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Abstract

Granular biofilms producing medium-chain carboxylic acids (MCCA) from carbohydrate-rich
industrial feedstocks harbor highly streamlined communities converting sugars to MCCA
either directly or via lactic acid as intermediate. We investigated the spatial organization and
growth activity patterns of MCCA producing granular biofilms grown on an industrial side
stream to test (i) whether key functional guilds (lactic acid producing Olsenella and MCCA
producing Oscillospiraceae) stratified in the biofilm based on substrate usage, and (ii) whether
spatial patterns of growth activity shaped the unique, lenticular morphology of these biofilms.
First, three novel isolates (one Olsenella and two Oscillospiraceae species) representing over
half of the granular biofilm community were obtained and used to develop FISH probes,
revealing that key functional guilds were not stratified. Instead, the outer 150-500 pm of the
granular biofilm consisted of a well-mixed community of Olsenella and Oscillospiraceae,
while deeper layers were made up of other bacteria with lower activities. Second, nanoSIMS
analysis of °N incorporation in biofilms grown in normal and lactic acid amended conditions
suggested Oscillospiraceae switched from sugars to lactic acid as substrate. This suggests
competitive-cooperative interactions may govern the spatial organization of these biofilms, and
suggests that optimizing biofilm size may be a suitable process engineering strategy. Third,
growth activities were similar in the polar and equatorial biofilm peripheries, leaving the
mechanism behind the lenticular biofilm morphology unexplained. Physical processes (e.g.,
shear hydrodynamics, biofilm life cycles) may have contributed to lenticular biofilm
development. Together, this study develops an ecological framework of MCCA-producing

granular biofilms that informs bioprocess development.
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1. Introduction

Medium-chain carboxylic acids (MCCA) are saturated monocarboxylic acids with 6 to 12
carbon chains that have been proposed as a target for bioproduction from organic-rich industrial
wastes and industrial side streams. They are readily produced by fermentative open microbial
communities, are more easily recovered than short-chain carboxylic acids such as acetic or
lactic acid, and have potential as chemical building blocks for solvents, flavors, and fuels (1-
3). Recently, granular biofilm technologies have enabled overcoming limitations of volumetric
production rates that have hindered implementation of MCCA production systems (4-8). These
systems can achieve higher biomass concentrations than suspended growth bioreactors without
the energy expenses associated with membrane bioreactor technologies (9). While granular
biofilms are a promising avenue for MCCA production technologies, key aspects of these
systems’ microbial ecology remain unexplored.

Granular biofilms producing MCCA from real waste streams without external electron
donors have only been reported in two studies using thin stillage, a side-stream from the
bioethanol industry (5,7). The biofilm community in these systems was highly enriched, with
5 operational taxonomic units (OTU) accounting for over 80% of the community (5).
Conversion of sugars to MCCA in these communities is hypothesized to occur through two
parallel pathways (Figure 1). In a first pathway, sugars are first converted by Olsenella to lactic
acid (10), which can then be converted to MCCA by, for instance, relatives of Oscillospiraceae
bacterium CPB6 (11). In the second pathway, sugars could potentially be converted directly to
MCCA by community members closely related to the Oscillospiraceae-member
Caproiciproducens galactitolivorans (12). These two parallel pathways may result in both
competitive and cooperative interactions controlling the activities of community members.
Moreover, several MCCA producing organisms have now been shown to consume lactic acid

and carbohydrates, blurring the lines between these functional guilds (13,14). Understanding
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the in-situ carbon fluxes and ecological interactions among community members is a critical
challenge in MCCA producing microbiomes in order to develop rational process optimization
and control strategies (15).

The MCCA producing granules were approximately 3 mm in size and displayed a
lenticular - or disc-shaped - morphology with 2 long axes and 1 short axis (5). This morphology
was hypothesized to be driven by substrate and product gradients, factors that could also affect
—and be affected by — the spatial organization of the community (Figure 1, Figure S.1.). First,
substrate and product gradients could limit growth rates deeper in the biofilm due to substrate
limitation and MCCA toxicity (16,17). MCCA concentrations may be lower near the equatorial
periphery (i.e., the rim of the disc) due to shorter diffusion path lengths than at the polar
periphery (i.e., the flat surface of the disc). Higher growth rates at the rim of the disc-shaped
biofilm could in turn drive biofilm growth along a plane, producing lenticular biofilms. Second,
substrate and product gradients could stratify key functional guilds (i.e., Olsenella and
Oscillospiraceae) in the biofilm. Community stratification shaped by substrate gradients is a
common phenomenon in granular biofilms. For instance, oxygen gradients stratify aerobic
granular sludge and nitritation-anammox biofilm communities (18,19), while stratification in
methane-producing anaerobic digestion granules is shaped by gradients of carbon substrates
(20). In MCCA producing biofilms, sugar consuming lactic acid producers may be enriched
near the biofilm periphery while lactic acid consuming MCCA producers would dominate
deeper in the granule due to substrate exchange and their potentially higher tolerance to toxic
MCCA. Together, these hypotheses suggest that substrate and product gradients could have
significant impacts on the morphology and microbial ecology of MCCA producing granular
biofilms, which may have implications for the design and development of this bioproduction

technology.
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Figure 1. Initial hypothesis of carbon fluxes and mechanisms shaping lenticular biofilm
morphology

In this study, we used single-cell resolved methods to investigate the spatial and
microbial ecology of MCCA producing granular biofilms. We analyzed the spatial community
organization with fluorescence in situ hybridization (FISH) to test the stratification hypothesis,
while FISH coupled with the in-situ analysis of °N incorporation with nanoSIMS answered
questions on spatial growth activity patterns and substrate usage by key functional guilds
(21,22). Together, this information provides critical insights into the metabolic interactions
between lactic acid and MCCA producing organisms and the spatial organization of MCCA

producing granular biofilms.
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2. Materials & Methods
2.1. Inoculum source
An expanded granular sludge bed (EGSB) reactor similar to that described by Carvajal-Arroyo
et al. (5) was used to generate inoculum for all following experiments. Gravitationally clarified
thin stillage (Supplementary Information, S.1.1.) amended with 0.95 g NH4CI-L was used as
feed for the reactor, which was operated under constant conditions; dilution rate of 2.5 d**, pH
of 5.5, and a hydraulic upflow velocity of 11.25 m-h™ maintained by recirculating the reactor
broth. Granular biofilms harvested from the bioreactor reported in Carvajal-Arroyo et al. (5)
were used as inoculum. Samples were taken from a sampling port in the middle of the reactor.
2.2. Isolation of key organisms
An isolation campaign was set up to isolate key functional organisms from the granular
biofilms. Four different media types were used; 2 minimal media and 2 complex media based
on thin stillage. Minimal media were based on literature reports for either sugar- or lactic acid-
based chain elongating organisms. The minimal glucose (MG) medium was modified from the
medium used to isolate C. galactitolivorans sp. BS-1 — a sugar alcohol-based chain elongator
—, substituting D-galactitol for D-glucose (12,23). The minimal lactic acid (ML) medium was
that used to isolate Oscillospiraceae bacterium CPB6 (11). Full media recipes and protocols
can be found in Supplementary Information (S.1.2.). Two stillage-based media were used to
better mimic the bioreactor environment. Stillage media for glucose consumers (SG) consisted
of solids-free thin stillage amended with 0.95 g NH4CI-L™, pH corrected to 5.5 with 2 M NaOH,
and 15 g agar-L . SG medium was autoclaved for 20 min at 121°C, after which the broth was
used to pour plates. Stillage media for lactic acid consumers (SL) was identical, but 6.22 g Na-
lactate-L™* (i.e., 5 g lactate- L) was added before autoclaving.

A suspension of 0.5 mL of granular biofilm in 10 mL filter sterilized (0.20 pm) reactor

effluent was first vortexed (3 x 30 seconds) until biofilm was fully disintegrated. This
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suspension was then diluted 10* times in an anaerobic (10% CO2, 90% N) chamber (GP-
Campus, Jacomex, TCPS NV, Rotselaar, Belgium) to reach a cell concentration of approx. 10°
cells-mL™ based on flow cytometric cell counts (Accuri C6+, BD Biosciences). This cell
suspension was serially diluted in down to 10 cells-mL™, and 100 pL of each serial dilution
(10%-10* cells-mL™) was spread onto each of the four media types. Plates had been in the
anaerobic chamber for at least 1h to release all dissolved O from the plate. Plates were
incubated inside the anaerobic chamber at 37°C for 7 days (SG, SL, MG), or 14 days (ML).
After incubation, fifteen colonies were arbitrarily picked from each type of medium. Picked
colonies were spread onto fresh plates of their original medium and incubated for the same
time, except isolates on ML medium, which were transferred to SL plates to increase biomass
density per colony. Each isolate was designated with an identifier made up of the medium type
(i.e., SG, SL, MG, or ML) and their number (1-15). Streak-purified colonies were picked and
stored in microcentrifuge tubes (Micrewtube, VWR) at -20°C for later DNA extraction and
full-length 16S rRNA gene sequencing for identification and FISH probe design.

2.3. ®N-incubation of fermentative granular biofilms

Granules were incubated with ®NH4Cl in miniaturized EGSB bioreactors (V=60 mL) for later
growth activity analysis with FISH-nanoSIMS (21,24). First, feed was prepared by amending
solids-free thin stillage with 12% *NH4Cl (0.836 g NH4Cl-L* and 0.116 g *°*NH4CI-L™Y). Initial
reactor broth was prepared by centrifuging effluent from the main EGSB reactor at 24 610 g
for 15 minutes to remove suspended biomass, followed by amending with 0.116 g ®*NH4CI-L-
! to achieve an initial 12% NH4CI. To identify competitive-cooperative interactions in the
community, growth activity in solid-free thin stillage was compared to that in lactate-
supplemented (5 g lactate-Lt) solid-free thin stillage. During incubation, pH was corrected
manually to 5.5 with 2 M NaOH every 30 minutes. After 4 and 8 hours, 5 mL supernatant was

sampled and filtered (0.20 pm) for soluble product analysis. Granular biomass was sampled
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after 8 hours and washed by gently adding 8 mL phosphate buffered saline (PBS) at pH 5.5 to
2 mL of granular biomass, letting the granules settle (approx. 10s), and taking off supernatant
containing suspended biomass. This was repeated at least 4 times, or until the supernatant was
free of suspended biomass. After washing, granules were fixed by adding 9 mL of a PBS-
solution at pH 5.5 containing 4% paraformaldehyde. After overnight fixation at 4°C, granules
were washed 3 times in PBS at pH 5.5 and ultimately stored at 4°C in 10 mL of 1:1
PBS:ethanol.
2.4. FISH-nanoSIMS analysis
Tandem FISH-nanoSIMS analysis was used to visualize spatial organization and growth
activity patterns in MCCA producing granular biofilms. Fixed granules were first embedded in
agar (2% Noble agar in PBS), and then in Technovit 8100 following protocols described by
McGlynn et al. (21). The block of resin was manually trimmed in half, after which 2 pm
sections were obtained with a Leica glass-knife microtome. Sections were deposited on poly
L-lysine-coated microscope slides coated with Teflon wells. FISH was conducted using
standard protocols (25) on these sections, using 30% formamide during hybridization, and a
hybridization time of 1.5h. Sections were then mounted in a mixture of DAPI and Citifluor (5
pg/mL), and covered with a coverslip. An epifluorescence mapping microscope (Elyra 7, Zeiss
Microscopy) equipped with a Plan-APOCHROMAT 100x objective was used for microscopic
imaging at Caltech. Images were captured by serial illumination of sections with 642 nm, 561
nm, 488 nm, and 405 nm lasers for 1 second and capturing fluorescent light. Frames (80 pum x
80um) were captured sequentially and stitched together with Zen Black-software.

After FISH imaging, the coverslip was removed and slides were gently washed with
deionized water, dried at room temperature. Slides were then cut into pieces to fit into the
nanoSIMS holders, and sputter coated with a 30 nm gold layer before analysis on a CAMECA

nanoSIMS 50L at the Center for Microanalysis at Caltech cf. McGlynn et al. (21). Samples
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were first pre-sputtered with a high-intensity 90 pA Cs* ion beam until a stable signal (approx.
15,000 cps) was obtained on the *N*2C-channel. Subsequently, a low-intensity Cs* ion beam
(0.3 pA) was used to analyse 30x30 um rasters, collecting data for 1°N*?C, N*C, and *C
ions, where accumulation of *N in cells was determined by measurement of *N*2C and
14N*2C-jons. To assess activity gradients in the biofilm, transects were analyzed running either
from the polar (i.e., the flat surface of the disc-shaped biofilm) or equatorial (i.e., the rim of the
disc) periphery of the lenticular biofilms for at least 350 pum.

After data collection, nanoSIMS data were analysed in a pipeline modified from
McGlynn et al. (21). Look@NanoSIMS (LANS) software (26) was used to pre-process data,
while assignment of regions of interest (ROI) was performed manually with a custom
MATLAB script (21). Three classes of ROI were identified based on FISH-microscopy: (i)
Oscillospiraceae-cells, (ii) Olsenella-cells, and (iii) other bacteria. Spatial coordinates of cells
were obtained in MATLAB by manually tracing an outline of the granular biofilm and
calculating the pairwise distance between the biofilm surface and the center of each assigned
cell.

2.5. Chemical analyses

C3 to C8 carboxylic acids (including isoforms C4 to C6) were determined by gas
chromatography (27). Lactic and acetic acid concentrations were determined by ion
chromatography (28). Full analytical methods can be found in Supplementary Information
(S.1.3)

2.6. Molecular methods

DNA was extracted from picked colonies by phenol-chloroform extraction as described before
(29), except using a MoBio Powerlyzer 24 during the bead beating step for 2 cycles of 5
minutes at 2,000 rpm. The 16S rRNA gene was PCR-amplified with 63F (30) and 1378R (31)

primers, followed by purification with the innuPREP PCR cleanup kit (Westburg, The
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Netherlands) and Sanger sequenced at LGC genomics (Middlesex, UK). Sequences were
identified by the NCBI Basic Local Alignment Search Tool (BLAST,

https://blast.ncbi.nlm.nih.gov/), and isolates belonging to Olsenella and Oscillospiraceae — cf.

earlier reports (5) - were retained. These new sequences and a set of closest relatives were
aligned in MEGA X (32) using the Multiple Sequence Comparison by Log-Expectation
(MUSCLE) alignment tool. A phylogenetic tree was constructed with the Maximum
Likelihood algorithm, using the Tamura-Nei model (33) to calculate phylogenetic distances,
and performing bootstrap analysis (n=500) to assess the reliability of each branch. To validate
the representativeness of the isolates, the 16S rRNA gene amplicon sequencing dataset reported
in Carvajal-Arroyo et al. (5) was reclassified with the new full-length 16S rRNA gene
sequences obtained from the isolation campaign. Using TaxAss (34), the V3-V4 sequences
were classified against a custom database containing three isolates (1 Olsenella, 2
Oscillospiraceae). Sequences with a match of at least 98% to the new isolate sequences were
classified as these isolates, while the remaining sequences were classified with the SILVA v138
database as reported previously (5).

FISH probes were designed to visualize the spatial organization of species in granular
biofilms. Probes were developed with the PROBE_DESIGN tool from ARB-SILVA, using the
full SILVA v128 database as reference (35,36). The design parameters of the probes were a
length of 18-22 bp, a theoretical melting temperature of 40-65°C, and a GC-content of 50-60%.
Two novel probes were designed: Ols-83 targeting Olsenella species isolated here, and Osc-
140 targeting the two Oscillospiraceae isolates identified here, Oscillospiraceae bacterium

CPB6 (11), and Caproiciproducens galactitolivorans (12) (Table 1).
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Table 1. FISH probes used in this study

Probe name Sequence (5’-3”) Target species Dye Reference
EUB-338-1 GCTGCCTCCCGTAGGAGT All bacteria Cy3 (37)
EUB-338-11 GCAGCCACCCGTAGGTGT All bacteria Cy3 (38)
EUB-338-111 GCTGCCACCCGTAGGTGT All bacteria Cy3 (38)
Ols-83 GCCACTTTATTCCCACCCGAA Isolate SL2 Cy5 This study
Osc-140 CCAGACGTTATCCCCCTCTG Isolates MG10 & MG12, Oscillospiraceae 6-FAM  This study

CPB6, Caproiciproducens galactitolivorans

11
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3. Results

3.1. Three novel isolates represent half of the MCCA producing granular biofilm community
An isolation campaign yielded 60 streak-purified isolates, of which 40 yielded full-length 16S
rRNA gene sequences and another 7 yielded partial 16S rRNA gene sequences. 25 out of these
47 sequences were most closely related to Lactobacillaceae species (10 Lentilactobacilli, 9
Lactiplantibacilli, and 6 Lacticaseibacilli), 14 to Olsenella and 6 to Caproiciproducens, while
the 2 remaining isolates were most closely related to Clostridium and Neglecta species (Figure
2A). Full-length 16S rRNA gene sequences of three isolates (SL2, MG10 and MG12) most
closely related to dominant OTU identified in prior work (5) were used to reclassify amplicon
sequencing data with TaxASS (34). The 3 selected isolates together represented approximately
half of the granular biofilm community (54.8+9.9%, n=6), while in their respective genera, SL2
represented 84.8+6.6% of Olsenella members, and MG10 and MG12 together represented
51.4+10.2% of recovered Caproiciproducens OTUs. All three isolates were relatively distantly
related to known organisms. Isolate SL2 likely represented a novel species within Olsenella
based on 95.5-96.3% sequence identity to other Olsenella members and a distant branching
point (Figure 2B). Isolate MG10 was most closely related to Caproicibacterium amylolyticum
and Oscillospiraceae bacterium CPB6, both of which were isolated from fermentation pits for
Chinese strong-flavour liquor (11,39). Based on the 97.9% 16S rRNA gene identity with
Caproicibacterium amylolyticum, isolate MG10 may represent a new species within
Caproicibacterium. Last, isolate MG12 was most closely related to Caproiciproducens
organisms, although this genus is still under debate (40,41). Regardless, with less than 95%
full length 16S rRNA gene identity, isolate MG12 hints at unidentified MCCA producing
genera within Oscillospiraceae. Unfortunately, these isolates (SL2, MG10, MG12) could not
be propagated on liquid or solid media, preventing characterization of these isolates’

metabolism and physiology, and preventing deposition of these strains in culture collections.

12
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Together, these isolates were considered representative of fermentative granular biofilms and

were used for FISH probe design to analyze spatial organization in the biofilm.
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Figure 2. Representativeness of isolates from fermentative granular biofilms. Panel A shows
(i) community composition from BLAST-identification of 47 partial or complete 16S rRNA
gene sequences obtained through isolation, (ii) TaxASS reclassification of the dataset from
Carvajal-Arroyo et al. (5) using a custom database of three isolates (SL2, MG10 and MG12)
as well as the general SILVA v138 database. Only genera with a mean relative abundance
higher than 1% are shown. Error bars indicate standard deviation over average community
composition (n=6). Panel B shows the phylogenetic tree of the three representative isolates,
along with closest relatives and relevant isolates from literature. Bootstrap values greater than
or equal to 50% are shown as percentages at each node. Scale indicates substitutions per
nucleotide position.

3.2. Spatial organization of granular biofilm communities

FISH-micrographs revealed Olsenella and Oscillospiraceae members co-occur and are well-
mixed in the outer layers (150-500 um) of the biofilm (Figure 3, Figure S.2.). Deeper in the
biofilm, other community members become more dominant. Single cell identification with

FISH along 4 transects (Figure 3C-1) confirm this observation (Figure 4A-D); near the biofilm

13
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surface, Oscillospiraceae and Olsenella make up more than three quarters of all cells, while
more than 250 um into the biofilm they represent only 25-50% of the biofilm, with the
remaining 50-75% of cells being other Bacteria (Figure 4A-D). These trends were observed
across different transects within a single granular biofilm, and in both analyzed granules from
either experimental condition (i.e., thin stillage, or thin stillage + lactic acid; Figure 4E).
Together, these data show lactic acid producers and MCCA producers are not stratified within

the biofilm but there is stratification of the catalytic community (Olsenella, Oscillospiraceae)

at the outside, and the remaining microbial community towards the inside of the biofilm.

Figure 3. FISH micrographs of fermentative granular biofilms. Panel A and B show granular
biofilms grown in respectively thin stillage and thin stillage amended with 5 g lactate-L™*. Note
that individual captures were linearly corrected for optimum signal display and then stitched
together, creating technical artefacts in signal intensity between captures. White rectangles
identify transects used for single-cell identification and activity analysis for polar (C, E) and
equatorial (D, F) transects. In Panels C-F, red squares identify areas with single cell
identification and activity analysis. Panels G-I show selected areas from transect E at full
resolution. All images are false-colored composite images, displaying hybridization with Osc-
140 (green), Ols-83 (yellow), and EUB-338-1,11,111 (red) FISH probes, and DNA staining with
DAPI (blue).
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Figure 4. Spatial organization of key members of granular biofilms. Distribution of FISH-
identified community members in granules grown in thin stillage (Panel A, polar transect,
n=3,832; Panel B, equatorial transect, n=2,818) and in thin stillage amended with 5 g lactic
acid-L (Panel C, polar transect, n=4,104; Panel D, equatorial transect, n=2,805). Each bar
represents at least 20 cells. Panel E compares community composition based on 16S rRNA
gene amplicon sequencing from Carvajal-Arroyo et al. (5), TaxASS reclassification of those
data based on isolate sequences, and the aggregate count-based community composition along
each transect.

3.3. Anabolic activity is controlled by depth in the biofilm but not by transect location

Gradients of °N-incorporation were observed in all transects, with the highest growth activities
observed near the surface, and average °N-content steadily decreased towards background
levels around 300-400 pm in the biofilm (Figure 5). In solids-free thin stillage, anabolic activity
at the polar edge was consistently higher than at the equatorial edge (Figure 5A). Comparing
> N-assimilation levels between polar and equatorial edge in 100 pm bins confirmed that
anabolic activity at the polar edge was significantly higher than at the equatorial edge in the
first 200 pm (Figure S.3.). For instance, median *N incorporation in the outer 100 pm of the
polar transect (4.83% °N) was significantly lower (p=9-10°, n=2,012) than that in the

equatorial transect (4.58% °N), counter to the proposed hypothesis for lenticular biofilm
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morphology. For transects in lactic acid-amended granular biofilms (Figure 5B), no significant
difference in median anabolic activity was observed in the outer 100 um (equatorial - 3.70%
N, polar —3.67% *°N, p=0.94, n=2,092). Transects deeper than 100 pm did show statistically
significant differences of *®N-content, but no cohesive pattern of higher anabolic activity was
observed (Figure S.3.). Together, these data suggest that the lenticular morphology was not
driven by anabolic activity gradients shaped by product inhibition, and substrate diffusion may
be the primary process governing spatial patterns of anabolic activity. It is important to note
that the activity gradient was not driven by diffusion limitation of *>NH4CI into the biofilm, as
cells with high activity (3.5-4.4% N incorporated, with 12% **N supplied) could still be
observed over 350 um from the surface of the biofilm. While the general trend in activity may
be driven by substrate diffusion gradients, these high-activity outliers deeper in the biofilm
may have been associated with secondary activities such as biomass degradation and
necrotrophic growth. Additionally, it is worth noting that these transects were compared in 2
granules (i.e., one granule per experimental condition). While the differences between transects
within these granules are robust, this data does not account for cross-granule variability.
Overall, the anabolic activity of single cells was governed by depth in the granular biofilm,

which may be associated with diffusion limitations of carbon substrates into the biofilm.
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Figure 5. Single-cell anabolic activity across transects within disc-shaped biofilms. Panel A
presents biofilms grown in regular conditions; Panel B shows biofilms grown supplemented
with 5 g lactic acid-L ™. Dots represent individual cells, lines and shaded areas represent moving
window averages and standard deviations respectively over a 10 um window. Grey band
represents natural °N abundance range.

3.4. Lactic acid supplementation reduces anabolic activity of MCCA producers

Lactic acid supplementation stimulated lactic acid consumption and caproic acid production
(Figure S.4.) but decreased the anabolic activity of some of the community members in the
MCCA-producing granular biofilm (Figure 6). Lactic acid amendment decreased median *°N
content of Oscillospiraceae in the outer 100 um of the polar transect by nearly 25% from 5.35%
5N to 4.07% N (p=1.9-108, n=1137), while a decrease of approx. 15% was observed in the
outer 100 um of the equatorial transect, from median values of 4.94% N to 4.19% **N
(p=4.4-10%* n=1270). Olsenella-cells in the outer 100 um of the biofilm were much less
affected by lactic acid amendment. In the polar transect, no significant change was observed
under lactic acid amendment (p=0.75, n=287), while Olsenella cells in the equatorial transect
had a minor, but significant (p=0.024, n=369), decrease in *°N-content, from median values of
4.23 %N (thin stillage) to 4.18% °N (thin stillage + lactic acid). Lactic acid amendment also

decreased median **N content for cells in the outer 100 um stained only with the Eubacterial
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FISH probe. In both the polar transect — from 3.41% N to 2.36% °N (p=3.0-10%, n=415) —
and the equatorial transect — from 3.28% °N to 2.20% *°N (p=4.2-1071%, n=626) — the anabolic
activity of other bacterial cells (i.e., hybridized with neither the Olsenella nor Oscillospiraceae-
targeting FISH probes) decreased by more than 30%. This decreased activity could either be a
direct response of the satellite community to lactic acid amendment or could be the result of
decreased activity of Oscillospiraceae-members not covered by the Osc-140 FISH probe,
although it is not possible to differentiate between these mechanisms based on the available
data. These observations were also robust when pooling both equatorial and polar transects
together (Figure S.5.) Together, these data suggest that lactic acid-supplementation increased
MCCA-production but decreased the anabolic activity of MCCA producing Oscillospiraceae
by 15-25%, while lactic acid-producing Olsenella maintained a similar level of activity across

the granular biofilm analyzed from either incubation.
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Figure 6. Anabolic activity response to lactic acid amendment per taxonomic group and per
transect. Single cell anabolic activity — measured as *°N incorporation — in the outer 100 pm of
the granular biofilm are shown with dot plots representing individual cells, box plots, and
distribution estimates. Activities in granules grown on thin stillage (red) were compared to
granules grown on thin stillage amended with 5 g lactic acid-L™ (blue). All data come from
transects in a single biofilm from either condition. Sample groups were compared with
Wilcoxon rank sum test: *, p<0.05; **, p<0.01; ***, p<0.001. Grey bands indicate natural
abundance range of °N.
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4. Discussion

4.1. Growth activity patterns do not drive lenticular biofilm morphology

We hypothesized that the lenticular biofilm morphology was the result of diffusion gradients
of toxic MCCA favoring growth along a plane to minimize diffusion pathlengths (Figure 1).
Growth activities at the polar edge were similar, or higher, than at the equatorial edge (Figure
3, 5, S.3.), implying that the lenticular morphology was not due to spatial patterns of growth
activity influenced by caproic acid diffusion gradients. We cannot rule out the possibility that
growth rates were saturated at both polar and equatorial peripheries, and instead, cells at the
equatorial periphery transformed more carbon into extracellular polymeric substances (EPS),
contributing to biofilm construction without nitrogen assimilation (42). Additionally, the short
incubation time (8 hours) and initial disturbance may have temporarily altered activities and
in-situ chemical gradients, however, this effect is expected to have been minor given the high
observed growth activities and representative MCCA production rates of 6 g caproic acid-L"
Lht (Figure S.4). Alternatively, breakage of large granular biofilms may alter morphology by
creating smaller, and less spherical granules, which in turn can start growing again (43). The
granular biofilms observed here display signs of breakage, i.e., the broken periphery lacks cells
with high FISH signals (as proxy for activity) and displays a torn appearance (Figure 3A,B,
Figure S.2). The difference in growth rate between the broken and intact biofilm peripheries
could drive growth along a plane, eventually shaping the lenticular morphology during
continuous granule breakage under hydraulically fluidized conditions (Figure 7). This
alternative hypothesis also aligns with the observation that high organic loading rates induce
lenticular morphologies (5), as higher growth rates could magnify the difference in growth
rates at the active and broken biofilm peripheries. The observation of regular biofilm
morphologies and size distributions (5) may in turn be due to shear and hydraulic factors.

Crucially, the structural and physical properties of these granular biofilms and their response
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to organic loading rates are currently uncharacterized. Additionally, while the described
morphology was observed across multiple granules (Figure 3, Figure S.2.), expanding this
analysis to a broad set of granules could further elucidate mechanisms of lenticular biofilm
development. Further research is critical to elucidate the role of chemical gradients and
physical processes that may shape the lenticular morphology of MCCA producing granular

biofilms.

4.2. Lactic acid and MCCA producers compete for carbohydrates in the biofilm periphery
Granular biofilms producing MCCA were hypothesized to be stratified into a layer with lactic
acid producing Olsenella at the periphery, and a lactic acid consuming MCCA producing
Oscillospiraceae deeper in the biofilm (Figure 1). Following this rationale, amendment of lactic
acid was expected to alleviate substrate limitation, increasing both MCCA production rates and
5N incorporation. Contrary to this hypothesis, FISH images showed that Olsenella and
Oscillospiraceae cells were well mixed in the outer layers of the biofilm (Figure 3, 4, Figure
S.2). Further, lactic acid amendment increased MCCA production rates (Figure S.4.) but
decreased anabolic activity of Oscillospiraceae (Figure 6), indicating that Oscillospiraceae-
biomass yield per unit MCCA produced dropped.

It is worth noting that analyzing anabolic activities in a single granule for each condition may
limit the conclusions drawn from these data, as it does not address potential variability between
individual granular biofilms. However, the selected granules may be representative of the
average community. First, trends in anabolic activity were observed in 2 transects within a
biofilm, despite being approx. 1 mm apart (Figure 3, Figure S.5.). Second, the communities in
these granules were ecologically stable, with little variability over 200 days of operation (5),
and remaining stable for years across different studies, including this report (7,8, Figure 2).

Last, community composition across individual granules in an aerobic granular biofilm system
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were shown to be cohesive at the genus-level (44), suggesting functionality may also be similar
across individual biofilms. Together, this suggests that variability across granules may be
limited, although the data presented here cannot fully quantify inter-granule variation.

Assuming cross-granule variability is limited, three phenomena could explain the simultaneous
decrease in °N-activity and increase in product formation: (i) MCCA production was taken
over by another taxonomic group, (ii) MCCA toxicity increased energy requirements for cell
maintenance, or (iii) lactic acid amendment induced a shift from sugars to lactic acid as
substrate for MCCA producing Oscillospiraceae. The first hypothesis is unlikely, as *°N-
incorporation did not increase for other bacterial groups (Figure 5), although we cannot fully
rule out that a small subpopulation increased in activity. In the second case, MCCA toxicity
disrupting cell processes would increase maintenance energy requirements, reducing cell yield
per mol of MCCA produced. For instance, previous research has shown that lower pH
increased MCCA toxicity and halved biomass yield on ethanol as a substrate (45). Here, an
increase of caproic acid from 2.1 to 2.7 g-L? (18.1 to 23.2 mM) at the end of the 8-hour
incubations (Figure S.4.) resulted in a 15-25% decrease in °N-incorporation (Figure 6).
Extrapolating these data based on the negative linear relationship between growth rate and
MCCA concentration (16,17) yields toxicity limits of 4.5-6.1 g-L1. Given that a previous report
obtained up to 6.8 g caproic acid g-L* (5), toxicity alone may not fully explain the decreased
cell yield. Last, Oscillospiraceae switching its carbon/electron source from sugar to lactic acid
would release less than a third of the Gibbs Free energy yield (Supplementary Information,
S.2.5.) per MCCA produced, lowering ATP-yield, cell growth and **N-incorporation. For
instance, in Megasphaera hexanoica, this shift was shown to reduce biomass yield per mol
MCCA produced by 80% (13). Since lactic acid was always in excess during lactic acid
amended incubations (Figure S.4.), this may have been the more attractive substrate, driving

the observed reduction in N-incorporation per MCCA produced. Unfortunately, this
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hypothesis could not be tested, as isolates obtained by plating (Figure 2) could not be
propagated on liquid, nor on solid media. The shift from sugars to lactic acid as substrate
suggests that Oscillospiraceae may be competing for sugars with lactic acid producers under
normal operation (Figure 7). While there is no direct evidence of niche overlap, a scenario in
which Olsenella and Oscillospiraceae consume different carbohydrate pools in the feedstock
cannot support the observed simultaneous increase in MCCA-production and decrease in °N
incorporation by Oscillospiraceae. Additionally, substrate competition between lactic acid and
MCCA producers has been suggested previously based on the functionality of closely related
isolates (46), metagenome-identified functions (47), and flux-balance analysis (48), but this
report presents the first in situ observation of this interaction.

Substrate competition between Olsenella and Oscillospiraceae may also provide context for
their spatial co-occurrence in the biofilm within the top 200-300 um deep catalytic layer, as
observed by FISH (Figure 3, Figure 7). Carbohydrates could be consumed by both Olsenella
and Oscillospiraceae in the catalytic layer, while an inner core enriched in other community
members may drive secondary conversions, such as the breakdown of dead microbial biomass
and EPS making up the biofilm matrix (Figure 3, 4). In other granular biofilm systems,
chemical gradients of e.g., O2 or carbon substrates stratify core functional guilds involved in
e.g., nutrient removal, or methane production (18-20). Since the two major functional guilds —
lactic acid producing Olsenella and MCCA producing Oscillospiraceae — in this system appear
to compete for carbohydrates, they can coexist near the biofilm periphery. The continued
coexistence of Olsenella and Oscillospiraceae in these biofilms does imply some niche
differentiation must exist. Future research should investigate whether Olsenella have a kinetic
(e.g., substrate affinities, growth rates) or substrate (e.g., a broader carbohydrate degrading
repertoire) niche enabling their presence alongside carbohydrate consuming Oscillospiraceae.

Moreover, the coexistence of Oscillospiraceae alongside Olsenella also suggests
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Oscillospiraceae may consume sugars and lactic acid concomitantly. Further research should
elucidate whether a single cell consumes both substrates simultaneously, or, whether sugar and
lactic acid consuming Oscillospiraceae cells are spatially segregated in the biofilm.

Overall, MCCA producing granular biofilms are stratified in a catalytic layer where lactic acid
and MCCA producers compete for carbohydrates, and an inner core potentially involved in

biomass and EPS-degradation.

Carbohydrates

Lactic acid
- 3
MCCA e
—p

Broken Intact /
periphery periphery l

Other bacteria Granule breakage results in
differential growth rates

Figure 7. Revised, observation-based hypothesis of carbon fluxes and mechanisms of

lenticular biofilm morphology

4.3. Implications for bioprocess development

The hypotheses describing MCCA producing granular biofilms presented here (Figure 7) also
have implications for the development and optimization of MCCA bioproduction processes
leveraging granular biofilms. If Oscillospiraceae convert carbohydrates directly to MCCA,
Olsenella may not be a necessary functional guild in the community. Establishing an
Oscillospiraceae-only community may prove beneficial if this improves product selectivity
and/or process stability. However, if Olsenella have a broader substrate degradation range, or
more favorable kinetic parameters, their ecological niche may improve process performance
and may directly impact process optimization strategies. Alternatively, Olsenella could also
play a role in biofilm development, e.g., EPS production. For instance, a recent report
established lactic acid fed MCCA producing granular biofilms with a non-lenticular

morphology but continued to observe Olsenella in the community (8). While abundances of
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Olsenella in those lactic acid-fed biofilms were lower than what was observed in this study,
they may still have contributed to biofilm formation, although this remains speculative given
our current knowledge. Overall, understanding the roles of Olsenella besides lactic acid
production may be critical to optimize the community for reliable, sustainable bioproduction
of MCCA from complex feedstocks. Additionally, the role of the inner non-catalytic biofilm
core in biofilm stability and catalytic efficiency may be significant at larger process scales. In
a granule 4 mm wide, 1 mm high and with a 200 um wide active periphery, only 51.4% of the
granular biofilm volume is catalytically active. If only the outer rim is actively producing
MCCA, controlling biofilm size could help maximize the catalytic volume (49,50). While the
lenticular morphology increases catalytic efficiency compared to spherical biofilms (51),
optimizing granule size may further benefit process performance. Granule sizes could be
controlled using selective sludge separation or using shear as a controlling factor (52-54),
while optimal sizes could be determined by identifying the minimal size at which effective
catalytic volumes are maximized while granules still effectively settle and remain in the
system. Such observations demonstrate the power of microbial ecological studies of granular
biofilm systems to drive the development and optimization of bioprocesses. It will be critical
to understand if higher catalytic volumes come at the cost of granular biofilm stability and
density, which in turn would deteriorate process efficiency. Ultimately, identifying the
ecological mechanisms underpinning this community will be critical to further develop and

optimize granular biofilm technologies for MCCA production.
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5. Conclusions

Granular biofilm technologies are a powerful approach to intensify bioprocesses but require
understanding the underlying microbial interactions to inform process optimization and process
control strategies. In this study, we investigated the spatial organization and microbial ecology
of MCCA producing granular biofilms to understand their unique lenticular morphology.
Counter to the proposed hypothesis, growth activity was not affected by the location within the
biofilm (i.e., near the polar or equatorial periphery of the biofilm) which had been previously
hypothesized to be highest at the equator of the biofilm. Second, the biofilm was observed to
consist of an outer catalytic layer (150-500 um) containing spatially well-mixed communities
of lactic acid producing Olsenella and MCCA producing Oscillospiraceae, while inner layers
were dominated by other bacteria potentially involved in biomass and EPS degradation. This
observation directly points at opportunities for process optimization by controlling biofilm size.
Third, Oscillospiraceae appear to switch from carbohydrates to lactic acid as substrate during
lactic acid amendment. This suggests that MCCA producers may compete for carbohydrates
with lactic acid producers under normal conditions, enabling their spatial co-occurrence in the
biofilm. This competitive interaction had been hypothesized previously, but the single-cell
anabolic activity data reported here may present the first in situ observation of this competitive
interaction. This study provides novel insights into the spatial ecophysiology of MCCA
producing granular biofilms that can guide the optimization (e.g., granular biofilm size, feed
composition) and implementation of granular biofilm technologies for sustainable

bioproduction.
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