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Fig. 4. Anaerobic growth by the subpopulation with NirS, visualized by FITC-stained cells of the mCherry—Nir$ strain. Cells stained with FITC were transferred
to near-anaerobic vials with Sistrom’s medium (2 mM NO,") and 10% acetylene in the headspace. (A) Gas kinetics (N;O measurement as red squares and
model as black line). (Inset) Observed frequency of mCherry-NirS positive cells (fluorescence >250) with the modeled frequency (black line). (B) Micrographs of
cells after 48 h; same frame in all four squares [FITC fluorescence, mCherry fluorescence (mC), phase contrast (PC), and a combination of all]. (C) Single cell
fluorescence distribution throughout the anaerobic incubation. The crossed lines show the average and SD of the fluorescence intensity for two populations:
red cross for cells with mC >500, green cross for cells with mC <500. For better resolution regarding the low mCherry fluorescence, see log plots of the same

data in S/ Appendix, Fig. S6.

This pattern provides a plausible explanation of the observed
result of the entrapment assay: the arrested growth by some of
the cells qualifies for the term persister cells, because they are
cells that retain their NirS in a potentially active form, hence
enabling them to tackle sudden anoxia. Conversely, the cells that
became engaged in aerobic respiration lost the ability to switch
to anaerobic respiration in the entrapment assay.

Control experiments were conducted to exclude artifacts re-
garding the migration of NirS to the cell pole. A strain with inducible
expression of mCherry that was transported to the periplasm was
constructed (SI Appendix, section 1.2.2), and growth experiments
demonstrated even distribution of mCherry throughout the peri-
plasm and no migration to the cell pole in response to oxygen was
observed (SI Appendix, Fig. S11). Thus, the migration of mCherry—
NirS to the cell pole in response to oxygen is clearly due to a
property of NirS, not mCherry. In addition, cells inactivated by
NaN; showed no migration to the pole (SI Appendix, Fig. S12);
hence the migration depends on some metabolic integrity. To ex-
clude artifacts created by the agar pad conditions, we corroborated
the polar localization by transferring anaerobically grown cells to
aerobic vials which were sampled for microscopy (fixed by formalin
immediately after sampling). Samples taken throughout the first 30
min confirmed rapid migration to the poles, and samples taken after
two to five generations of aerobic growth demonstrated that the
persister cells had NirS localized at the cell poles. We also observed
migration to the cell poles under anoxic conditions, but only in re-
sponse to depletion of electron acceptors (SI Appendix, Fig. S13).

Discussion

Cell diversification in isogenic cultures has been described in a wide
variety of prokaryotes, and the phenomenon is ascribed to noise and
bistability of the regulatory networks (22, 23). Well-documented
cases are endospore formation, chemotaxis, expression of genes
for substrate utilization (lac operon in Escherichia coli), and
the formation of persister cells (24). Some such phenomena are
termed bet hedging because the population spreads the risks
when responding to fluctuating conditions, in effect accepting a
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penalty for a fraction of the population, in exchange for a long-
term fitness advantage for the entire population (25).

This present study reveals that P. denitrificans cells display a bet-
hedging strategy with respect to the synthesis of NIR when chal-
lenged with imminent anoxia. Most likely, the synthesis of NOR is
coordinated with NIR, as indicated by the NO Kkinetics during
denitrification (16). The hypothesized mechanism was a constant,
low probability of initial nirS transcription, but with a positive
feedback loop via NO and NnrR (12, 26), and this is supported by
our experimental results. Moreover, we observed a strong effect of
temperature on the probability for NirS synthesis (Fig. 2). The
probability of expressing the entire denitrification proteome in-
creased sharply with temperature, resulting in pronounced bet
hedging at low temperatures, while a high fraction of the cells
express the entire denitrification proteome at high temperature.
This would make sense if the probability of severe/long-lasting
anoxic spells increase with increasing soil temperature (since this
would penalize the cells without NIR + NOR). This is indeed
plausible if we think of anoxic spells induced by transient water-
logging of soil (after heavy rain): The oxygen consumption rate
will increase with temperature, while the rate of drainage (thus
restoring oxic conditions) will not. Hence, the probability of
severe/long anoxic spells would increase with increasing tem-
perature. The temperature effect explains why the bet-hedging
phenomenon has gone undiscovered until now because, in gen-
eral, P. denitrificans has been studied at temperatures =30 °C
wherein the phenomenon is almost undetectable (Fig. 2A). This
underscores the importance of conducting physiological experi-
ments under environmentally relevant conditions.

The regulation of NIR synthesis in P. denitrificans can be seen
as a beneficial energy-conserving strategy, i.e., minimizing the
cost of protein synthesis in all cases when oxygen quickly reap-
pears to adapt to changing environmental conditions. It could
prove fatal, however, if it results in complete entrapment of the
majority of cells in long-term anoxia. This penalty is evidently
avoided by a leaky repression of nosZ (and possibly nar). By
synthesizing NOS in 100% of the population in response to
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