerobic microbial processes can

refine our modelling approach and fine-tune predictions of biochemistry in marine particles.
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810 Fig. 1 Schematic representation of the cellular processslolts how fluxes of carbon (C)g
811 (solid lines), fluxes of nitrogen (N)g (dotted lines), and electron acceptors, (O ;°, and g%

812 red dashed line) are combined (blue ellipse) to determine growth rate after paying the cost of

813 respiration (brown explosion). Triangle symbols represent the functional responses for the uptake
814 mechanisms and diffusive inflow 020 7?, and 86?. r mFepresents respiration that includes

815 costs of uptake and mobilization of resources for synthesis, construction/maintenance of structure,
816 and ectoenzyme production. The ellipse represents the synthesis of biomass from the available C, N
817 and electron acceptors following Lielfidaw of the minimum. Any excess assimilated C asN

818 excreted from the celli represents theivision rate The black dashed-dotted line represents the

819 regulation of N fixation to optimize growth rate and the red dashed-dot line represents the
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822 Fig. 2Dynamics inside a particle of radius 0.25 cm with time. (a) Labile carbohydrate, (b) labile
823 polypeptide, (c) glucose, (d) amino acid, (e)i®particle, (f) 7? in particle, (g) bacterial
824 abundance, (h) respiration rate, (ij fixation rate, and (j) growth rate are shown along the particle

825 radius over time. Parameters and concentrations of surrounding factors are taken from Table 2.
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Fig. 3 Cellular rates and resource concentrations at a radial distance of 0.027 cm from the center of
a 0.25 cm particle. (a) Size-specific rates of C uptake (dark blue), total respiration (orange),
available C for growth (light blue), available N for growth (green), available EA (electron acceptor
02, -, and g°% yellow), and growth rate of a cell (dashed magenta). Regions 1, I, Ill, and IV
represent situations when a cell is limited by C, EA, co-limited by N and EA, N, and showing
negative growth rate (see text). (b) Respiratory costs relategfioalon in terms of direct
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860 Fig. 7 N2 fixation rates in different types of sinking particles with different sinking speeds. (a)
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Fig. 8 Comparison of predicted Nixation rates in natural marine snow at three contrasting sites in
terms of vertical distributions of£&and NQin the ocean: (a-c) Oninimum zone in the Eastern
Tropical South Pacific (ETSP) (d-f) the Mauritanian upwelling zone in the North Atlantic Ocean
(NAO)®3, and(g-i) open ocean (OOu r &M, w & W)%L (a,d,g) @ and NQ concentrations in

the upper 1000 m vertical water column. (b,e,h¥ikation rates per unit volume of water. (c,f,i} N

fixation rates per unit volume of particle of different size classes.

46



881 Table 1 Equations for the particle model. All quantities vary with tiRend with distance from
882 the centerNThe operator in the brackets represents diffusion in spherical coordinates. Definitions,

883 units, and values of each of the parameters are provided in Supplementary Table S1.

Variables Equations
Bacteria (cells 1) 0% oy iwa o 25(a)
?PL dh)a#aace;$F1,%
Labile polysaccharides ¢ G LY 0% 25(b)
— L F jl./4$
oP
Labile polypeptides @A L™ 02 LE. 25(c)
— E$
oP
Glucose (g G L'} 0 ) 6) t o) 25(d)
Amino acids (g ALY O# o°# _to# 25(e)
FPL’E$F $E&EF—E—O'\§5
Oxygen (mol O, L) 0 ‘ o 0% E _tOE 25(f)
—pLFES E% | 7 ENonC
Nitrate ( mol NOs LY) 0ick o ics _t0ics 25(g)
—p L Fcs$ E%g | 5N EN oN C

884
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