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A bet-hedging strategy for denitrifying bacteria
curtails their release of N,O
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When oxygen becomes limiting, denitrifying bacteria must prepare

for anaerobic respiration by synthesizing the reductases NAR (NO 3™ —
NO.7), NIR (NG, = NO), NOR (2NO — N,0), and NOS (N,O — N,p),
either en bloc or sequentially, to avoid entrapment in anoxia without
energy. Minimizing the metabolic burden of this precaution is a plau-
sible fitness trait, and we show that the model denitrifier Paracoccus
denitrificans achieves this by synthesizing NOS in all cells, while only a
minority synthesize NIR. Phenotypic diversification with regards to
NIR is ascribed to stochastic initiation of gene transcription, which
becomes autocatalytic via NO production. Observed gas kinetics sug-
gest that such bet hedging is widesp read among denitrifying bacteria.
Moreover, in response to oxygenation,  P. denitrificans preserves NIR
in the poles of nongrowing persister cells, ready to switch to anaer-
obic respiration in response to sudden anoxia. Our findings add di-
mensions to the regulatory biology of denitrification and identify
regulatory traits that decrease N ,O emissions.
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enitrifying organisms use nitrogen oxyanions and oxides as
terminal electron acceptors to sustain respiration in the
absence of oxygen. This plays a key role in the global nitrogen
cycle, returning reactive nitrogen from the biosphere to the at-
mosphere (1). Although the final product of denitrification is
harmless N, fractions are emitted to the atmosphere as the potent
greenhouse gas N,O. The increasing emission of N,O over the
past decades is primarily due to denitrification, ultimately driven
by the anthropogenic escalation of the global nitrogen cycle (2).
The concerns over climate forcing and destruction of stratospheric
ozone by N,O (3) have fueled increasing interest in the ecology
and physiology of denitrifying organisms, with a strong emphasis
on the phenomena that determine their N,O production.
Denitrifying organisms emit N,O because it is a free in-
termediate in the reduction of nitrate to N,, catalyzed by four
enzymes encoded by nar, nir, nor, and nosgene clusters (Fig. 1).
These are widespread among prokaryotes in soils, sediments, and
biofilms (4), and analyses of bacterial genomes have revealed
that 30% of the genomes containing the nosgenes lacked genes
encoding NIR (NirS or NirK, ref. 5). Such “truncated denitri-
fiers” have attracted attention because they are net sinks for
N,O, whereas organisms equipped with NIR, NOR, and NOS
are both sinks and sources. This was taken to suggest that the
abundance of the structural gene, nosz could predict the pro-
pensity of a denitrifying community to emit N,O, but the search
for evidence has not been successful (6). Genome analyses show
that 70% of all genomes with nosZ also carry the genes for NIR
and NOR, thus regulation of denitrification in these organisms
will play an important role in controlling N,O emission.
Regulatory networks controlling the transcription of denitrifi-
cation genes have been established for a number of organisms (7,
8). A common feature is the role of oxygen as a superordinate
repressor. This is likely a strong fitness trait because oxygen res-
piration is energetically favorable over denitrification in terms of
the generation of proton motive force per electron transferred (9).
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Organisms in soils, biofilms, and sediments are frequently chal-
lenged by fluctuating O, concentrations and anoxic spells of var-
iable length (10). When confronted with oxygen depletion, they
must synthesize a minimum complement of denitrification en-
zymes “in time,” i.e., before oxygen is completely depleted, to
avoid entrapment in anoxia without sufficient energy to produce a
viable denitrification respiratory chain (11, 12). Synthesis of the
entire denitrification proteome would be a waste of energy if ox-
ygen reappears within hours. Thus, they have a regulatory di-
lemma, which has its parallel in any organism that is forced by
substrate depletion to synthesize new enzymes. This was modeled
by Chu (13), who concluded that leaky repression is an optimal
adaptation. In the case of denitrification, this would mean a leaky
oxygen repression of at least one denitrification gene.
Experiments with Paracoccus denitrificanBave provided some
kinetic evidence for leaky repression of NAR and NOS, but not of
NIR and NOR synthesis (14). Moreover, P. denitrificandisplays a
depression of respiratory electron flow in response to oxygen de-
pletion, and this diauxie suggested that only a fraction of the cells
can synthesize active NIR in time. Modeling provides support to
the hypothesis that the phenomenon could be ascribed to a low
probability for the initiation of nirS transcription, but with a pos-
itive feedback via NO and the NO sensor NnrR (12). Inspired by
the fact that a similar diauxie in the transition from aerobic to
anaerobic respiration is observed in other denitrifying organisms
(12, 15), we have investigated the mechanisms in more detail in
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Fig. 3. Gas kinetics and synthesis of NirS and NosZ in Pd1222 carrying
mCherry—NirS during the transition from aerobic respiration to denitrification

(17 °C). () Depletion of O ; followed by accumulation of NO and recovery of
the initial 2 MM NO ,°-N (= 100 mol N vial *Y) as Nb. N,O was in the low
nanomolar range throughout the incubation. (  B) Recorded frequencies of
mCherry-NirS positive cells (as defined in Fig. 4), plotted against the model
predictions for two experiments in which aerobically raised cells were in-
oculated to near-anoxic vials with 10% acetylene (red circles, see Fig. 4 for
further details) and without acetylene (blue, see S| Appendix, Fig. S7for further
details). (C) Microscopic images of cells immunocytostained for NosZ, taken at
the time of oxygen depletion (42 h) and at depletion of e s acceptors (70 h). The
images in C, from Left to Right, show the mCherry fluorescence (mC), NOS
immunofluorescence (NosZ), and phase contrast (PC). (Scale bar: 2 m.) All cells
stained positive for NOS at the time of transition, while none were positive for
NirS. In the late sample (70 h), all cells stained positive for N ,0O reductase and a
high fraction showed mCherry —NirS fluorescence. Several samples were taken
at different times throughout the anoxic phase, and the fraction of mCherry -
NirS positive cells was enumerated.

fluorescence), while the cells that lacked NirS (Fig. 4) retained a
strong FITC fluorescence. In theory, if not inhibited by acetylene,
the cells without NirS (but with NOS) would be able to grow slowly
by reducing NO provided by the cells with NirS. We have no FITC-
based evidence for this, but the BD kinetics provide compelling
evidence (12), and an experiment with BD in anoxic vials with
nitrate/nitrite-free medium demonstrated the potential for growth
by N,O as the sole electron acceptor§l Appendix Figs. S8S10.
Our model (12) assumed stochastic initiation ofmirS tran-
scription, with a very low probability, which then turns autocat-
alytic by NO via the NO sensor NnrR. In theory, this could imply
that NO produced by the first few cells carrying active NirS
would inducenirS transcription in the rest of the population, but
this is evidently not the case. A tentative explanation is that the
bulk concentrations of NO are too low (16-30 nM in the liquid),
due to the high-affinity NO reductase present within actively
denitrifying cells (16). A crude test of this was conducted by
injecting NO to the culture at the time of oxygen depletion. The
result was that nearly 100% of cells synthesized NirS and nitrite
reduction to N, was much faster than in the control vials without
NO exposure S| Appendix Fig. S17. Another prediction of the

provided with N,O as the only electron acceptor. Controls without
N,O were also included. The results daonstrated that practically all
cells were able to grow by reducing pO, as evidenced by dilution of
the FITC fluorescence, while cells not provided with DO did not (SI
Appendix Figs. S851Q. The cells provided solely with NO synthe-
sized NirS, but only to a level of one to two orders of magnitude lower
than in fully active denitrifying cells. However, when nitrite was in-
jected after growth on NO for 45 h, NirS was synthesized to high
levels in all cells. This contrasts the results for the transition from oxic
to anoxic conditions, where only adw fraction of cells synthesized
NirS. It could be taken to suggest a regulatory effect of prolonged
exposure to anoxia and MO as the sole electron acceptor, enabling all
of the cells to synthesize NirS when provided with nitrite. To our
knowledge, no regulatory effect of NO on denitrification has been
proven (18).

Little is known about the fate of the denitrification enzymes
once oxygen returns. They could either be diluted by aerobic
growth, degraded, or localized in aging cells by asymmetric dis-
tribution among daughter cells, as has been demonstrated both
with cytoplasmic (19, 20) and periplasmic proteins (21). As a first
approach to investigating the fate of the denitrification proteome,
we designed art'entrapment assayy in which cells without intact
NIR would be unable to grow: the cell suspensions to be tested
were transferred to anoxic media without nitrogen oxyanions, to
which nitrite was added after depletion of the last traces of oxygen.
Cells without NIR (raised through >10 generations of aerobic
growth) were unable to initiate anaerobic respiration, while cells
with NIR (anaerobically raised cells) were active immediately. We
used this assay to assess the fate of a denitrification proteome during
aerobic growth.P. denitrificanswvas raised by>12 generations of an-
aerobic growth on nitrite, ensurirg that all cells carried a full set of
denitrification enzymes. These denitrifying cultures were then ex-
posed to fully oxic conditions in medium without nitrogen oxyanions
and allowed to grow by aerobic respiration up to 12 generations. At
intervals, cells were tested with the entrapment assa$l(Appendix
Fig. S3 using the kinetics of nitrite reduction to N, to assess the
fraction of entrapment assay competent cells (EACs), i.e., cells that
were able to initiate anaerobic regiration and growth in this assay.

The experiment had three alternative outcomes:i) If cells
actively degrade NIR, we would observe a rapid decline in EACs
throughout the first generations of aerobic growth.i{) If NIR is
not actively degraded, but evenly distributed among daughter
cells, the fraction of EACs would remain constant throughout
the first generations of aerobic growth until the NIR content
reached a critically low concentration (diluted by growth).i{i) If
NIR is not actively degraded, but localized to the old poles of the
cells during aerobic growth, the fraction of EACs would decline
by 50% for each generation of aerobic growth. The result (Fig. 5)
suggested the latter. Here, the number of EACs per milliliter
remained practically constant throughout 12 generations of
aerobic growth (Fig. 5,Inset 1), resulting in a gradual decline in
percent of EACs as predicted (Fig. 5)nset 2.

Preferential localization of certain virulence proteins at the old
cell poles has been established previously Bhigella flexnerf21).
To examine the nature of NirS localization and distribution in
P. denitrificanstime lapse microscopy of anaerobically raised cells

model is that in the absence of any usable electron acceptor, nowas performed during aerobic growth on agar pads. Here, the

cells would be able to synthesize NIR due to lack of metabolic

following patterns were observed (Fig. 6): In almost all cells,

energy; hence NIR-free cells would be entrapped in anoxia even mCherry-NirS migrated to the cell poles within minutes after

in the presence of nitrite. However, if provided with NO, they

exposure to oxygenNlovie S1). Some cells did not grow at all, and

would have the energy to synthesis NIR, even in the absence offor this cell population NirS remained at the poles fovie S2).

nitrogen oxyanions, albeit to a very low level due to lack of the
positive regulatory feedback loop via NO and NnrR to promote
synthesis of the full denitrification enzyme pathway. To explore
this we used aerobically raised FITC-stainethCherrynirS cells
to inoculate anoxic vials with growth medium that was effectively
stripped for nitrogen oxyanions (see ref. 17), and cultures were
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The cells that did grow, first redistributed their NirS to the entire
periplasm and started to grow, diluting their NirS by even distri-
bution among daughter cells (Fig. 65| Appendix Fig. S16 and
Movie S3. However, some cells within microcolonies of growing
cells stopped growing after one to three generations, and in these
cells, NirS migrated back to the poles (Fig. 6 antlovie S4).
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have been described (30). However, only a few examples of
spatially organized periplasmic proteins have been reported (21).
Spatiotemporal organization of cytoplasmic proteins is often
intimately linked to cell cycle and proton motive force (31), and
it is reasonable to assume that periplasmic enzymes associating
with the membrane or membrane-bound factors, may be gov-
erned by similar rules. The activity of NirS is linked to a range of
factors and it makes little sense for the enzyme to exist as a
detached entity floating freely in the periplasm. On the contrary, it is
likely to interact intimately with the other denitrification en-
zymes, such as the membrane-embedded NorBC during active
denitrification (32). Membrane-associated factors may in turn in-
teract with cytoplasmic proteins in a manner dependent on the
electrogenic state of the membrane. In this scenario, NOR and
NirS may engage in a “capture and release” cycle driven by the
proton motive force. Once detached from NOR, NirS may diffuse
passively to the poles and/or interact with a secondary partner with
polar localization. Alternatively, and perhaps more likely, NirS may
migrate in complex with its membrane-embedded partners in a
manner dependent on their interaction with the cytoplasm. A link
between the proton motive force and NirS localization is supported
by the observation of migration of NirS to the cell poles under
anoxic conditions in response to exhaustion of NO, (SI Appendix
Fig. S13). In contrast, there was no evidence of migration of NOS to
the cell pole under any of the conditions tested (Fig. 3 and SI
Appendix Fig. S14). NosZ may form a complex with the integral
membrane protein NosR rather than NorBC (32), which could
explain the divergent localization response of NosZ and NirS.
Much like rapid transitions from aerobic to anaerobic growth,
the abrupt return of oxygen in the absence of N-oxides can be
viewed as a crisis with profound regulatory challenges. To grow,
cells must reassemble their aerobic respirome, and this may require
de novo protein synthesis dependent on existing energy reserves.
Thus, the conservation of NIR in nongrowing persister cells, may
be a result of energy depletion, i.e., “entrapment in oxia” in a select
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fraction of cells fully invested in an anaerobic lifestyle. We can only
speculate as to the mechanisms involved in the formation of per-
sister cells at this point, and more work is needed to verify their
actual role in persistence of NIR during oxic spells.

Conclusion

Bet hedging with respect to NIR, coupled with early and com-
plete onset of NOS, bears environmental implications because
organisms with this regulatory setup become strong net sinks
of N,O. Moreover, at the risk of unduly anthropomorphizing
nonsentient organisms, such phenotypic heterogeneity can be
seen as an ingenious strategy for safeguarding one’s interests
without exhaustive investments. Placing wagers on multiple near-
future outcomes nullifies the risk on population level, at lower
costs than full synthesis of all enzymes.

Materials and Methods

Batch cultivation, monitoring of gas kinetics, and modeling of recruitment to
anaerobic respiration during oxygen depletion are described in SI Appendix,
section 1.1. The construction of the mCherry-NirS strain, and the control strain
with naked periplasmic mCherry are described in SI Appendix, section 1.2. The
development of immunocytostaining of NOS is described in SI Appendix, sec-
tion 1.3. Development of the FITC method and the testing of phenotypic ef-
fects of the staining are described in SI Appendix, sections 1.4 and 2.3.
Fluorescence microscopy and time lapse imaging of cells on agar slabs are
described in SI Appendix, section 1.5. The entrapment assay, designed to assess
the number of cells that are able to switch to anaerobic respiration in response
to sudden anoxia, is described in SI Appendix, section 1.6.
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