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Microbial mats are stratified communities often dominated by unicellular and
filamentous phototrophs within an exopolymer matrix. It is challenging to quantify
the dynamic responses of community members in situ as they experience steep gradients
and rapid fluctuations of light. To address this, we developed a binary consortium using
two representative isolates from hot spring mats: the unicellular oxygenic phototrophic
cyanobacterium Synechococcus OS-B’ (Syn OS-B’) and the filamentous anoxygenic pho-
totroph Chloroflexus MS-CIW-1 (Chfl MS-1). We quantified the motility of individual
cells and entire colonies and demonstrated that Chfl MS-1 formed bundles of filaments
that moved in all directions with no directional bias to light. Syn OS-B’ was slightly less
motile but exhibited positive phototaxis. This binary consortium displayed cooperative
behavior by moving further than either species alone and formed ordered arrays where
both species aligned with the light source. No cooperative motility was observed when
a nonmotile pi/B mutant of Syn OS-B’ was used instead of Syn OS-B’. The binary
consortium also produced more adherent biofilm than individual species, consistent
with the close interspecies association revealed by electron microscopy. We propose
that cyanobacteria and Chloroflexota cooperate in forming natural microbial mats by
colonizing new niches and building robust biofilms.

multispecies biofilm | synthetic microbial consortia | hot spring | Chloroflexi | phototaxis

Stratified microbial mats dominated by phototrophs are examples of complex biofilms
that often thrive in extreme environments such as hot springs, desert crusts, and hyper-
saline lagoons (1). These dense biofilms experience light fluctuations due to changing
cloud cover and more predictable diel oscillations: increasing sunlight in the morning
drives oxygenic photosynthesis, which increases O, concentrations, decreases CO,, and
increases pH; the opposite occurs in the afternoon (2, 3). Microbes can respond to chang-
ing conditions by acclimating or moving to more propitious environments by tracking
chemical gradients (chemotaxis and aerotaxis) or light direction (phototaxis) (4, 5).
Studying biofilm development in the lab has led to a distinction in bacterial life stages
between a motile swarming phase vs a biofilm phase where cells are encased in a matrix
and nonmotile (6). However, other studies have demonstrated that surface-based motility
can be important in determining biofilm structure (7, 8), that whole biofilm-like micro-
colonies can be motile (9), and that the same genes can control both biofilm formation
and motility (10). These observations suggest that bacteria may be quite motile within
biofilms and microbial mats, which has consequences for how nutrients (11) and DNA
(12) are transferred between species, and how the community responds to phage attack
(13) or abiotic stress (14).

Several species of Cyanobacteriota (hereafter cyanobacteria) and Chloroflexota are
abundant in hot spring microbial mats (15), core contributors to community metabolite
fluxes (16), and thought to be the main determinants of mat architecture (17). Vertical
distributions of cyanobacteria in mats vary over the diel cycle, suggesting migration in
response to changing light, pH, or oxygen conditions (18, 19). Laboratory experiments
have shown that filamentous and unicellular cyanobacteria can use Type IV pili (T4P) to
move directionally in response to light gradients by phototaxis (20, 21). Chloroflexota
isolates move by gliding motility (22) possibly driven by tight-adherence pili (23). How
these species contribute or interact with each other to form biofilms is relatively unknown.

The current understanding of microbial mat structure is based mostly on examining
in situ snapshots of species depth profiles (19, 24-26), while a few laboratory experiments
have examined the motility of individual species (22, 27). We used the cyanobacterium
Synechococcus sp. JA-2-3B’a(2-13) (28), originally isolated from Octopus spring in
Yellowstone National Park (YNP) (recently proposed to be renamed 7hermostichus sp.
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JA-2-3Ba) (29), and a member of the Chloroflexota, Chfl MS-1
(30), from the nearby Mushroom spring. Both species are abun-
dant in several hot springs in YNP (31) and their motility, or that
of close relatives, has been individually characterized to some
extent (22, 27, 32). We reasoned that developing a binary con-
sortium composed of these unicellular and filamentous species
could allow us to examine the role of light and physical interac-
tions in structuring “mat-like” biofilms.

We found that the binary consortium of Syn OS-B” and Chfl
MS-1 exhibited greater movement toward the light than either
species individually. Replacing the wild-type Syn OS-B’ cells with
a nonmotile Api/B mutant, completely abrogated the cooperative
effect suggesting that Syn OS-B” motility was essential. Microscopy
of the binary consortium revealed a physical association and par-
allel arrangement of Syn OS-B” and Chfl MS-1 cells. Chfl MS-1
formed a more adherent biofilm than Syn OS-B’, and biofilm
formation was increased further when the species were mixed.
Inspection of binary consortia by electron microscopy revealed
intercellular attachments, potentially facilitated by the secretion
of extracellular polymeric substances (EPS). These binary consortia
recapitulate some features of natural microbial mats and could be
further developed to understand how mats are structured by
dynamic light environments.

Results

Syn 0S-B’ and Chfl MS-1 Are both Motile on Surfaces, but Only
Syn 0S-B' Is Phototactic. Syn OS-B’ grows as slightly curved rods
5 to 10 um long and 2 um wide (87 Appendix, Fig. S1A), while Chfl
MS-1 grows as an unbranched filament >100 pm long and 600 nm
wide (8 Appendix, Fig. S1B). Transmission electron microscopy
(TEM) of uranyl-acetate-stained whole cells revealed T4P located
near the cell poles in Syn OS-B’ (87 Appendix, Fig. S1C), and
presumptive tight-adherence pili located near the septa between
cells in a Chfl MS-1 filament (8] Appendix, Fig. S1D). Syn OS-B’
and Chfl MS-1 contained phycocyanin and bacteriochlorophyll
c pigments, respectively (S Appendix, Fig. S2), allowing them to
be distinguished at a macroscopic scale.

To investigate Syn OS-B” and Chfl MS-1 motility, both species
were grown separately to late log-phase in DH10M and PE
medium, respectively, plated on DH10 solidified with 0.4% aga-
rose at an adjusted OD g, = 2, and incubated under either direc-
tional white light (60 umol photons/ m?/s) (ST Appendix, Fig. S3)
or in darkness for 4 d. Fluorescence scanning measurements
showed Syn OS-B’ (Fig. 14) and Chfl MS-1 (Fig. 1B) have dif-
ferent collective motility patterns. Syn OS-B’ moves toward the
light while Chfl MS-1 moves in all directions with no apparent
bias. Syn OS-B’ increased its colony area only under directional
light (Fig. 1C), while Chfl MS-1 increased its colony area in both
the light and dark (Fig. 1D). Syn OS-B’ cells were phototactic,
forming parallel finger-like projections toward the light so that
the center of the colony shifted toward the light by 2 mm (Fig. 1E
and Movie S1), as described in greater detail in ref. 32. Chfl MS-1
also produced collective projections composed of filament bun-
dles, which formed more rapidly than those of Syn OS-B’ but
with no directional bias (Fig. 17 and Movie S2).

Individual Syn OS-B’ cells exhibited “twitching motility”
(Fig. 1G and Movie S3), which is typical of T4P-dependent sur-
face motility in cyanobacteria (33), and moved primarily along
their long axis (32). Chfl MS-1 filaments moved back and forth,
parallel to their long axis, often forming bundles (Fig. 14 and
Movie S4). Syn OS-B’ cells and Chfl MS-1 filaments exhibited
similar speeds of 0.1 to 0.15 pum/s that did not differ between the
light and dark (Fig. 1 7and /). Only Syn OS-B’ cells developed a
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motility bias toward the light (Fig. 1 K and L). Syn OS-B’
responded to illumination with a small and temporary (~20 s)
increase in speed and a slower (~2 min) development of motility
bias, and to the dark transition with a temporary (~30 s) decrease
in speed and gradual loss of motility bias (Movie S3 and
SI Appendix, Fig. S4 A and B). Chfl MS-1 speed and motility bias
did not change under light transitions (Movie S4 and S7 Appendix,
Fig. S4 Cand D).

Interactions between Syn 0S-B’ and Chfl MS-1 Enhance Motility.
We next investigated whether interactions between Syn OS-B’
and Chfl MS-1 altered their collective motility. We focused on
the role of type IV pili in motility and direct interactions between
species in binary consortia, as well as indirect interactions
through secreted substances. CYB_2143 in Syn OS-B’ was
identified as the homolog of the Synechocystis PilBI (slr0063)
pilus extension ATPase, and knockout mutants were created
using double homologous recombination (87 Appendix, Fig. S7
A and B). These Api/B mutants still normally expressed genes
up and downstream of pilB (SI Appendix, Fig. S8), lacked T4P
when imaged by TEM (87 Appendix, Figs. S7C, S9, and S10),
and exhibited no movement in standard photomotility assays
(Fig. 2 and S Appendix, Fig. S7D). When ApilB was mixed in
binary consortia with Chfl MS-1, both species moved to the
same extent as when alone, suggesting minimal interaction. By
contrast, mixing WT Syn OS-B’" with Chfl MS-1 resulted in an
increased area covered by each species compared to when they
were alone (Fig. 2 A and B), suggesting a cooperative interaction.
Each species also moved further toward the light on average
when in the binary consortium (Fig. 2C). This resulted in Chfl
MS-1 displaying an apparent phototactic bias in the binary
consortia. The dynamics of each species in binary consortia
initially reflected their movement when alone, with Chfl MS-1
projections emerging in random directions by 6 h, followed by
Syn OS-B’ moving toward the light after 12 to 24 h (Movie S5
and SI Appendix, Fig. S6). However, after 24 h, the cooperative
effect was more apparent, with Syn OS-B” and Chfl MS-1 both
moving toward the light together. To determine whether secreted
substances contributed to the cooperative motility, we collected
and filtered spent media from 24-h single-species cultures and
added it to the agarose surfaces before the motility assays. Syn
OS-B’ motility was increased by spent media from Syn OS-B’,
ApilB, and Chfl MS-1, both in the area covered and in movement
toward the light (Fig. 2). By contrast, Chfl MS-1 motility was
not significantly affected by spent media. Our results, therefore,
suggest that i) Syn OS-B’ motility benefits more from some
secreted substances than Chfl MS-1, and ii) direct physical
interactions between motile Syn OS-B’ and Chfl MS-1 (including
their secretions) result in the greatest cooperative effect.

Interactions between Syn 0S-B’ and Chfl MS-1 Create Ordered
Biofilms. To investigate physical interactions between the
species, we used fluorescence microscopy to visualize the cellular
organization in Syn OS-B’ colonies alone or with Chfl MS-1.
Within Syn OS-B’ projections toward the light, individual cells
were often well separated and randomly oriented (Fig. 3 4 and
D). However, in the projections from binary consortia of Syn
OS-B’ and Chfl MS-1, the Syn OS-B’ cells were organized in
parallel arrays between Chfl MS-1 filaments (Fig. 3 B and E
and S7 Appendix, Fig. S11). When Syn OS-B’ was replaced in
the synthetic consortia by ApilB, ApilB cells were also packed in
arrays but were less parallel to the light source and we noticed
that a few ApilB cells were transported outside of the starting
area (Fig. 3 C and F and SI Appendix, Fig. S12). The strong

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2423574122#supplementary-materials

Downloaded from https://www.pnas.org by Kirsten Vallee on February 3, 2025 from |P address 128.135.156.43.

Light

C 100 A *%* E 34 *k
9 €
T‘; 75 A §, 2
o £
T 50- 2
q_) o 14
[@)] -—
S 251 T
5 5 °'l}
)
0 - e 3
=
Chfl MS-1 D 1{ | F 2{ ns
g\“’/ €
s 754 g 24
0 £
5 >
£ - 1 4
) 2
5 3 I
= 1 g 01
o 2
o
=
K 0.2+ L2
)
o
o J
B‘0.1
=
=
0.0+
L 024 ns
%)
o
O J
20.1
=
=

Fig. 1. Syn OS-B’ and Chfl MS-1 are both motile, but only Syn OS-B’ is phototactic. (A and B) Fluorescence scan (ex. 658 nm/em. 710 nm) of a Syn OS-B’ colony
after 4 d of movement under directional white light, and fluorescence scan (ex. 784 nm/em. 832 nm) of a Chfl MS-1 colony after 4 d of the same conditions.
White arrows indicate light direction, dashed circles indicate initial colony/droplet position, and small boxed area indicates an example region used for single-
cell tracking in panels G and H. (C and D) Change in area of Syn OS-B’ and Chfl MS-1 colonies on day 4 vs. day 0. (€ and F) Change in distance moved toward the
light of Syn OS-B’ and Chfl MS-1 colony centers on day 4 vs. day 0. Data from 12 biological replicates in 2 experiments. (G and H) Microscope images of tracked
Syn OS-B’ cells and Chfl MS-1 filaments illuminated from the right, with colored lines indicating tracks. In panel G, cells were tracked with Trackmate (Fiji) and
paths colored from blue to red over time, while in panel H, the tips of filaments were tracked with custom software (Methods) and each track given a unique
color. (/ and J) Speed of Syn OS-B’ and Chfl MS-1 cells in the dark and light. (K and L) Motility bias (proportion of movement toward light) of Syn OS-B’ and Chfl
MS-1 cells. Data based on >100 Chfl MS-1 tips or >300 Syn OS-B’ cells. The Wilcoxon rank-sum test was performed for each panel: ns = P> 0.05 and **P < 0.01.

alignment of Syn OS-B’ cells with the light direction in binary Next, we investigated the consortia under light transitions. After
consortia suggests an interaction between motile Syn OS-B’ and ~  transferring the consortium to the dark, Chfl MS-1 filaments were
Chfl MS-1 cells. observed at the tip of the projection and moved around the Syn
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Fig. 2. Interactions between Syn OS-B’ and Chfl MS-1 enhance motility. (A) Fluorescent scans of collective motility 4 d after exposure to directional (from bottom)
white light. From left to right: single strains Syn OS-B’, ApilB mutant of Syn OS-B’, and Chfl MS-1; binary consortia of Chfl MS-1 mixed with Syn OS-B’ or ApilB
1:1; and single strains + spent media including Syn OS-B” or Chfl MS-1 on surfaces primed with filtered spent media (SM) from Syn OS-B’, ApilB, and Chfl MS-1
cultures. (B) Percentage change in the covered colony area of the single strains or binary consortia in panel A after 4 d of light relative to their starting area on
day 0. The green (phycocyanin) channel measuring Syn OS-B’ and ApilB movement is on the left, and the magenta (bacteriochlorophyll) channel measuring Chfl
MS-1 is on the right. Colors of dots and boxplots represent different species or consortia and are labeled at the bottom of panel C. (C) Distance moved toward
the light (mm) of the center of the colony area of the same consortia as in panel B. Data in panels B and C are from 7 to 12 biological replicates from 2 separate
experiments. Paired Student's t tests were performed using the single-species with no spent media (Syn OS-B’, ApilB, and Chfl MS-1) as the references (ref.).
The Benjamini-Hochberg adjustment to control false discovery rate was applied per reference group and adjusted P-values reported as follows: *P < 0.05,

**P <0.01, and ***P < 0.001.

OS-B’ cells (Movie S6). However, after transitioning to the light,
Syn OS-B’ cells moved toward the light between Chfl MS-1 fil-
aments, accumulated near the tip, and appeared to drive the pro-
jection toward the light. Api/B cells in binary consortia showed
minimal movement in the dark or light (Movie S7). Syn OS-B’
cells at the tip of the projection were too densely packed to allow
reliable cell tracking. However, in the middle of the positive pho-
totactic projections, we could track Syn OS-B’ using manually
trained and automated image segmentation in Image]. As before,
we preceded the cell tracking with a 10-min dark incubation, after
which Syn OS-B’ cells in the phototactic projections were ran-
domly oriented (mean angle of ~45° from the prior light source).
Syn OS-B’ cells in the consortium with Chfl MS-1 were more
parallel to the light (~15°) (Fig. 3G). ApilB cells within binary

consortia that had moved toward the light were selected for

40f 10 https://doi.org/10.1073/pnas.2423574122

comparison and showed only moderate light alignment of ~25°
(Fig. 3G). Upon directional illumination, Syn OS-B’ cells reori-
ented slightly toward the light (from 45° to 40°) and returned to
arandom orientation (45°) in the dark. Syn OS-B’ and Api/B cells
in binary consortia did not appear to reorient in the light, perhaps
due to restrictions by Chfl MS-1 filaments (Fig. 3G and Movies
S8 and §9). Syn OS-B’ cell speed was similar when alone or in
binary consortia, but significantly higher than Api/B in consortia
(Fig. 3H). Some movement of Api/B cells was observed in binary
consortia but this was likely due to the movement of neighboring
Chfl MS-1 filaments. During the transition from light to dark
conditions, there was a noticeable but temporary decrease in Syn
OS-B’ speed, as previously observed (32), which was mitigated in
binary consortia with Chfl MS-1, and not exhibited by ApilB
(Fig. 3H). As expected, Syn OS-B’ increased its motility bias over
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Fig. 3. Interactions between Syn OS-B’ and Chfl MS-1 create ordered biofilms. (A-C) Fluorescence scans of Syn OS-B’ (Top), Chfl MS-1 + Syn OS-B’ (Middle), and
Chfl MS-1 + ApilB (Bottom) after 2 d of incubation with white light from the right. Green regions = Syn OS-B’ or ApilB, magenta regions = Chfl MS-1, white regions =
both species. (D-F) Fluorescence microscope images of the indicated regions in panels A-C showing Syn OS-B’ or ApilB rods in green (ex. 540 to 580 nm/em. 608
to 682 nm) and Chfl MS-1 filaments in magenta (ex. 450 to 490 nm/em. >515 nm). (G-/) Dynamics of Syn OS-B’ and ApilB movement during light transitions (gray
regions = dark, white region = directional illumination with white light). Green = Syn OS-B’, Pink = binary consortium of Chfl MS-1 + Syn OS-B’, Yellow = binary
consortium of Chfl MS-1 + ApilB. (G) Average (mean) angle of the long axis of Syn OS-B’ or ApilB cells relative to the light direction (0° = parallel, 45° = random,
90° = perpendicular). (H) Mean speed of Syn OS-B’ or ApilB cells over time. (/) Motility bias of Syn OS-B’ or ApilB cells over time. Data from 10 biological replicates
in 4 experiments with >300 total cells tracked at each time point per condition.

the first 60 to 120 s of illumination when alone and in the binary
consortium (Fig. 3/); however, this bias declined after 120 s in
both cases. The decline in Syn OS-B’ bias was particularly striking
in binary consortia suggesting that Chfl MS-1 may initially restrict
Syn OS-B’ movement. However, this is likely temporary as the
collective motility assays (S/ Appendix, Fig. S6B) and longer videos
(Movie S6) indicated that Syn OS-B’ continued to move steadily
toward the light over longer periods.

Interactions between Syn 0S-B’ and Chfl MS-1 Create Stronger

Biofilms. To observe biofilm formation under liquid, we incubated
Syn OS-B’, ApilB, and Chfl MS-1 alone and in binary consortia

PNAS 2025 Vol.122 No.5 e2423574122

in DHI10 + 250 mg-L™" tryptone under constant white light in
384-well plate format. Imaging the bottom of the wells after
8 d (Fig. 44) showed various patterns. Syn OS-B’ and ApilB
produced a diffuse distribution pattern while Chfl MS-1 produced
a reticulate network composed of bundles of filaments. In binary
consortia, Syn OS-B’ formed clusters within a Chfl MS-1 network,
and Api/B + Chfl MS-1 binary consortia exhibited aggregation
and colocalization of the two species. Next, we measured total
culture density, density of the planktonic cells (resuspended by
gentle pipetting), and biofilm-associated cells by crystal violet
assay in 96-well tissue-culture treated plates. The total culture
densities of the binary consortia and single-species Syn OS-B’
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Fig. 4. Interactions between Syn OS-B’ and Chfl MS-1 create stronger biofilms. (A) Representative scanning fluorescence images of the bottom of culture
wells in a multiwell plate after 8 d growth in DH10 + 250 mg/L tryptone. Green regions indicate Syn OS-B’ and ApilB (ex. 658 nm/em. 710 nm), magenta regions
indicate Chfl MS-1 (ex. 784 nm/em. 832 nm), and white regions indicate both species. (B) Boxplot and individual measurements of OD600nm values from various
fractions of the cultures: whole culture (Left), planktonic fraction (Middle), and biofilm fraction after crystal violet assay (Right). Data from six biological replicates
in one experiment with additional data in S/ Appendix, Fig. S13. Compact letter display (letters at top of plot) indicates statistical differences at P < 0.05 in group
means after Tukey's HSD test. (C) Syn OS-B’ + Chfl MS-1 consortia imaged by SEM at 5,000%. (D) Syn OS-B’ + Chfl MS-1 consortia stained with uranyl-acetate and
imaged by TEM at 30,000x. () Syn OS-B’ + Chfl MS-1 consortia plunge-frozen in liquid ethane, milled by cryogenic focused-ion beam SEM (cryo-FIB-SEM), and
then imaged by cryo-EM at 42,000x. The white arrow indicates a fuzzy external layer (EL) to the cell membrane of Chfl MS-1. The black arrow indicates long,

thin, pili-like filaments (6 to 8 nm diameter).

and Api/B cultures were similar, but the Chfl MS-1 culture density
was significantly lower (Fig. 4B). The planktonic cell densities of
the Syn OS-B’ and Apil/B cultures were significantly higher than
Chfl MS-1 or the binary consortia, suggesting that Syn OS-B’
and Api/B did not attach to the plate surface as well as Chfl MS-
1 and that the presence of Chfl MS-1 improved their retention
in the biofilm (Fig. 4B). Indeed, in the consortia, the biofilm
levels were significantly higher than any of the single-species
cultures (Fig. 4B). We also measured the dynamics of biofilm
formation over four days. We found detectable biofilm levels after
6 h (SI Appendix, Fig. S13), with maximal biofilm development
occurring between 6 and 24 h, concurrent with a decrease in the
planktonic fraction.

To visualize physical interactions within the biofilm, we pre-
pared binary consortia of Syn OS-B” and Chfl MS-1 in liquid
culture for scanning (SEM), TEM, and cryoelectron microscopy
(cryo-EM). SEM images revealed a close association between Syn
OS-B’ and Chfl MS-1, with Chfl MS-1 filaments forming the
bulk of the biofilm (Fig. 4C and SI Appendix, Fig. S14). TEM

images of the associations showed increased electron density

https://doi.org/10.1073/pnas.2423574122

between the cells. This might be interpreted as secreted EPS
between species but needs further experimentation (Fig. 4D and
SI Appendix, Fig. S15) (34). Cryo-EM revealed a fuzzy external
layer on the surface of Chfl MS-1 cells and many pilus-like struc-
tures between Syn OS-B’ and Chfl MS-1 (Fig. 4E). Together, these
results suggest that Chfl MS-1 and Syn OS-B’ establish tight

interactions producing a more robust biofilm when together.

Discussion

We investigated how bacterial motility responses to light can shape
the architecture of microbial mats using two dominant members
of Yellowstone hot spring mat communities. We found compara-
ble behavior of Syn OS-B” and Chfl MS-1 to other observed
cyanobacteria and Chloroflexota. By studying the motility and
arrangement of these species in binary consortia, we revealed some
unique emergent properties. These insights could enhance our
understanding of the dynamics of natural microbial mat architec-
ture, and help to develop synthetic consortia for uses in
industry.
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Syn 0S-B’ and Chfl MS-1 Behavior Is Comparable to Other
Cyanobacteria and Chloroflexota. Chfl MS-1 exhibited
surface motility at speeds consistent with other hot spring
Chloroflexota (35) and formed gliding aggregates of filaments
similar to Chloroflexus aggregans (36). Chfl MS-1 did not exhibit
phototaxis, which, to our knowledge, has not been reported
in the Chloroflexota; however, light does increase C. aggregans
aggregation rate (37). The genes responsible for Chfl MS-1 motility
were not investigated here, but the Chfl MS-1 genome (30) does
contain TadE/G genes of the tight adherence pilus family, which
is involved in the motility of Liberibacter crescens (38).

As we reported previously (32), Syn OS-B’ was similar in speed
and phototactic bias to other characterized cyanobacteria, particu-
larly those from Yellowstone hot springs (27). Here, we found that
disruption of the homolog of pi/B in Syn OS-B’ (CYB_2143),
resulted in loss of T4P and muotility, as found in Synechocystis sp.
PCC 6803 (39). Syn OS-B’ did not form adherent biofilms, as
observed in laboratory strains of model cyanobacteria such as
Synechocystis PCC 6803 and Synechococcus elongatus PCC 7942
grown under normal conditions, but differing from some related
wild isolates, which do form biofilms (40, 41). The mutant lacking
pilB was slightly less abundant in the planktonic phase than Syn
OS-B’, suggesting that pili might prevent cell sinking, as observed
in marine cyanobacteria (42), or inhibit biofilm formation, as

found in S. elongatus (43).

A Unique Synthetic System for Studying Emergent Biofilm
Properties. This binary consortium has relatively unique features
useful for mixed-species biofilm research, including i) strains
recently isolated from well-studied microbial mats, with few
generations to acquire laboratory mutations; ii) a member (Syn
OS-B’) that is naturally transformable allowing mutant generation
to test gene function, e.g., Api/B; iii) two members with different
morphologies (rod-shaped vs filamentous), motilities (phototactic
twitching vs gliding), and fluorescent pigments (allowing species
to be distinguished); and iv) emergent or cooperative properties
in both surface motility and biofilm formation when the species
are combined.

Cooperative microbial motility often depends on the release of
surfactants, such as thamnolipids in Pseudomonas aeruginosa (44).
We found that Syn OS-B’ motility was slightly improved by sup-
plementing the agar surface with spent medium from Syn OS-B’,
ApilB, and Chfl MS-1 suggesting Syn OS-B’ surfactant production
may limit its surface motility. Indeed, the finger-like collective pro-
jections we observed for Syn OS-B’ can indicate collective move-
ment limited by surfactant production (45). Further investigation
of the chemical nature of these surfactants could help elucidate
their role in cross-species cooperation. In addition, direct physical
interactions between cells also appear crucial to the cooperative
effect. This might partly be explained by the branching-exploratory
behavior of Chfl MS-1, which can maximize colonization (46),
combined with the phototactic directionality of Syn OS-B'.
Importantly, Chfl MS-1 exhibited the emergent property of posi-
tive bias toward the light only when mixed with Syn OS-B'.
Mathematical models that incorporate morphological information,
directional bias, and motility-promoting substances could be useful
for understanding this cooperative phenomenon.

Mixed-species biofilms are often more disordered than
single-species biofilms and less robust, for example to predation
or invasion (47, 48). By contrast, we found that Syn OS-B’ was
more ordered and aligned with the light source when mixed with
Chfl MS-1 than when alone. This may result from repeated col-
lisions between Chfl MS-1 filaments and the phototactic Syn
OS-B’ rods leading to the alignment in the primary direction of
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movement. This long-range ordering via collisions has been
observed in biofilms of filamentous Escherichia coli (49), and
mathematical models based on filamentous cyanobacteria (50).
Statistical models of biofilm architecture have found that the cel-
lular length:width ratio is among the most important determinants
of biofilm structure (51), corroborating the finding that filamen-
tous Chfl MS-1 had a large impact on Syn OS-B’ arrangement.

In addition to increased motility, we observed higher biofilm
formation in the binary consortia than in single-species cultures.
Increased biofilm formation in species mixtures has been found
in bacteria isolated from the soil and human gut (52, 53). In our
case, this is at least partly due to stronger aggregation and substrate
attachment in binary consortia, rather than just increased growth,
as Syn OS-B’ and ApilB decline in the planktonic fraction when
mixed with Chfl MS-1. Chfl MS-1 formed biofilms when alone,
suggesting it is the driver of biofilm adherence. This agrees with
other findings that filamentous cells often form the biofilm core
or help stabilize its structure (54).

Cyanobacteria-Chloroflexota Biofilms in Natural and Industrial
Settings. In hot springs, Chloroflexota are reported to mainly
acquire organic carbon from cyanobacteria, often as excreted
organic acids (55, 56). Moving and associating with cyanobacteria
may therefore provide an advantage for Chloroflexota. Indeed,
vertically oriented Chloroflexota filaments have been observed
among cyanobacterial cells in hot spring mats, particularly
during mat regrowth (17), potentially suggesting alignment by
phototactic cyanobacteria moving toward or away from the light.
Alternatively, vertical migrations of Chloroflexota in Octopus
spring mats might also be due to positive aerotaxis (17), which
has been characterized in C. aggregans in the laboratory (57). We
performed motility experiments on soft agarose surfaces exposed
to air in part to avoid the potential confounding effect of oxygen
gradients. However, future studies could recapitulate three-
dimensional biofilm architecture in microfluidic devices with ow,
and extend our photomotility experiments to more complex and
realistic environments.

Chloroflexota are considered the main contributors to mat
structure in several Yellowstone hot springs because they are abun-
dant in structures above the mat surface such as “nodules” or
“streamers”, and continue to form a mat when cyanobacteria are
diminished (17). This is consistent with our results that Chfl MS-1
can form strong biofilms without Syn OS-B’ but not vice versa.
However, Boomer et al. found that Synechococcus and Thermus
were the first genera to form biofilms on glass rods suspended
above hot spring mats, with Chloroflexota and filamentous cyano-
bacteria only contributing to the biofilm months later (58). Future
work could therefore test the motility and biofilm formation of
other mat members, either in isolation or in mixed-species bio-
films. It is also important to note that many microbial mats are
dominated by filamentous cyanobacteria (18, 59), which may
form adherent biofilms and long-range order without interacting
with other filamentous species.

Chloroflexota and cyanobacteria do not only associate in nat-
ural habitats. Zhang et al. found they were the main contributors
to nutrient removal in municipal wastewater treatment photobi-
oreactor experiments (60). These phyla have each received con-
siderable attention in wastewater treatment (61, 62), and it has
been suggested that their combination could provide advantages
of reduced greenhouse gas emissions and better surface adherence
or settleability to reduce biomass separation costs (63, 64).
Cyanobacterial biofilm formation also offers advantages in increas-
ing bioenergy and biofuel productivity (65), and the addition of

heterotrophic strains can increase cyanobacterial attachment (66).
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Our results that binary consortia of cyanobacteria and
Chloroflexota isolates cooperate to form robust biofilms may
therefore inform phototrophic biofilm cultivation strategies for
commercial applications.

Conclusion

We found that Cyanobacteria and Chloroflexota isolates that co-
occur in hot springs show different motility responses to light but
can cooperate to form robust biofilms and migrate over larger
distances. These results provide insights into physical interactions
within hot spring mats and highlight understudied features of
biofilm communities, including directional movement via phot-
otaxis, the emergence of long-range cellular order, and cooperation
in both motility and biofilm formation.

Methods

Strains and Culture Conditions. Synechococcus sp. JA-2-3B’a(2-13) (0S-B’)
was originally isolated by filter cultivation from a 51to 61 °C Octopus Spring mat
core sample (67). Chloroflexus sp. MS-CIW-1 was isolated from a 60 °C Mushroom
Spring mat core sample by serially picking colonies and streaking them on PE
medium (0.4% agarose) plates. Both strains were stored at —70 °Cin 20% (wt/vol)
glycerol stocks prior to culturing. Syn 0S-B’ cultures were maintained in DH10M
medium [medium D (68) plus 10 mM HEPES adjusted to pH 8.2, with added
250 mg-L™" bacto-tryptone, and 750 mg-L™" sodium bicarbonate]. Chfl MS-1
was maintained in PE medium (69). Both species were incubated at 50 °C under
continuous light at 50 pmol-m%s~" (measured with a LI-COR [model Li-189]
radiometer) in an AlgaeTron ag130 incubator (Photon Systems Instruments) or
similarincubators. To determine axenicity, we plated the cultures, incubated them
on DH10M agarose plates with added yeast extract (100 mg-L"), and checked for
any non-Syn 0S-B” or non-Chfl MS-1 colonies.

Collective Motility Assay. Cultures in late-log phase (0D600nm of Syn 0S-B’
and Chfl MS-1 of ~0.6 and ~0.3, respectively) were concentrated to an 0D600nm
of 2.0 using a spectrophotometer (Tecan M1000 Pro), centrifugation, and resus-
pension in DH10 [medium D (68) plus 10 mM HEPES adjusted to pH 8.2]. 5 L
of these concentrated cultures were plated on DH10 solidified with 0.4% (wt/
vol)agarose in bacteriological petri dishes with tightly fitting lids (Falcon 25369-
022) and allowed to dry for ~10 min in a laminar flow cabinet. Plates were then
inverted and incubated at 50 °C with unidirectional da¥lightwhite LED illumina-
tion (spectrum in S Appendix, Fig. $3) at 60 pmol-m~*.s™". Plates were imaged
using a fluorescent scanner (Azure biosystems) at 0, 6, 24, 48,72, and 96 h after
incubation. Two fluorescent channels were used: excitation at 658 nm or 784 nm
with emission capture at 710 nm or 832 nm with 40 nm bandpass for Syn 0S-B’
or Chfl MS-1, respectively. Images were processed using custom ImageJ macros
to identify the regions where Syn 0S-B” and Chfl MS-1 had moved. The exper-
imental setup metadata file describing where drops were placed on the plates
and this extracted colony distribution data were matched using the Hungarian
algorithm for solving the linear sum assignment problem in R version 4.3.1.

Single-Cell Time-Lapse Video Microscopy. Single-cell motility measurements
were captured by time-lapse video microscopy (TLVM). The temperature was
maintained at 50 °C using a custom environmental chamber (HaisonTech), and
illumination was provided by rows of white LEDs (spectra in S Appendix, Fig. S1)
positioned 10 cm from and at 5° above the agarose surface. The light intensity
measured at the cells' position was 60 umol-m~2.s™". Cells were prepared as
described above for collective phototaxis measurements with Chfl MS-1 filaments
tracked from a lower-density droplet within hours after plating, while Syn 0S-
B’ cells were tracked after 2 to 4 d and among cells that had already displayed
positive phototaxis. All petri dishes remained closed and inverted during record-
ing with a minimum 10-min incubation at 50 °C in darkness prior to the 4- to
12-min recordings at x200 magnification and an acquisition rate of 10 to 15
frames per minute. All videos were made using a Nikon Eclipse TE300 inverted
microscope attached to a CoolSNAP Pro monochrome camera (Media Cybernetics,
Silver Spring, MD), and images were collected by MetaMorph software (v4.6r5
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and 6.2r6; Molecular Devices). Example videos can be found at hitps://www.
youtube.com/channel/UCX0gm-79tZpIREzHteapEWA.

Syn 0s-B' Tracking. Image stacks were preprocessed using Image J v1.53f51
(70) by subtracting the background with a rolling ball radius of 4. Cells were
tracked using the ImageJ plugin Trackmate (71) with a thresholding filter applied
and filtering to blobs of >25 pixels. The Kalman tracker was selected with the ini-
tial search radius setto 15, the subsequent search radii to 15, and the maximum
frame gap to 3. The "spots” file was exported to csv and imported into R version
4.3.1 for preprocessing and analysis (72). Speed was calculated as distance (in
pm)/time (in s). Motility bias was calculated as parallel displacement (in pm)/
distance (in pm).

Chfl Ms-1 Tracking. We developed a custom tracking algorithm for filamentous
bacterial tracking in LabView programming language, with a convenient user
interface. The timelapse 2D images were corrected by pixelization, integrated
FFT noise filtering, simple Kalman filtering, adjacent pixel averaging, and 4th-
degree polynomial curve correction in X direction and adaptive pixel intensity
inversion to ensure that bacterial intensity is above the background. The tracking
was performed on the original frame on 10 filaments per video. The filament
ends were picked manually by positioning the cursor in an interactive image
and after thresholding, the algorithm tracked the filament tip between frames.
The end pixels were found by the "grassfire” method and their center of mass
was taken as the true end. The tracks were plotted in real time with a set delay,
to view the tracking quality in real time and ensure fidelity. After the last frame,
the tracks were saved in a text file and analyzed in R version 4.3.1 to calculate
speed and motility bias as above.

Biofilm Quantification. Biofilm formation was quantified using the crystal violet
assay (73), with modifications as in ref. 74. Briefly, Syn 0S-B’, ApilB, Chfl MS-1,
and binary consortia were inoculated at 0D600nm of 0.4 into DH10 or DH10 +
BT media in 96-well golystyrene plates and incubated under continuous white
light at 50 pmol-m~ s~ and 50 °C. After 0 to 4 d of incubation, 0D600nm
absorption measurements were taken on the total culture. Then, cultures were
briefly disrupted by pipetting, and 80% of the culture volume was transferred
to a new plate. 0D600nm was measured in the 20% of the remaining volume
and called “Non-planktonic 0D600nm," and in the transferred volume, called
"Planktonic 0D600nm." Plates were washed three times by adding 200 ul of
Milli-Q water, pipetting up and down, and then removing and discarding 200
pL.Then, 200 pL of aqueous 0.1% crystal violet was added to each well, and the
plate was incubated at room temperature for 20 min. Plates were washed three
times with Milli-Q water as before; then, 200 pL of 95% ethanol was added to
each well, and the plate was agitated for 5 min. 0D600nm was then recorded
and reported as the Biofilm (CV) level.

Scanning Electron Microscopy. A 5 pl aliquot of a late log phase culture of
Syn 0S-B’ + Chfl MS-1 was added to the surface of an SEM stub (Ted Pella), and
a Kimwipe tissue (Kimtech) was used to blot away excess liquid. The SEM stub
was then immersed in 100% methanol for 5 min, rinsed with 100% ethanol,
and immersed in ethanol for 10 min. The SEM stubs then underwent critical
point drying with LCO, in DCP-1 (Denton Vacuum) in 200-proof ethanol at a
maximum of 50 to 60 °Cand 9 to 10 MPa, with depressurization at 300 to 700
kPa per minute. Gold sputtering from pure Au target was performed in Denton
Desk IV (Denton Vacuum) under argon gas at a pressure of 6 kPa for 200 s and
a low current of 7 mA. The samples were imaged in Quanta 200 (FEI) SEM with
25 kV accelerating voltage in high vacuum with secondary emission detector.

TEM. 300 mesh Formvar and carbon-coated copper grids (FCF300-Cu, Ted Pella)
were irradiated with low-energy Al plasma glow to create a hydrophilic surface
in the Denton Desk Il instrument (Denton Vacuum). The Syn 0S-B” + Chfl MS-1
binary consortium was gently mixed and 5 pL drops were deposited on the shiny
side of the grids and left for 3 min before negative staining was performed using
standard methods. This involved dipping the grid face-down consecutively onto
two DI H,0 droplets, followed by rinsing in three drops of 1% uranyl acetate,
and resting to stain for 1 min before blotting away the remaining uranyl acetate
and leaving the sample to dry completely. The grids with bacteria were imaged
in JEOLJEM-1400 with 120 kV accelerating voltage equipped with a Gatan Inc.
OneView 4kX4k sCMOS camera.
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Cryoelectron Microscopy. Abinary consortium of Chfl MS-1and Syn OS-B’ was
grownfor6dinDH10 mediuminasealed 96-well plateat50 °Cand under 12:12 h
light-dark cycles with LED daylight white illumination at 60 pmol-m™2s™".
After 11 h of the dark period, the biofilm was resuspended gently by pipetting,
diluted ninefold in DH10,and 3 plL of cell suspension transferred onto 200 mesh
Carbon Quantifoil R1.2 Gold TEM grids, which were glow-discharged using a
Pelco EasiGlow to enhance hydrophilicity. Cells were allowed to settle for 30's,
followed by single-sided blotting for 4 to 8 s and vitrification in liquid ethane
using a Leica EM GP2 robotic plunge-freezer. Samples were transferred cryo-
genically into a Thermo Fisher Aquilos2 Dual Beam cryogenic focused ion beam
scanning electron microscope (cryo-FIB/SEM) to generate 200 nm thin lamellae.
The stage temperature was —185 °C to maintain vitreous ice during milling.
Grids were sputter-coated with platinum for 25 s, followed by a protective layer
of organo-platinum for 2 min using the integrated gas injection system. Milling
was performed with the Gallium-ion beam at 30 kV and currents decreasing
from 500 to 13 pA until 500 nm thickness, then at 10 pAto 200 to 300 nm. SEM
inspection of the lamellae and final polishing was conducted with a2 kVand 13
to 25 pA electron beam. Samples were transferred to a Thermo Fisher Titan Krios
G3i cryo-TEM and screening images were collected using SerialEM 4.11.12 on
a K3 direct electron detector (Gatan Inc.) with a Bioquantum energy filter using
20 eVslitwidth. Images were collected at 42,000 x nominal magpnification with
2.6 Alpix, an exposure of 0.3 s, and a defocus of —3 um. Images were binned
4x for visualization, and ultrastructure measurements were performed using
IMOD 4.11.12 (75) or FIJI (70).

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information along with an R script to reproduce all
plots and statistical tests.
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