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Emergent self-organization is a hallmark of natural bacterial communities, whose spatial structures and
dynamic gradients are shaped by the complex interplay among bacterial diversity, oxygen and its consumption,
and motility and by hydrodynamic flows. Key aspects of the interplay between oxygen gradients and bacterial
community spatial structure remain obscure. Here we aim to elucidate the role that oxygen plays in the self-
organization of multispecies bacteria in the water column, focusing on oxytactic bioconvection suspensions of
naturally coexisting aerobic bacteria and on self-organization near air-water interfaces. Combining microscopy,
mapping of the oxygen field and controlled external oxygen levels, we show that species-specific oxygen
affinities and consumption rates induce the formation of distinct bacterial layers near air-water interfaces,
resulting in dynamic segregation during multispecies bioconvection, and play a key role in determining the
nature of bioconvective patterns in single species suspensions. We further find that oxygen and bacterial fields
are tightly coupled and fluctuate with similar spatiotemporal scales, giving rise to oxygen advection and a
well-defined oxic-anoxic boundary. Together, our results illuminate the fundamental role that oxygen gradients
play in multispecies bacterial active matter and its spatial self-organization, with implications for the formation
and stability of ecological niches in aquatic and sedimentary environments.
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I. INTRODUCTION

The appearance of oxygen on Earth following the Great
Oxygenation Event circa 2.4 Gya ago, and its gradual rise
to modern levels [1,2] brought profound changes on extant
life and its organization. Oxygen enabled the efficient uti-
lization of carbon sources during aerobic cellular respiration
[3]. Motility along oxygen gradients (oxytaxis or aerotaxis)
allowed bacterial cells to escape anaerobic growth-limiting
conditions, providing cells with an important survival strategy
[4]. In suspension, motile aerobic bacteria accumulate near the
air-water interface to supply their metabolic needs for oxygen.
Since the bacterial interior is denser than the surrounding
medium by ∼10% [5,6], bacterial accumulation leads to a
heavy layer that becomes gravitationally unstable above a
threshold, set by a critical value of the Rayleigh number (Rac),

Ra = �ρg

μD
h3, (1)

where �ρ is the difference in density between the enriched
bacterial layer and the medium, g is the gravitational acceler-
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ation, μ is the viscosity, D is a bacterial diffusion coefficient,
and h is the suspension height. The collapse of this layer by
a Rayleigh-Taylor instability leads to the formation of plumes
[7–14], and the large-scale auto-organization of bacterial mo-
tion into collective flows known as bioconvection [6,15]. The
coherent structures of these flows are characterized by scales
that are larger than individual cells by about three orders of
magnitude. Bioconvection is thus a prime example of active
matter systems, together with bird flocks and fish schools. It
occurs naturally in lakes [16,17] and tide pools [18], where
organisms can leverage bioconvection for ecophysiological
benefits [17].

Recent experiments with natural isolates of cohabiting
aerobic bacteria have revealed that oxytactic bioconvection
pattern characteristics are species specific [19]. Differences
in cell morphology, motility characteristics and flagellar dis-
tribution could only account partially for pattern differences
between species. However, other factors such as oxygen con-
sumption and preference may play a key role in bridging the
gap between scales in bioconvection.

In nature, bacteria live in complex, diverse ecological
communities, many of which exhibit spatial self-organized
structures and gradients, from microbial mats and soil [20]
to the ocean and freshwater column of lakes and rivers [21].
Oxygen constrains the spatial organization of these commu-
nities, allowing different species to coexist. Bioconvection
experiments with multispecies suspensions showed that bac-
teria of different species can undergo dynamically induced
spatial segregation (DISS) [19], despite enhanced mixing by
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hydrodynamic flows [22]. The different species segregated
into nested domains, with different space-locked regions ex-
hibiting characteristics of the patterns of the individual strains.
Importantly, DISS was only observed under conditions of
bioconvection and was more marked when bacterial cell speed
differences between strains were large.

Much of the understanding of bioconvection has been
predicated on the assumption of a vertical oxygen gradient
that bacteria can follow by oxytaxis. However, oxygen can
be advected, mixed, and consumed, resulting in an oxygen
field that may deviate from a simple vertical gradient. The-
oretical studies based on hydrodynamic approaches suggest
a coupling between the oxygen, bacterial concentration and
velocity fields [7,8,11,12,23,24]. Despite extensive experi-
mental work on oxytactic bioconvection [5,14,25–28], the
oxygen field and its coupling to local bacterial concentra-
tions remains to be experimentally elucidated. What is the
mechanism and specific role that oxygen plays in determining
species-specific oxytaxis-driven bioconvective patterns and
segregation in multispecies bioconvection [19]?

Here we characterize experimentally the dynamics of oxy-
gen in bioconvective flows and its effects on the spatial
organization of multispecies oxytactic bacteria collected from
the pristine communities of the Cuatro Ciénegas Basin (CCB),
Mexico [29–31]. The shared ecological origin of the aerobic
bacteria we chose from our library, sampled from the first two
millimeters of microbial mats [32,33], allows us to combine
them and follow a bottom-up approach in a multispecies con-
text. Our experiments reveal that the oxygen concentration
field is highly inhomogeneous despite enhanced mixing by
the hydrodynamic flow and strongly coupled to the bacterial
concentration field. Furthermore, bioconvective plumes con-
stitute an important mechanism for the advection of oxygen
and, together with bacterial consumption, support the creation
of highly anoxic regions in suspensions. Last, we present ev-
idence supporting the notion that species-dependent affinities
for particular oxygen concentrations along a direction perpen-
dicular to the air-liquid interface are crucial in understanding
mechanistically species-specific bioconvective pattern charac-
teristics, as well as spatial segregation.

II. RESULTS

A. Oxygen concentration fields across bioconvecting patterns

To study the oxygen field across the horizontal plane
of bioconvective patterns and how this field differs among
species, we followed the dynamics of bioconvection in sus-
pensions of four motile aerobic species, as well as an aerobic
nonmotile one as a control. Bacterial doubling times are
larger than the duration of the experimental runs, so bacte-
rial density did not change appreciably [19]. Representative
steady-state bioconvective patterns in Fig. 1(a) (and Movie
S1 in the Supplemental Material [34]) show that each species
displayed different pattern characteristics. In these patterns,
darker regions represent high bacterial density. Snapshots of
the oxygen concentration fields at the bottom of the biocon-
vective suspensions, at different times are shown in Fig. 1(b)
and Movie S2 in the Supplemental Material [34]. Below the
bioconvection onset Ra < Rac (0 min), the oxygen field was
nearly homogeneous. Above the onset Ra > Rac (∼8 min),

marked gradients developed in the oxygen field across wells.
While oxygen levels were high for Exiguobacterium sp.—
and to a lesser extent for B. pumilus—(after 30 min), they
were comparably low for the other species. However, oxygen
levels at the bottom also became low for Exiguobacterium
sp. suspensions of larger depths (Fig. S1 in the Supplemental
Material [34]). Of note, the spatial fluctuation characteristics
of the patterned bacterial and oxygen concentration fields, in
particular those of Exiguobacterium sp. and B. pumilus, show
similar features (see Movies S1 and S2 in the Supplemental
Material [34]). In contrast, the nonmotile Citrococcus sp.
exhibits no spatially fluctuating patterns, reflecting its sinking
dynamics as it consumes oxygen.

B. Modulating air oxygen concentration above bioconvecting
single-species suspensions

To obtain more insights into the role of oxygen as a
driver of oxytactic bioconvection and in setting spatial pat-
tern characteristics, we modulated the oxygen concentration
in the air above bioconvecting suspensions of the different
species in a steplike fashion and followed the effects on pat-
tern dynamics. In Fig. 2(a) the oxygen concentration above
suspensions is plotted as a function of time, and in Fig. 2(b)
representative top views of the bioconvective patterns are
shown for different oxygen concentrations (see Movie S3 in
the Supplemental Material [34]). Reduction of the oxygen
concentration to low-enough levels (∼2%) reduced biocon-
vection in all the suspensions, though it was significantly
maintained at a low level in the case of Exiguobacterium
sp. At ∼0.3%, bioconvection was nearly abolished in all sus-
pensions. Remarkably, gradual increase of the oxygen levels
revealed that bioconvection was reestablished in all species
at oxygen concentrations (∼4% and ∼6% for B. pumilus)
that are significantly smaller than ∼21%, the atmospheric
oxygen level. However, bioconvective pattern characteristics
differed from those before oxygen step down, as illustrated by
the presence of more focused plumes. When oxygen levels
returned to the atmospheric value, patterns recovered their
characteristics [e.g., compare first and last images, Fig. 2(b)
and Movie S3]. Note that patterns at the latest times appeared
darker due to cell division. An important feature of patterns
with reduced oxygen concentrations observed in Fig. 2(b)
is that bioconvection becomes more confined to the central
region of a well, whereas the regions near the rims exhibit
little or altered bioconvection. While inward radial flows are
observed at low oxygen concentrations after bioconvection is
reestablished, outward radial flows appear after the steplike
increases in oxygen concentration.

C. Coupling between the oxygen and bacterial concentration
fields during bioconvection

The results in Fig. 1 show the inhomogeneous nature of the
oxygen field at pattern scales, raising the question of whether
the oxygen and bacterial concentration fields are indepen-
dent or coupled across patterns. To follow simultaneously the
oxygen and the bacterial concentration fields and study their
correlation over time, we used a fiber optic probe to monitor
locally the oxygen field at a given depth in the suspension
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FIG. 1. Oxygen concentration field at the bottom of single-species bacterial suspensions undergoing bioconvection. (a) Representative
steady-state bioconvective patterns of the indicated species observed by transmitted light stereomicroscopy from the top, about 55 min after
the bioconvective onset (see Movie S1 in the Supplemental Material [34] for the dynamics of pattern formation). (b) Oxygen concentration as
a function of time across bioconvective patterns, measured at the bottom of wells with oxygen-sensitive optodes. The color code in the right
bar indicates the percentage of oxygen relative to its saturation in marine medium (see Movie S2 in the Supplemental Material [34] for the
dynamics). Scale bar: 2 mm.

and the bacterial concentration near the probe. A region of the
bioconvective pattern of B. pumilus, together with the fiber
probe to measure the local oxygen concentration, are shown
in Fig. 3(a) and Movie S4 in the Supplemental Material [34].
Mean transmitted light intensity in a small circular region
was used as a measure of the mean local bacterial concen-
tration. Both the oxygen and bacterial concentration display
large fluctuations that have similar timescales and behavior
[Fig. 3(b)] [34].

D. Transversal measurements of the oxygen field during
bioconvection

The variation in oxygen concentration at the bottom of
bioconvective suspensions of different species and heights
(Figs. 1(b) and S1 in the Supplemental Material [34]), suggest

that oxygen levels in a suspension depend strongly on depth.
To study oxygen levels as a function of depth, we followed
bioconvection from the side in vertical Hele-Shaw cells and
used optodes as well as local probes to map the oxygen field.

Side visualization of bioconvection in suspensions of dif-
ferent species revealed that the unstable bacterial-rich layer
near the top decays by down-welling plumes (Fig. 4 and
Movie S5 in the Supplemental Material [34]), similarly to
those observed previously for B. subtilis and in numerical
studies [7,8,13,14,35]. Visualization reveals that the bacteria-
depleted layer at the bottom of the Hele-Shaw cell also
becomes buoyantly unstable to inverse, up-welling plumes.
Importantly, both ordinary and inverse plumes are emitted not
only during the initial instability when bioconvection sets in
but also during steady states and hence are persistent features
of the flow (Movie S5 in the Supplemental Material [34]). The
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FIG. 2. Response of bioconvective patterns to changes in the
oxygen concentration above a bacterial suspension. (a) Oxygen
concentration in the air above bioconvecting suspensions of four
different species [see (b)] was first reduced and then increased in
a steplike fashion, allowing the bioconvective patterns to reach a
steady state after each step. The red arrow indicates the time at
which oxygen was initially reduced, and the blue arrow the time at
which oxygen was reintroduced. Changes in oxygen were effected
by flushing the chamber containing the suspensions with mixtures of
atmospheric air and nitrogen. (b) Snapshots of bioconvective patterns
in suspensions of the indicated species and times, carried out as in
Fig. 1(a). Scale bar in the lower right panel represents 2 mm. See
Movie S3 in the Supplemental Material [34] for the dynamics.

mean plume speeds for the different species were found to be
comparable (Table I) and about twofold larger than the respec-
tive bacterial mean speeds [19], underscoring the important
role of gravity in determining the dynamics of bioconvective
flows. A theoretical prediction suggests that the transversal
plume stem size scales as

√
λ, where λ is the thickness of

the unstable layer that decays into a plume [13]. However,
a plot of stem size at early times as a function of unstable
layer thickness is more consistent with a linear dependence
between these two quantities (Figs. S3(a) and S3(b) in the
Supplemental Material [34]).

An important feature observed in Fig. 4(a) is a dark re-
gion of bacterial depletion around plume stems, whose width

decreases from the top towards the bacteria-rich plume head.
One may surmise that this depletion may be due to horizontal
migration of bacteria towards plume stems, under the premise
that plumes advect oxygen as they fall, as previously hypoth-
esized [13]. To test this directly, we visualized the oxygen
field from the side using optodes. Representative pictures of
the oxygen field for single-species suspensions are shown in
Fig. 4(b) (see also Movie S6 in the Supplemental Material
[34]). At time zero, when the suspension is well mixed, the
distribution of oxygen is nearly homogeneous. After 5 min,
plumes develop in the top region simultaneously with an
anoxic region at the bottom.

The plumes advect oxygen into the suspension, which is
rapidly consumed within them before reaching the bottom,
creating well-defined gradients within the plumes. Next we
calculated the average oxygen concentration across horizontal
sections to determine mean oxygen profiles as a function of
depth for the different species. In a nearly well-mixed sus-
pension [t = 0 min, Fig. 4(c)], the oxygen concentration falls
to a species-dependent plateau value. Following the onset of
bioconvection Ra > Rac [t � 5 min, Fig. 4(d)], the plateaus
decrease significantly for all species to the lowest oxygen lev-
els, within a depth of ∼2 mm. Complementary measurements
using a fiber optic probe showed that oxygen levels were
reduced from ∼8 mg/l near the interface (100%), to about 0.6
mg/l (∼7.5%) at a 2 mm depth for all species (Fig. S2 in the
Supplemental Material [34]).

We next studied the effects of varying oxygen levels in
the air on the behavior of plumes. Reduction of oxygen con-
centration brings about narrower plumes and differences in
bioconvective behavior, consistent with observations in wells
(Figs. S3(c) and S3(d) and Movie S7 in the Supplemental
Material [34]). The width of the bacterial-rich layer near the
interface λ increases monotonically with oxygen concentra-
tion (Fig. S3(d) in the Supplemental Material [34]).

E. The effects of oxygen concentration changes above
bioconvecting multispecies suspensions

To test for the robustness of DISS to changes in oxygen
concentration above multispecies bioconvective suspension,
a binary suspension consisting of fluorescently labeled
Exiguobacterium sp. and P. megaterium exhibiting segre-
gation was subjected to steplike changes in the oxygen
concentration [Fig. 5(a)]. At atmospheric oxygen levels
(∼21%), patterns display segregation (Fig. 5(b), Movie S8
in the Supplemental Material [34]). However, after oxygen
step-down to ∼0.19%, segregation is reduced concomitantly
with bioconvection. At oxygen levels below ∼2.4%, biocon-
vective activity concentrated primarily in the well’s central
region, without significant segregation. At a higher oxygen
concentration, ∼3.7%, segregation is reestablished. Segrega-
tion is concomitant with bioconvection of both species and
is observed at oxygen concentrations that are lower than at-
mospheric levels. Similarly to the bioconvective patterns of
single species (Fig. 2), plumes are narrower and more focused
and tend to appear in the central region of the well. Reduction
of oxygen above other binary suspensions yield similar results
(Movie S9 in the Supplemental Material [34]).
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FIG. 3. Local oxygen and bacterial concentrations in a bioconvecting suspension. (a) Snapshot of a small region of a bioconvective pattern
in an Exiguobacterium sp. suspension viewed from the top. Darker regions correspond to down-flowing current flows. The image also shows
a fiber optic probe measuring the local oxygen concentration at its tip submerged at a given height, as well as a small circle (red) over which
the intensity of transmitted light was averaged, as a measure of the local bacterial concentration near the probe tip. Scale bar: 1000 µm. (b)
Normalized local measurements of oxygen (blue) and bacterial concentration (red) over time in a bioconvective pattern of an Exiguobacterium
sp. suspension. For the dynamics see Movie S4 in the Supplemental Material [34].

F. Effects of oxygen concentration on bacterial band formation
near air-liquid interfaces

In bioconvective patterns of multispecies suspensions
displaying DISS, we observed that fast species were prefer-
entially found down-flowing at the center of space-locked do-
mains, surrounded by down-flowing regions rich in the slower
species, e.g., when observing the faster Exiguobacterium sp.
together with the slower B. cereus or P. megaterium [19]. We
hypothesized that this feature may be due to preferential accu-
mulation of the faster species near the air-liquid interface. To
test this hypothesis, we quantified layer formation dynamics in
suspensions near air-liquid interfaces in horizontal millifluidic
channels [Fig. 6(a)], thereby eliminating the effects of gravi-
tational instability. We also studied the effect of reducing the
oxygen concentration in the air.

Remarkably, single species suspensions reached steady-
state concentration profiles independently of their speed and
displayed markedly different responses to oxygen gradients,
forming bands at different distances away from the interface
(Fig. 6(b) and Fig. S4 in the Supplemental Material [34]):
Whereas Exiguobacterium sp. and B. pumilus migrated to-
wards maximum oxygen concentrations at the interface as B.
subtilis does [37], B. cereus and P. megaterium formed bands
a distance away from the interface. These observations are
quantified in Fig. 6(c), where we show concentration profiles
as a function of distance from the interface.

Next, we carried out a bioinformatics analysis comparing
key components in the oxytaxis network of the species used in
this study to those of the Gram-positive B. subtilis strain 168.
The analysis shows the presence of YfmS and HemAT-like
oxygen sensor proteins, as well as details of the abundance of
heme and chemotaxis-related protein families [38–40] in each
bacterial species (see Fig. S5, Table SI and Supplemental Text
in the Supplemental Material [34]).

We also studied band formation in multispecies suspen-
sions. Experiments with selected binary suspensions exhibit
the formation of two bands, with their positions determined
largely by the intrinsic affinities of each species [Fig. 6(c)].

Moreover, the position of the band of a given species is moder-
ately influenced by the presence of the other in the suspension.
For instance, B. cereus is farther away from an interface when
combined together with Exiguobacterium sp. However, its
distribution is more tenuous and closer to the interface when
present with P. megaterium [Fig. 6(d)].

Variation in the relative concentrations of species in a
binary suspension of Exiguobacterium sp. and B. cereus,
also affected their band positions (Fig. S6(a) in the Sup-
plemental Material [34]). Increasing the relative abundance
of Exiguobacterium sp., a species with a higher oxygen
affinity, caused the B. cereus band to form farther away
from the interface. Furthermore, a triple suspension consist-
ing of Exiguobacterium sp., B. cereus, and P. megaterium
also exhibited the formation of well-defined, separated bands
(Fig. 6(e) and Fig. S6(b) in the Supplemental Material [34]).
While the quantitative positions differed, their hierarchical
position relative to the interface followed the order expected
from experiments with single species [Fig. 6(b)–6(c)].

Finally, we studied species-specific band responses to
reduced oxygen availability, by following the response of
bacterial bands of different species [Fig. 7(a)]. Under steady-
state conditions and atmospheric oxygen concentration, bands
showed similar behavior as Figs. 6(b)–6(c). Reduction in oxy-
gen resulted in band displacement towards the interface for
P. megaterium and B. cereus, followed by dispersal, and only
dispersal for Exiguobacterium sp. and B. pumilus, as the latter
two already occupied the interface region.

III. DISCUSSION AND CONCLUSIONS

Despite advances in understanding bioconvection of oxy-
tactic bacteria and its implications in both ecology and active
matter physics, studies of the oxygen field driving it have
been theoretical [6,25]. In the present study we have bridged
this gap by mapping experimentally the oxygen field directly
and establishing its coupling to local bacterial concentration.
In addition, the results exposed the crucial role that species-
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FIG. 4. Down-welling ordinary plumes and oxygen concentration dependence on depth in a Hele-Shaw cell. (a) Suspensions of
Exiguobacterium sp. and B. pumilus, at different times above the bioconvective onset within vertical Hele-Shaw cells. The images were
captured using transmitted light microscopy. Scale bar: 2 mm. See also Movie S5 in the Supplemental Material [34] for the dynamics, as well
as for P. megaterium and B. cereus. (b) Representative snapshots of the normalized oxygen concentration at different times in suspensions
of the same species. Time zero is defined when bioconvecting suspensions were injected to the Hele-Shaw devices. The color code shown in
the right bar indicates the percentage of oxygen relative to its saturation in marine medium. The black double arrow indicates the air-liquid
interface and the yellow arrows denote the bioconvective flow direction. Scale bar: 2 mm. See Movie S6 in the Supplemental Material [34]
for the dynamics, as well as for P. megaterium and B. cereus. (c) Normalized mean oxygen concentration as a function of depth below the
bioconvective onset of different bacterial species (B. pumilus, blue; P. megaterium, red; B. cereus, orange; and Exiguobacterium sp., green).
(d) Normalized mean oxygen concentration as a function of depth above the bioconvective onset for the same species as in (c). The curves
represent means of three independent experiments and error bars represent standard errors.
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TABLE I. Mean down-flowing plume and single-cell bacterial
speeds. Plume speeds of the indicated strains were measured in Hele-
Shaw cells, while single-cell mean bacterial speeds were computed
from the distributions in Refs. [18,36].

Species Plume speed (µm/s) Bacterial speed (µm/s)

Exiguobacterium sp. 86 ± 7 31 ± 1
B. pumilus 74 ± 8 42 ± 2
P. megaterium 67 ± 1 16 ± 1
B. cereus 60 ± 7 25 ± 1

specific oxygen affinities and consumption play in setting
bioconvective patterns, dynamical segregation and spatial or-
dering in a native multispecies context.

Far from varying solely as a vertical gradient, our biocon-
vection experiments show that the oxygen field fluctuates with
timescales and length scales similar to those of local bacterial
concentrations at distances sufficiently close to the air-water
interface, confirming

its nature as a hydrodynamic field [7,8,11,12,23,24]. This
is evident in the patterned oxygen fields at the bottom of wells
bearing shallow suspensions of Exiguobacterium sp. and B.
pumilus. The smaller levels of oxygen for P. megaterium and
B. cereus is consistent with their higher oxygen consumption
rates [19], indicating that downwelling flows in these suspen-
sions transport oxygen towards the bottom less effectively.

We established a ∼2 mm deep, quasi-steady-state, sharp
oxic-anoxic boundary, determined by the interplay among
bacterial oxygen consumption, atmospheric oxygen diffusion,
and flow. In natural settings, where aerobic and anaerobic
species coexist, the formation and maintenance of anoxic
zones is ecologically important as this creates niches for
anaerobes to thrive [41]. The oxic-anoxic boundary we report
is close in magnitude to that observed in microbial mats [42].
The fact that the bacteria in our study can still navigate in
the highly anoxic region to sustain the bioconvective flow
is consistent with a log-sensing strategy of oxygen gradients
[37,43,44].

Plumes were observed not only during the Rayleigh-Taylor
instability of both the bacteria-rich and bacteria-poor layers
at the onset of bioconvection but also during steady states,
showing that they are persistent coherent structures [45,46].
The fact that plume speeds are comparable between species
and significantly larger than bacterial cell speeds, stresses
the importance of gravity and buoyancy for bioconvection.
Indeed, a Stokes flow estimate of the buoyant velocity scale
u ∼ 2�ρgr2

9μ
, where r ∼ 0.1 cm is the typical radius of a plume

head, and a density increase due to the presence of the bacteria
�ρ ∼ 10−5 g/cm3 yields u ∼ 100 µm/s, close to our mea-
sured values (Table I).

The measurements of the oxygen field in downwelling
plumes, together with local probe measurements highlight
the fluctuating nature of the oxygen field and its correla-
tion with the bacterial concentration field at different depths.
Down-flowing plumes emerge as the main mechanism for
the transport of oxygen, bringing it into the suspension from
the air-liquid interface and mixing it, while at the same time
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FIG. 5. Effects of changes in oxygen concentration above a bio-
convective binary suspension on patterns displaying segregation. (a)
Oxygen concentration in the air above a bacterial suspension un-
dergoing bioconvection was first reduced and then increased in a
steplike fashion, allowing bioconvective patterns in the suspension
to reach a steady state after each step. The red arrow indicates the
time of oxygen stepdown, the blue arrow the time at which oxygen
was reintroduced and changes in oxygen were effected by flushing
the chamber containing the suspension with mixtures of atmospheric
air and nitrogen. (b) Representative stereomicroscopy images of bio-
convective patterns in a binary suspension of fluorescently labeled
Exiguobacterium sp. (red), P. megaterium (green), and overlay (third
column) at a 1:1 volume ratio. See also Movies S8 and S9 in the
Supplemental Material [34] for the dynamics. Scale bar: 1 mm.
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FIG. 6. Bacterial concentrations fields in horizontal channels with air-water interfaces. (a) Partially filled horizontal millifluidic channel
containing single or multiple-species bacterial suspensions and an air-liquid interface. Oxygen gradients develop as a result of bacterial
consumption. (b) Fluorescence microscopy images of band formation in single-species suspensions of surface-labelled bacteria (red) ∼30 min
after introducing the suspensions into the channel. The bands shown represent a steady state. Scale bar: 100 µm. (c) Normalized mean
concentration profiles of the different bacterial species in horizontal channels as in (b). Means were taken over three independent experiments
for each species and error bars represent standard errors. (d) Fluorescence microscopy images of bands in two mixed binary bacterial
suspensions: Exiguobacterium sp. and P. megaterium fluorescently labelled (red) and B. cereus (plasmid reporting GFP). Scale bar: 100
µm. (e) Stereomicroscopy images of bands in a triple suspension of Exiguobacterium sp. (red), B. cereus (green), and P. megaterium (violet),
with relative volume ratios 2:1:1. Scale bar: 500 µm. The plot in the panel on the right represents the normalized fluorescence profile of the
bands.

bacteria consume it. Indeed, a simple estimate suggests that
diffusive transport is much slower: While it takes oxygen
τ ∼ �2/DO ∼ 500 s to diffuse across the transversal charac-
teristic scale of a plume (� ∼ 0.1 cm), assuming a diffusion
coefficient of oxygen in water of DO∼ 2.1 × 10−5 cm2/s at
25 °C [47], the turnover time of a bioconvective roll of one
millimeter height based on measured plume speeds is ∼10
times smaller. To dissect the roles of oxygen as a driving
force behind bioconvection, we modulated the oxygen con-
centration in the air above suspensions. While bioconvection
was nearly inhibited at near zero oxygen concentration levels,
patterns with similar spatial characteristics were recovered

when oxygen levels reached the atmospheric value. However,
bioconvection started at oxygen well below the atmospheric
value, suggesting again that the species we studied exhibit
oxytactic responses consistent with a log-sensing strategy
[37,43,44]. Spatial segregation in binary suspensions was also
affected by variations of oxygen levels. As these decreased,
convection cells progressively shrank until bioconvection was
inhibited at near-zero oxygen concentrations. With a slight
increase in oxygen concentration, bioconvection was restored;
however, segregation did not reappear until higher oxygen
levels were reached. We attribute this to changes in the oxygen
gradient at the interface as the concentration declines. Specifi-
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FIG. 7. Response of bands near an interface to modulation of oxygen concentration at the interface in horizontal suspensions. (a)
Representative stereomicroscope snapshots of bacterial suspensions labeled with MitoTracker in horizontal channels at the indicated times, and
their respective oxygen concentrations for each snapshot, following changes in the oxygen concentration at the interface (in v/v %) [see (b)].
The interface appears as a curved meniscus within the channel. Scale bar: 500 µm. (b) The oxygen concentration in the chamber was measured
continuously as a function of time during the experiments as bands responded to oxygen changes. The suspensions, initially maintained in
atmospheric air, were flushed with nitrogen gas (N2 arrow), followed by gradual increase of oxygen concentration, carried out by allowing air
to go into the chamber, about 10 min later (O2 arrow). (c) Normalized fluorescence intensity as a function of distance from the interface for
the snapshots shown in (a). The plots are color coded according to the bar (right) and the corresponding oxygen levels are determined in the
plots in (b).

cally, the altered gradient drives the low-affinity species closer
to the interface (Fig. 7), where it may disrupt segregation
and accounts for the thinning of bioconvection plumes under
low-oxygen conditions, as the bacterial layers become thinner
when the cells accumulate nearer to the interface. Taken to-
gether, oxygen emerges as a key factor shaping bioconvective
behavior, in suspensions of both single and multiple species.
We cannot exclude that interactions mediated by resources

and metabolites other than oxygen may also play a role. We
note that DISS was observed under conditions where antago-
nistic interactions affecting mutual growth were not detected.

Species in horizontal channels showed distinct band
dynamics in response to oxygen changes, each forming char-
acteristic spatial profiles that reflect their specific oxygen
preferences, consumption rates, and balance between respi-
ration needs and toxicity avoidance [21]. Our bioinformatics
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analysis shows that the species we studied differ considerably
in their protein families. Yet they share Hem-like and Che-like
protein families, known to be involved in oxygen sensing and
chemotaxis in B. subtilis [48,49]. However, additional factors
such as metabolism and oxygen consumption rates may play
a role in accounting for differences in affinities and tolerance
for oxygen.

The remarkable spatial segregation of species into bands
observed in horizontal channels takes place within a fluid en-
vironment in which bacteria can move freely with no physical
constraints, except for the oxygen gradients that the bacte-
ria themselves help shape. It is thus fundamentally different
from layering in proliferation patterns, in which bands form
within gels without motility [50–53]. It is noteworthy that
the segregation into bands occurred even when antagonistic
biological interactions between the bacterial species were not
detected. The segregation into distinct bands is most likely
determined by species preferences for oxygen and relative
bacterial concentrations. This auto-organization, within the
oxic ∼1-mm-thick region adjacent to an air-water interface
and observed in microcosms of natural bacterial isolates from
CCB ponds [29], may have ecological implications and shed
light on how multiple species of bacteria in the aerobic sector
of microbial mats are organized.

Band formation and the ensuing segregation of species as
function of the distance from an air-water interface suggests
a unique mechanism that can underpin DISS, the segrega-
tion of species during multispecies bioconvection [19]. Band
formation can make the layer of bacteria that eventually
becomes buoyantly unstable through a Rayleigh-Taylor insta-
bility compositionally inhomogeneous: Species that migrate
(Fig. S7(a) in the Supplemental Material [34]) towards a max-
imum oxygen concentration will be found near the interface,
whereas those that are repelled from high oxygen concentra-
tions will localize preferentially farther away (Fig. S7(b) in
the Supplemental Material [34]). When this composite, inho-
mogeneous layer becomes unstable, species with high oxygen
affinity will be found near the core of a plume, surrounded
by those with lower affinity (Fig. S7(c) in the Supplemental
Material [34]). While these latter can migrate horizontally
by oxytaxis towards the oxygen-advecting plume, they will
nonetheless remain at a distance from the core, given their
aversion for high oxygen concentrations. Evidence in sup-
port of horizontal oxytactic migration is observed in bacterial
depletion around plume stems [Fig. 4(a)]. Consistent with
this picture, the oxygen consumption of Exiguobacterium
sp. and B. pumilus is smaller than those of P. megaterium
and B. cereus, and thus the plumes of the former species
convey oxygen to larger depths. An additional contribu-
tion to inhomogeneity in the unstable layer can also come
from large differences in motility between species, allowing
faster species to reach the interface earlier. Coincidentally,
Exiguobacterium sp. and B. pumilus both have larger speeds
than P. megaterium and B. cereus. Importantly, the mechanism
for segregation proposed above accounts for the observation
that species with high affinity to oxygen concentrations and
speeds are located at the center of space-locked convective
domains, surrounded by the species with lower affinities and
speeds [19]. The experimental observations reported here
provide a basis for future theoretical studies aimed at sup-

porting the mechanism behind differences in bioconvective
patterns and DISS proposed here, e.g., by hydrodynamic
approaches.

Layered microbial ecosystems such as phototrophic micro-
bial mats and stromatolites [21,54–56] dominated aquatic and
terrestrial habitats before the rise of multicellularity during
the Cambrian explosion. Despite their sheer complexity, their
basic structure is robust and has been proposed as a biosig-
nature to test for life in other planets [57]. It is therefore
notable that in the much simpler scheme of our experiments,
different bacterial species segregate along an oxygen gra-
dient, forming a well-defined layered structure. Our studies
support the notion that this structure plays a crucial role in
bioconvective phenomena, including the nature of patterns
in individual species, as well as DISS in a multispecies
setting.

Taken together, our results provide new insight into the
dynamics of spatial self-organization in natural bacterial com-
munities, particularly in layered systems such as microbial
mats. They highlight the crucial role of mutual feedback be-
tween oxygen and bacterial fields in shaping spatial structure.
Spatial structure emerges as a fundamental paradigm that
cannot be neglected and represents a clear departure from
the mean-field, well-mixed approaches that underpin many
studies of microbial ecology [58].

Our experimental scheme paves the way for the controlled
exploration of the fine-scale structure of the aerobic sector
of microbial mats and its response to perturbations from a
bottom-up perspective. For example, the response of bacterial
bands to changes in oxygen illustrates how modulation of
spatial organization can arise from circadian day-night oxygen
cycles [21,55]. Extending this framework to include anaerobic
species will open new opportunities to address mat complex-
ity across scales, adaptation at oxic-anoxic interfaces, regime
shifts [41], and the theoretical modelling of these systems
[59,60].
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APPENDIX: MATERIALS AND METHODS

1. Strains and culture conditions

Bacterial strains were isolated from superficial sediment
at the margins of the oligotrophic Churince intermediate la-
goon in the Cuatro Ciénegas Basin, Mexico [36]. Coordinates:
26.849142282661216, −102.14237282826757. See Table SII
in the Supplemental Material [34] for list of strains. Bacterial
stocks were stored in marine media with 15% v/v glycerol at
−80 °C [61]. For the experiments, samples from the frozen
stocks were streaked on marine media plates with 1.6% agar
and incubated overnight at 28 °C. The next day, plates were
placed at room temperature and used for up to 1 week. For
the strain carrying the pNW-sfGFP plasmid, overnight liquid
cultures of marine medium with chloramphenicol (10 µg/ml)
were grown directly from the frozen stocks and incubated
overnight at 28 °C and 250 rpm.

2. Sample preparation

A single colony was picked from a marine medium agar
plate and incubated overnight in liquid marine medium at
28 °C and 250 rpm. The overnight culture was diluted to an
OD600 of 0.7 (NanoDrop One C, ThermoFisher Scientific) in
fresh marine medium. For B. cereus, 100 µl of the overnight
culture was inoculated in 5 ml of fresh marine medium and
incubated until reaching an OD600 of 0.7 to avoid the presence
of cell aggregates that formed in overnight cultures. Vortexing
and/or repeatedly aspiring and expelling the culture using
a syringe was used to dissociate aggregates when needed.
For bioconvection experiments, suspensions were placed ei-
ther in circular wells (24-well Nunc Cell-Culture Treated
Multidishes, Thermo Fisher Scientific) or in custom-made
Hele-Shaw cells. The Hele-Shaw cells were made with two
glass plates (50 × 25 × 1 mm) separated by a 2-mm rubber
spacer, held together by a three-dimensionally (3D) printed
scaffold. For experiments studying oxytactic behavior near
air-liquid interfaces, millifluidic channel devices were used
(µ-Slide VI 0.4 Bioinert, Ibidi). For fluorescence experiments,
fluorescence dyes final concentrations were 3.2 µM for FM
4–64, 1 µM for MitoTracker Orange CMTMRos, 1 µM for
MitoTracker Green FM (ThermoFischer Scientific), and 1 µM
for MitoView 405 (Biotium). All dye stock solutions were
prepared in dimethyl sulfoxide following manufacturer in-
structions. For mixed species experiments, single species were
labelled separately, incubated for at least 5 min and mixed at
the indicated volume ratios prior to loading into devices.

3. Sample visualization

Bioconvection dynamics in wells were recorded by taking
16-bit images with a fluorescence SMZ-25 stereomicroscope
(Nikon) equipped with an Andor Zyla 4.2 Plus USB3 cam-
era (Oxford Instruments), a SOLA Light Engine (Lumencor)
and a motorized x-y stage (ProScan). Bioconvection was vi-
sualized from the top by placing a 400-µl volume (unless
otherwise stated) of suspension in a well illuminated with
transmitted light from the bottom, and therefore bacteria-rich
regions appear dark by their absorbed light. For fluorescence
visualization, the following filter sets were employed: 49008-
ET mCherry filter set (Chroma Technology Corp.) for FM

4–64 and MitoTracker Orange CMTMRos; 49002-ET EGFP
filter set (Chroma Technology Corp.) for MitoTracker Green
FM and the constitutively expressed green fluorescent protein
from pNW-sfGFP plasmid; and then 49028-ET DAPI filter set
(Chroma Technology Corp.) for MitoView 405.

Bioconvection dynamics in vertical Hele-Shaw cells placed
in the SMZ-25 stereomicroscope were recorded as indicated.
The Hele-Shaw cells were obliquely illuminated by transmit-
ted light, using a tilted mirror to redirect the image into the
stereomicroscope’s optical path. Bacteria-rich regions appear
bright by their scattered light.

To characterize oxytactic behavior near air-liquid in-
terfaces, fluorescently labelled samples from bioconvective
suspensions were placed into millifluidic channels and tran-
sects of images were taken as a function of distance from
the air-water interface. Images were then stitched together
using the NIS-Element Advanced Research software (Nikon,
version 5.02.01) to generate a long fluorescence image of
the cell distribution along the transect at different timepoints.
The setup consisted of an inverted microscope (Nikon, Ti2-
Eclipse) with a motorized x-y stage (Prior). Stage, sample
holder and objective (60 × /1.40 oil, Nikon) were inside
a temperature box (Okolab) at 28 °C. Phase contrast and
fluorescence images were acquired with a sensitive cam-
era (Andor DU-987, X-4889). An experiment consisted of
a sequence of images taken from a sample. Cells were
illuminated with light of the appropriate wavelength, pro-
duced by a light emitting diode set (CoolLED pE-4000),
using appropriate filter sets for each fluorescent dye: Chroma,
49002-ET-GFP (FITC/Cy2), for MitoTracker Green FM and
Chroma, 49008-ET-mCherry, Texas Red, for FM 4–64 GFP.
In some experiments, a single image was taken in the SMZ25
stereomicroscope.

4. Control of oxygen concentration in the air above suspensions

Mixtures of nitrogen and air were used to modify the air
oxygen concentration inside a sealed well plate (24-well Nunc
Cell-Culture Treated Multidishes, Thermo Fisher Scientific)
at room temperature. Two holes were drilled on the lid of
a Petri dish, one to insert a plastic tube connected to a gas
mixer and the other to insert an optical oxygen microsensor
(NTH-PSt7, PreSens). The plate-lid junction was sealed after
placement of a bioconvection sample. Oxygen levels were
continuously monitored in a neighboring well, while a biocon-
vection sample was imaged in the SMZ25 stereomicroscope.

5. Measurement of oxygen concentration

For measurements and visualization of the oxygen concen-
tration field during bioconvection, a piece of oxygen-sensitive
optode (SF-RPSu4, PreSens) was placed in either the inner
side of one of the glass plates of the Hele-Shaw cell or in the
bottom of a well. Time-lapse images were taken every 5 s with
a camera designed to measure the optode signal (VisiSens,
PreSens). A two-point calibration was performed at the begin-
ning of each independent experiment by measuring a sample
of sterile marine medium with and without 80 mM NaSO3 as
0% and 100% oxygen saturation points, respectively. Process-
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ing of the images was performed in the dedicated VisiSens
ScientifiCal software to obtain the 2D oxygen fields.

Local oxygen measurements as a function of depth were
done with an optical oxygen microsensor (NTH-PSt7, Pre-
Sens) mounted on a micrometric vertical stage over a
Hele-Shaw cell at room temperature. The sensor was placed
on the interface and lowered by fixed steps every 6 min. The
first 2 min after each down step correspond to the stabilization
period of the sensor and were not considered in the analysis.
The remaining 4 min of the measurement were averaged to
obtain the mean oxygen value for each step. At least two tech-
nical repetitions were averaged using interpolation to get the
mean oxygen decay curve as a function of depth for a given
independent experiment, and at least three independent exper-
iments were conducted for each strain. The weighted average
of all independent experiments was calculated to account for
differences in number of technical repetitions. To measure the
dynamics of the change in the oxygen concentration dissolved
in the liquid, following changes in the oxygen concentration
in the air above a suspension, the oxygen concentration was
measured simultaneously in the air above a suspension in a
closed 24-well plate using the optical oxygen microsensor
and the dissolved oxygen concentration in the liquid using
an optode at the bottom of a well (Fig. S8). About 20 min
after a change in oxygen in the air suffice for the oxygen
concentration in the liquid to nearly relax to its asymptotic
value, in pure marine medium.

6. Image analysis of interface band profiles

Image analysis of stereomicroscope-acquired profiles was
performed in MATLAB (Math-Works). RGB images were
converted to grayscale. The surface meniscus was approxi-
mated as a circular arc, with its center and radius determined
manually. A rectangular region corresponding to the wa-
ter column was defined with its centerline passing through
the meniscus center; the region had a width of 101 pixels
(±50 pixels) and was positioned to just contact the meniscus.
Pixel intensity profiles were obtained by summing intensities
across the width of the water column for each distance from
the interface. Fluorescence profiles from microscope images
were quantified using custom MATLAB code that summed
pixel intensities per image row. The resulting profiles rep-
resent the bacterial concentration distribution, inferred from
proportional fluorescence intensity.

7. Local oxygen measurements during bioconvection in a well

A volume of 2.5 ml of a bacterial suspension was placed
in a six-well plate (Nunc Cell-Culture Treated Multidishes,
Thermo Fisher Scientific) with a small hole on the lid cov-
ered with tape to allow access to optical oxygen microsensor
(NTH-PSt7, PreSens). Visualization was performed by taking
bright-field images every 2 s with a SMZ-25 stereomicroscope
(Nikon). Oxygen measurement acquisition was performed
with PreSens’ software every 2 s, with a delay of 1 s with
respect to image acquisition to avoid interference with the
stereoscope’s illumination. Image data was processed with
the Fiji distribution of ImageJ [62] by measuring the mean
pixel intensity of a circular region-of-interest of 30 pixels in

diameter, near the oxygen sensor tip. This region-of-interest
corresponds to the sensor’s spatial resolution.

8. Analysis of plumes during bioconvection

For scaling analysis of plumes, images from movies of
bioconvection for each species were chosen just before and
after the onset of bioconvection for measurement of the
boundary layer thickness and plume stem diameter, in the
middle of the Hele-Shaw cell horizontally (Fig. S3 in the
Supplemental Material [34]). Both quantities were measured
manually using the Measure Distance tool of ImageViewer in
MATLAB. For plume speed analysis, to each bioconvection
movie an intensity threshold was applied for a good contrast
between background and one to two plume heads, which were
approximated by circles using im f indcircles in MATLAB.
The speed was determined by the difference in circle-center-
position from one frame to the other divided by the interframe
interval time (2 s) and averaged over all frames. Note that the
difference of plume-head-position between the first and the
last frame divided by total time elapsed yielded virtually the
same result.

9. Bacterial comparative genomics

Bacterial genomes and annotations were collected from
The Bacterial and Viral Bioinformatics Resource Center
(BV-BRC) [63] for Bacillus pumilus strain 145, Bacillus
cereus strain CH111_4T and Bacillus megaterium strain
CH447_14T (recently renamed to Priestia megaterium
CH447_14T) and Bacillus subtilis strain 168 as a reference
genome. Newly sequenced genomes for Exiguobacterium
GOB958 (SRR32554000) and Citrococcus zhacaiensis 26a
(SRX27907291) were assembled and annotated with the
Comprehensive Genome Analysis Service. The bacterial phy-
logenetic tree was constructed with the Codon Tree pipeline
at BV-BRC, with RAxML maximum likelihood model based
on 352 single copy genes. To examine the conservation
of protein families across bacterial genomes protein-coding
genes in each bacteria were annotated and assigned into pro-
tein families based on their sequence conservation (PATRIC
cross-genus PGfams), using the BV-BRC comparative sys-
tems pipeline. A comparison between the species was then
summarized into a matrix of 8980 protein families and the
results were visualized on a Hierarchically clustered heatmap.
Sequence identity of the gene hemAT was estimated with
BLASTP.

10. Statistics and reproducibility

Statistical analyses were performed using OriginPro 2023b
and MATLAB R2022b. The images of bioconvective patterns
shown in Figs. 1–3 and 5 are representative results from at
least three independent experiments. Figure 4(a) shows repre-
sentative results from at least three independent experiments,
which were carried out in separate days. Figures 6 and 7 are
representative results from at least three independent exper-
iments, which were carried out in separate days. For other
figures, reproducibility is indicated in their respective legends.
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