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Abstract
[bookmark: _Hlk85702098][bookmark: _Hlk85709877]Carbohydrate-rich waste-streams form attractive feedstocks for the production of caproic acid via microbial chain elongation. However, process upscaling and implementation is hampered by low volumetric production rates. Biomass retention with granular fermentation technologies enables high-rate production of caproic acid at scale, but feedstock characteristics enabling microbial granulation under chain-elongating conditions are unknown. Here, we characterised the feedstock requirements for caproic acid production in high-rate expanded granular sludge bed reactors by investigating the impact of substrate concentration and nutrient composition on caproic acid production and granular biofilm aggregation. First, thin stillage was used as model feedstock to demonstrate that low substrate concentrations (11-49 g COD L-1) do not affect product profile, maintaining a caproic acid selectivity of 47 ± 3%, and improve granular biofilm aggregation. High substrate concentrations (55-88 g COD L-1) reduced caproic acid selectivity in favour of butyric acid, potentially due to concomitant product toxicity, and negatively affected granulation. Second, the impact of nutrient composition on production and granulation was investigated by developing a synthetic medium. This demonstrated that complex nutrients (here supplied as tryptone) were required to steer the microbial community from producing mainly acetic acid, butyric acid and iso-butyric acid to the target caproic acid. However, granules were observed in the system regardless of the addition of tryptone. Overall, these results provide crucial insight to identify suitable feedstocks for granular caproic acid producing technologies, opening the door to high-rate production of caproic acid from various underexplored carbohydrate-rich streams.
Keywords: Caproic acid, expanded granular sludge bed reactor, chain elongation, medium chain carboxylic acids, bioproduction.
Background
[bookmark: _Hlk66379565]Bioproduction from organic wastes is being pursued as a strategy to valorise wastes and close the carbon cycle. Anaerobic digestion (AD) can be considered the archetype of bioproduction from organic wastes, but struggles with low profits in the absence of government support (1). Alternative routes have been explored to generate value from wastes, one of which is the production of medium-chain carboxylic acids (MCCA) from organic wastes (2–4). These six-to-twelve carbon chain monocarboxylic acids have a relatively high market value (approximately €2 kg-1) and hold large industrial interest due to their potential as platform chemicals towards a wide range of products such as antimicrobials, solvents, fuels, etc. (2,5). 
Microbial MCCA production takes place through a process often referred to as “chain elongation” (6). Initially, chain elongation was described using ethanol as electron donor to convert short-chain carboxylic acids (SCCA; two to five carbon chain monocarboxylic acids) to MCCA through a metabolic pathway called reverse beta-oxidation, first identified in Clostridium kluyveri (3,7). While ethanol-driven MCCA production continues to be developed (8,9), the high economic and environmental cost of exogenous ethanol addition makes alternative pathways more attractive (10). For instance, MCCA can be produced from carbohydrate-rich feedstocks, without ethanol addition, via lactic acid. In this approach lactic acid bacteria convert carbohydrates to lactic acid, which is then used as electron donor for the lactic acid-driven reverse beta-oxidation pathway, a process demonstrated with the isolate Ruminococcaceae bacterium CPB6 (4,11). Alternatively, carbohydrates can also be converted directly to MCCA by some Megasphaera spp., Pseudoramibacter spp., and several Oscillospiraceae-associated chain elongators (12–15). While a diverse array of carbohydrate-rich feedstocks have been converted to MCCA (e.g. food waste, dairy waste, grass clippings and biorefinery side streams (16–20)) (Additional file 1 Table S1), most of these studies cannot differentiate between the two metabolic pathways for MCCA production. Understanding this intricate microbial food web may prove useful to optimally engineer systems towards higher production titers and rates. 
Low MCCA production rates had been identified early on as a critical process bottleneck (21). Volumetric production rates are a combination of two factors: biomass-specific production rates and biomass concentrations. Both substrate limitation and product inhibition could affect the former. This is especially relevant for MCCA due to their high toxicity level (22,23). In-situ extraction technologies could simultaneously alleviate product inhibition and recover product, although this has rarely yielded dramatic increases in volumetric production rates (24). A recent report developed granular biofilms in an expanded granular sludge bed (EGSB) reactor for the production of MCCA from thin stillage, a side-stream from the bio-ethanol industry containing 20-30 g sugars L-1 (25). This system achieved much higher biomass concentrations than suspended biomass-based systems, resulting in an order of magnitude increase in MCCA production rates compared to a suspended growth system fed with a similar feedstock (16). 
Microbial granulation requires a settling selective pressure, typically achieved in up-flow reactors, and a microbial community that supports bacterial aggregation into self-formed biofilms (26). Several chain elongation studies have used up-flow bioreactors similar to those applied to promote granulation in high rate anaerobic digesters without achieving granulation (17,20). The presence or absence of microbial granulation might be due to differences in feedstock composition such as substrate concentrations and composition of the non-carbohydrate fraction of the chemical oxygen demand (COD), i.e. the nutrients. Here, we first explored the influence of thin stillage substrate concentration on the product profile and community composition in an expanded granular sludge bed reactor. Next, we identified nutrient requirements of chain-elongating granular biofilms and their effect on process performance and microbial ecology in MCCA-producing granular reactors by developing a synthetic medium enabling caproic acid production and granular biomass aggregation. Finally, we provide clear guidelines that may help develop rational strategies to further adapt this technology to new feedstocks.
Material and Methods
Reactor setup
A glass up-flow reactor with a working volume of 2.4 L was inoculated with granular sludge from another chain-elongating expanded granular sludge bed (EGSB) reactor, fed with solids-free thin stillage (25). The reactor was operated at 34 °C, pH 5.5 and a hydraulic retention time (HRT) of 1 day with an up-flow velocity of approx. 10-15 m h-1. Gas production was measured by liquid displacement of an acidic solution (pH<3) in a graduated column and gas samples were taken for headspace analysis. Liquid samples of influent and reactor broth were taken every 2-3 days for analysis of SCCA and MCCA, and total carbohydrates after filtering over 0.2 µm Chromafil® Xtra syringe filters, while samples of the suspended and granular biomass fractions were taken for quantification of suspended solids and community analyses. All samples were stored at -18 °C until analysis. The granular bed height was measured against a reference height at the bottom of the column after brief (approx. 30 seconds) settling. See Additional file 1 for further details.
Effect of substrate concentration in thin stillage-fed EGSB
[bookmark: _Hlk97825144]The impact of substrate concentration was assessed by feeding the reactor with solids-free thin stillage at different substrate concentrations. The thin stillage was delivered in 1 m3 containers and was left overnight to settle the solids, after which the solids-free supernatant was harvested and stored at 4 °C until use. The solids-free thin stillage was characterized by Carvajal-Arroyo and co-workers (25). Several of the parameters of thin stillage were re-analysed here, showing it had a COD content of 44.15 ± 2.64 g COD L-1 (n=18) of which carbohydrates (quantified as glucose equivalents) were the main constituent at a concentration of 21.06 ± 3.33 g COD L-1 (n=18). Other minor constituents (n=27) were acetic acid at 0.93 ± 0.66 g COD L-1, lactic acid at 1.75 ± 0.71 g COD L-1, glycerol at 4.54 ± 1.14 g COD L-1 and ethanol at 7.11 ± 1.06 g COD L-1 (n=7). To investigate the impact of reduced substrate concentrations, thin stillage was diluted with tap water to respectively 75% (day 7 to 21 and day 68 to 75), 50% (day 28 to 42) and 25% (day 51 to 61) of the original COD content. Between every two diluted periods, the system was fed undiluted stillage (100%) to bring it back to its original state. Between days 76 and 106, the reactor was kept stable for 30 days with undiluted thin stillage to obtain a reference period. To investigate the effect of increased substrate concentration, the thin stillage was amended with D-Glucose to achieve 110% (day 164 to 168), 125% (day 169 to 204) and 200% (day 205 to 209) of the original COD content (respectively 125%, 150% and 300% of the original carbohydrate concentration). Before feeding, the diluted or amended thin stillage was supplemented with 0.95 g NH4Cl L-1 to ensure adequate nitrogen addition to the reactor (COD:Nitrogen ratio was thus not kept constant).  
Effect of nutrient composition by replacing solids-free thin stillage with a synthetic medium
Thin stillage-fed granular biofilms were transitioned to a synthetic medium to deconvolute the effect of substrate and nutrient concentrations on granular biofilms. The synthetic medium contained (per 1 liter) 1.02 g MgCl2, 0.73 g CaCl2.2H2O, 1.64 g NaH2PO4.2H2O, 0.11 g Na2SO4, 6.7 g KCl, 1.91 g NH4Cl, 30.6 g D-glucose.1H2O, 1 g of yeast extract, 1 v/v% of SL-10 trace elements, 1 v/v% of Se-W trace elements and 0.01 v/v% of 7-vitamin solution. SL-10 contained (per 1 liter) 10 mL HCl 7.7 M, 1.50 g FeCl2.4H2O, 70 mg ZnCl2, 100 mg MnCl2.4H2O, 6 mg H3BO3, 190 mg CoCl2.2H2O, 2 mg CuCl2.2H2O, 24 mg NiCl2.6H2O and 36 mg Na2MoO4.2H2O. Se-W contained (per 1 liter) 0.5 g NaOH, 3 mg Na2SeO3.5H2O, 4 mg Na2WO4.2H2O. 7-Vitamin contained (per 1 liter) 100 mg Vitamin B12, 80 mg p-aminobenzoic acid, 20 mg D(+)-Biotin, 200 mg nicotinic acid, 100 mg calcium pantothenate, 300 mg pyridoxine-HCl and 200 mg thimine-HCl.2H2O. The EGSB was initially fed solids-free thin stillage and gradually transitioned to synthetic medium (0% synthetic: day 0 to 23; 25% synthetic: day 23 to 32; 50% synthetic: day 32 to 46; 75% synthetic: day 46 to 56; 90% synthetic: day 56 to 65 and 100% synthetic: day 65 to 100). From day 100 to 147, 4 g Tryptone L-1 was added to the synthetic medium.
Analytical Methods
Chemical Analyses
[bookmark: _Hlk97114076]Acetic acid (C2) and lactic acid were analysed by ion chromatography (IC) with a conductivity detector. Ethanol and glycerol were analysed by ion chromatography (IC) with an amperometric detector. C3 to C8 carboxylic acids (including isoforms C4 to C6) were determined by gas chromatography (GC) with flame ionization detection (FID) after extraction of acids into diethylether as described by Andersen et al. (27). Composition of produced gases was analysed by GC with a thermal conductivity detector. Total carbohydrate content in the thin stillage was analysed with the phenol-sulfuric acid method, as described by Nielsen (28), and expressed as g Glucose-equivalents L-1. See Additional file 1 for further details. Chemical oxygen demand (COD) was analysed with Nanocolor® kits (Macherey-Nagel, Germany). The test tubes were incubated at 148 °C for 2 h after which COD was colorimetrically determined using a Nanocolor® 500D photometer (Macherey-Nagel, Germany).
Biomass analyses
Total suspended solids (TSS) and volatile suspended solids (VSS) of the planktonic and the granular biomass were analysed according to standard methods 2540D and 2540E, respectively (29). See Additional file 1 for further details.
Molecular Analyses
For 16S rRNA gene amplicon sequencing, separate samples of the planktonic and granular phase (2 mL in Micrewtubes®) were centrifuged (5 min at 20.817 g), supernatant was removed, and remaining pellets were stored at −20 °C until extraction. DNA was extracted according to Vilchez-Vargas et al. (30), without the additional column purification step. 10 µl genomic DNA extract was sent out to LGC genomics GmbH (Berlin, Germany) for library preparation and sequencing on an Illumina Miseq platform with v3 chemistry with the primers 341F (5’-CCT ACG GGN GGC WGC AG -3’) and 785Rmod (5’-GAC TAC HVG GGT ATC TAA KCC-3’) (31). Read assembly and cleanup was largely derived from the MiSeq SOP described by the Schloss lab (32,33). In brief, Mothur (v.1.42.3) was used to assemble reads into contigs, perform alignment-based quality filtering (alignment to the mothur-reconstructed SILVA SEED alignment, v. 138), remove chimeras (vsearch v2.13.0), assign taxonomy using a naïve Bayesian classifier (34) and SILVA NR v138 and cluster contigs into OTUs at 97% sequence similarity. All sequences that were classified as Eukaryota, Archaea, Chloroplasts and Mitochondria were removed. Also, if sequences could not be classified at all (even at (super)Kingdom level) they were removed. For each OTU representative sequences were picked as the most abundant sequence within that OTU. Before subsequent analysis, absolute singletons were removed from this dataset. No rarefaction was applied before analysis of the filtered data.
An evolutionary placement algorithm was used to place the shorter reads belonging to the most abundant OTUs in a full-length reference tree under maximum likelihood by use of RAxML (v 8.2.12) (35), analogous to Prévoteau et al. (36). Briefly, full 16S rRNA sequences of reference caproic acid producers and relevant relatives (modified from Candry and Ganigué (37)) were aligned with shorter sequences of the most abundant OTU in our system using the SINA online alignment, classification and tree service (https://www.arb-silva.de/aligner/, ACT). Next, a reference tree without OTUs was constructed using the GTRGAMMA nucleotide substitution and heterogeneity model in RAxML, with Broccadia anammoxidans as outgroup. Subsequently, the shorter OTU sequences were placed onto the reference tree using the epa-ng algorithm (v0.2.1-beta) (38). Genesis (39) was used to generate the resulting newick-formatted trees, which were visualized and annotated in iTOL (40). 
Calculations
Carboxylic acid selectivity	
The selectivity with which specific carboxylic acids were produced was calculated as the COD of that specific carboxylic acid relative to the COD of all produced carboxylic acids (eq. 1).

Substrate conversion efficiency
The substrate conversion efficiency was calculated as the COD of a (or all) carboxylic acids relative to the soluble feedstock COD (eq. 2).

Total reactor biomass
The total biomass in the EGSB reactor was calculated as the sum of planktonic and granular biomass. The amount of granular biomass was calculated from the reactor dimensions, the height of the sedimented granular bed and the measured VSS content of the sedimented granular bed, according to eq. (3). The amount of planktonic biomass was calculated from the volume of the reactor and the measured VSS content in the planktonic fraction of the reactor, according to eq. (4)., with VSSgran (g VSS L-1) the biomass concentration of the granular bed, VSSplank the biomass concentration in the planktonic phase (g VSS L-1), h the sedimented height of the granular bed, D the diameter of the EGSB column, i.e. 5 cm, and V (L) the working volume of the reactor, i.e. 2.4 L.


[bookmark: _Hlk97195960]Correlations
Correlations between substrate concentration and conversion efficiency/selectivity were evaluated in R (v3.6.1). Due to the non-normality of the substrate concentration data set (tested with the Shapiro-Wilk test, p < 10-5), the Kendall rank correlation coefficient was used. 
[bookmark: _Hlk66378388]Results and Discussion
[bookmark: _Hlk97208012]High substrate concentrations shift selectivity from caproic acid to butyric acid
An EGSB reactor fed with solid-free thin stillage was operated for 209 days at a hydraulic retention time (HRT) of 1.08 ± 0.24 days. Once a similar product spectrum to that reported in Carvajal-Arroyo et al. (2019) was achieved (day 0; 51 days after initial start-up), the effect of substrate concentration on carbohydrate fermentation and MCCA production was investigated by diluting the feedstock with water or amending it with glucose to achieve the target influent COD concentration (25). 
[bookmark: _Hlk89426987][bookmark: _Hlk89427928][bookmark: _Hlk97197664]Decreasing the substrate concentration to 75%, 50% and 25% (corresponding to substrate loading rates of respectively 34.9 ± 0.6 g COD L-1 d-1, 22.5 ± 1.0 g COD L-1 d-1 and 9.7 ± 0.1 g COD L-1 d-1) of its original concentration (44.15 g COD L-1 fed at a substrate loading rate of 46.85 ± 2.26 g COD L-1 d-1) resulted in a rapid drop of the caproic acid concentration from 4.22 ± 0.46 g L-1 to respectively 3.62 ± 0.25 g L-1, 2.66 ± 0.17 g L-1 and 1.59 ± 0.27 g L-1 (Figure 1A). These values accounted, respectively, for 83 ± 6%, 61 ± 4% and 36 ± 6% of the average concentration achieved during reference operation (i.e. steady state operation with solid-free thin stillage), slightly above the expected proportion given the dilution ratios applied. Product selectivity of caproic acid remained constant at 47 ± 3% at all concentrations and no significant correlation was observed between selectivity and substrate concentration (Kendall correlation 0.09, P-value = 0.54; Figure 1B). Substrate conversion efficiency to caproic acid on the other hand was negatively correlated with increasing substrate concentrations (Kendall correlation -0.72, P-value < 10-6; Figure 1C). The same observations were made for other carboxylic acids, suggesting that substrate concentration does not affect the product profile, but does affect how efficiently substrate is consumed. It is interesting to highlight that, once the system was switched back to 100% (undiluted) thin stillage feed in the intermediate periods, the concentrations of acetic acid (2.80 ± 0.41 g L-1), butyric acid (2.03 ± 0.42 g L-1) and caproic acid (4.11 ± 0.57 g L-1) rapidly returned to values similar to those of the reference period (days 76-106), being respectively 3.12 ± 0.34 g L-1, 1.78 ± 0.19 g L-1, 4.35 ± 0.25 g L-1. This showcases the resilience of the system to changes in substrate concentration.
The selectivities for caproic acid obtained here (47 ± 3% based on COD, 44 ± 4% based on carbon) on a feedstock containing 11-44 g COD L-1 were similar to those reported by several other studies (Additional file 1 Table S1) using complex carbohydrate and/or lactic acid based feedstocks such as prefermented grass (11 g sCOD L-1, 57% on COD (18)), (solid-free) thin stillage (49.9 g sCOD L-1, 44% on COD (25)) and food waste (41.55 g tCOD L-1, 38% on carbon (41)). However, Zhu et al. (4), reached much higher caproic acid selectivities up to 81.36% from diluted yellow water (45 g sCOD L-1), albeit at a higher pH of approx. 6.2.
[bookmark: _Hlk89427976][bookmark: _Hlk89428105][bookmark: _Hlk89428172][bookmark: _Hlk89185930]Increasing the substrate concentration above the reference value (100%, 44.15 g COD L-1) to 110% of the feed COD (49 g COD L-1 fed at a substrate loading rate of 42.3 ± 0.7 g COD L-1 d-1) by amending thin stillage with glucose initially increased the caproic acid concentration and selectivity to respectively 4.95 ± 0.45 g L-1 and 49 ± 2 %. However, further increasing substrate concentrations did not result in proportionally higher caproic acid concentrations. Instead, at 125% of the original feed COD (fed at a substrate loading rate of 55.3 ± 5.4 g COD L-1 d-1), butyric acid accumulated in the reactor from 1.55 ± 0.05 g L-1 up to 4.03 ± 0.48 g L-1 while caproic acid stagnated at 4.35 ± 0.51 g L-1. This resulted in a decrease in caproic acid selectivity to 38 ± 1% while that of butyric acid slowly increased over the 125% period, up to 29 ± 3% (Figure 1B). Further increasing the substrate concentration to 200% by doubling the carbohydrate content (fed at a substrate loading rate of 76.6 ± 27.5 gCOD L-1 d-1) initially led to an increase in caproic acid and butyric acid concentrations to respectively 5.21 g L-1 and 5.36 g L-1 together with 6.02 g L-1 of unconverted lactic acid. On day 208, a transient operational issue allowed complete consumption of the lactic acid. However, after relieving the issue both caproic acid and butyric acid dropped to 4.10 g L-1 and 3.17 g L-1 with the co-occurrence of 12.30 g L-1 uncoverted lactic acid indicating the system had been overloaded.
[bookmark: _Hlk97824333][bookmark: _Hlk97210684][bookmark: _Hlk97211907][bookmark: _Hlk98142329][bookmark: _Hlk97890065]A plausible explanation for this could be product toxicity exerted by undissociated caproic acid, which has been widely observed and documented in literature (16,22–24,42). Similar observations where butyric acid accumulated after reaching the toxicity threshold for caproic acid have been reported in ethanol chain elongating systems (at total caproate + caproic acid concentrations of 5.48 g L-1 (24) and approx. 1 g L-1 (43)) and lactic acid and/or sugar chain elongating systems (10.45 g L-1 total caproate + caproic acid (17) and 3.72 g L-1 total caproate + caproic acid (44)). Reported toxicity thresholds are sensitive to operational conditions because of the higher toxicity of undissociated caproic acid compared to its anion, due to its larger membrane diffusivity resulting in cell acidification and disrupting membrane integrity (23). Specifically pH is an important consideration; the pKa of caproic acid is 4.88 at 30 °C indicating that decreasing pH below 5.5 will rapidly increase the undissociated fraction of caproic acid. In this study, an apparent undissociated caproic acid threshold of 7.25 ± 0.85 mM was observed when feeding 125% substrate concentration. This is close to two studies reporting toxicity thresholds of 7.5 mM and 7.41 mM undissociated caproic acid despite operating at respectively pH 5.5 and pH 6.3 (4,24). However, it is important to highlight that several studies report sustained production of higher undissociated caproic acid concentrations at pH 5.5 (11.33 mM (25); 17.2 mM (17)). Additionally, several other studies (Additional file 1 Table S1) reported higher caproic acid selectivities at higher substrate concentrations, such as on acid whey (70.71 g COD L-1, 72% carbon (17)) and lignocellullosic stillage (95.6 g COD L-1, 66.6% on carbon (45)). Further experiments where caproic acid is spiked in-situ in the reactor may further confirm to what extent product toxicity played a role in the shift in selectivities. Targeted research is needed to understand the role of community composition, acclimation to high product concentrations and biofilm-imposed mass transfer limitations on product toxicity thresholds. Additionally, the effects of the substrate speciation (i.e. only carbohydrates or mixtures of carbohydrates, lactic acid and other organics) on selectivity still need to be elucidated. Since the increase in substrate concentration here was achieved by glucose addition, it remains unclear whether other substrates (e.g. other carbohydrates, electron donors, etc.) or combinations thereof would have lead to similar results. Furthermore, changes in substrate concentration in this experiment also resulted in changes in organic loading rates (OLR). While a previous study did not observe substantial changes in product spectrum when varying the OLR at constant substrate concentrations (25) and the present study shows a constant spectrum at varying OLR and varying substrate concentrations (below a threshold of 49 g COD L-1), follow-up experiments should investigate the interactions between HRT and substrate concentration to further isolate the effect of changing substrate concentrations at a constant loading rate.
Overall, the data presented here indicates streams with higher substrate concentrations can be converted to MCCA, but product selectivity and substrate conversion efficiency may be negatively affected. The latter might be resolved by employing in-situ product extraction such as pertraction to keep the caproic acid concentrations in the broth beneath the toxicity limit (20,46).
[image: ]
Figure 1 – The effect of substrate concentration on the product profile of granular fermentation with solids-free thin stillage Panel A: Carboxylic acid concentration in function of substrate concentration. Panel B: Carboxylic acid selectivity, defined as the ratio of COD of a specific carboxylic acid to the COD of all produced carboxylic acids, in function of substrate concentration. Panel C: Substrate conversion efficiency in function of substrate concentration. 25%, 100% and 200% substrate concentration respectively correspond with 11 gCOD L-1, 44 gCOD L-1 and 88 gCOD L-1.

[bookmark: _Hlk80625547][bookmark: _Hlk80625983]Substrate concentration steers biomass aggregation and shapes the microbial community
[bookmark: _Hlk80625559][bookmark: _Hlk89184957][bookmark: _Hlk89185260][bookmark: _Hlk89185193]Substrate concentration not only impacted the product profile, but also affected biomass concentrations and the distribution between planktonic and granular biomass. As such, increasing the substrate concentration consistently decreased the amount of biomass present as granular aggregates (Figure 2A). Interestingly, together with the decreased amounts of granular biomass at higher substrate concentrations, larger granules were observed in the reactor with diameters up to approximately 2 cm, which is substantially larger than those of the granules observed at lower substrate concentrations and earlier reported fermentative granules (1.5-6 mm (25,47–50); Additional file 1, Figure S3 and Figure S6). While the concentration of biomass in the granular bed remained relatively constant at 58.43 ± 6.79 g VSS L-1, lowering the substrate concentrations mainly resulted in growth of the granular bed height and thus an increase in total granular VSS in the reactor. This induction of aggregation at lower substrate concentrations was also reflected in the planktonic biomass concentrations which dropped from 4.80 ± 1.71 g VSS L-1 during the undiluted periods, to respectively 2.97 ± 0.01 g VSS L-1 and 2.75 ± 1.00 g VSS L-1 at 75% and 50% of the original substrate concentrations concomitantly with increases in granular bed heights. During the 25% period, the planktonic fraction of the reactor became occupied with floccular aggregates overnight, resulting in an increase in planktonic VSS concentrations from 1.75 g VSS L-1 to 8.63 g VSS L-1 between days 54 and 61. Upon switching the substrate concentration back to 100%, the flocs disappeared overnight and the granular bed grew significantly. Presumably substrate concentrations in this period were too low to allow maturation of the flocs into granules. Improved granulation at low substrate concentrations has also been reported in anaerobic digestion, albeit with a proposed lower limit of 0.5 g COD L-1 to sustain microbial growth into granules (26). 
Substrate concentrations not only steered biomass aggregation, but also community composition in both the floccular and granular biomass fraction (Figure 2B). Under all substrate concentrations and in both the granular and planktonic biomass, at least 79% of the community was dominated by two genera, namely Olsenella and Caproiciproducens. Members of the Olsenella genus are known to convert carbohydrates into lactic acid and, in this system, were mainly represented by one operational taxonomic unit (OTU) of which the closest known relative is Olsenella profusa (BLAST sequence identity 96.31%) (51). Caproiciproducens members are reported to convert lactic acid and/or carbohydrates to caproic acid via chain elongation (11,13). Caproiciproducens present in the system were mainly divided between 7 OTUs (OTU0002 – OTU0008), which all phylogenetically cluster close to known sugar and/or lactic acid chain elongators such as Caproiciproducens galactitolivorans and Ruminococcaceae bacterium CPB6 (11,13) (Figure 3). This suggests a combination of sugar and lactic acid chain elongation takes place in the reactor, although further dedicated experiments using e.g. isolation, kinetic characterization and/or stable isotope probing would be needed to test this hypothesis (37). It is important to note that while Olsenella may provide the lactic acid used for lactic acid-based chain elongation, this also implies it competes with sugar chain elongators for carbohydrates (25).
[bookmark: _Hlk97122219]On day 68 at 100% substrate concentration, 86% of the granular community were classified as Caproiciproducens, 7% as Olsenella, 3% as unclassified bacteria and the remainder spread over lesser abundant genera. The planktonic community was relatively similar to the granular biofilm community (79% Caproiciproducens, 18% Olsenella), contrasting with previous observations of this system (25). Relative community composition was fairly stable in the substrate range from 25% to 100%, supporting the observed constant selectivity. Increasing substrate concentrations, and thus carbohydrate content of the feed, from 100% to 125% increased the relative abundance of Olsenella in the planktonic and granular phase to respectively 53% and 37%. Doubling the carbohydrate content in the 200% period led to degranulation of the reactor with 69% of the reactor community dominated by Olsenella. Limosilactobacillus was also present in the community during the 125% and 200% conditions, although at lower abundances (<7%). Since the substrate concentration was increased by addition of glucose, Olsenella and Limosilactobacillus possibly were able to outcompete sugar chain elongating Caproiciproducens due to their high specific glucose uptake rate (52). The planktonic growth of Olsenella in response to these high glucose concentrations may have led to a higher solids content (up to approx. 11 g TSS L-1) being recirculated in the broth, potentially impairing and deterring granulation and eventually leading to degranulation in the 200% period. This is consistent with other observations stating the instability of fermentative and acidifying granules as well as reports on the unsuitability of anaerobic granules for the treatment of high-solids wastewaters (26,49,53,54).
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[bookmark: _Hlk97213835][bookmark: _Hlk97213849]Figure 2 – The effect of substrate concentration on the biomass and microbial composition. Panel A: Total biomass in the reactor during the substrate concentration experiment. Panel B: Relative community composition in function of substrate concentration. 25%, 100% and 200% substrate concentration respectively correspond with 11 gCOD L-1, 44 gCOD L-1 and 88 gCOD L-1.
[image: ]
Figure 3 – Phylogenetic placement tree classifying the most abundant OTUs of Caproiciproducens and Clostridium sensu stricto 12 with reference caproic acid producers. Only OTUs that are present at relative abundance of at least 1% in at least one sample are shown. Reference sequences were obtained from Candry and Ganigué (37). The reference tree was built using RAxML, epa-ng and genesis while the final tree was visualized in iTOL. Bootstrap values indicate percentages based on 2500 bootstraps. 

Complex nitrogen sources are needed to support caproic acid production in granular biofilm systems 
Next to substrate concentration, nutrient composition is a key factor governing the suitability of waste streams for bioprocessing (55). A synthetic medium supporting growth of granular biofilms producing caproic acid was developed to uncouple the effects of substrate and nutrient concentrations on process efficiency. An EGSB fed with solids-free thin stillage was gradually transitioned to a fully synthetic medium over the course of 147 days.
[bookmark: _Hlk97817005][bookmark: _Hlk97818364][bookmark: _Hlk97900359][bookmark: _Hlk97900706][bookmark: _Hlk97124561][bookmark: _Hlk89426507][bookmark: _Hlk97125121][bookmark: _Hlk97900788][bookmark: _Hlk97823015]No steady state was obtained at any stage while gradually replacing thin stillage with synthetic medium (at constant COD loading of 35.43 ± 5.46 g COD L-1 d-1), despite operation for 4 SRTs (1.88 ± 0.90 days over the whole experiment) at every condition. Despite this lack of steady-state, caproic acid concentrations decreased gradually from 3.79 ± 1.21 g L-1 (41.1 ± 4.5%) to 0.90 ± 0.13 g L-1 (9 ± 1.3%) throughout the transition from full thin stillage to 90% synthetic medium (Figure 4B). Concomitantly, selectivities of acetic acid and butyric acid increased by 8.2% and 17%, respectively. The gradual transition to synthetic medium was also accompanied by an increase in iso-butyric acid concentration from 0.26 ± 0.23 g L-1 at a selectivity of 2.5 ± 1.8%, to 1.71 ± 0.62 g L-1 at a selectivity of 16 ± 4%. Once only synthetic medium was fed, the product profile varied strongly. Caproic acid reached a minimum of 0.78 g L-1 at a selectivity of 8.2% by the end of the period (day 100), while the selectivity had mainly shifted in favour of acetic acid, butyric acid and iso-butyric acid accounting on day 100 for respectively 25.3%, 46.6% and 15.5% of the product spectrum. We initially hypothesized that the low nutrient content of the synthetic medium favoured mixed acid fermenters (producing acetic acid, butyric acid and iso-butyric acid) over lactic acid producers due to the latter group commonly being auxotrophic for many amino acids (52). To alleviate those potential auxotrophic limitations, 4 g L-1 of tryptone was added to the medium from day 100 onwards. Initially this resulted in a decrease of butyric acid down to 2.46 g L-1 (day 107) and an increase of acetic and iso-butyric acid to their respective highest concentrations measured in this experiment of 10.51 g L-1 (day 105) and 3.34 g L-1 (day 109). Concomitant with these maximal isobutyric acid concentrations, we observed H2 concentrations below 1% and methane concentrations up to 11% in the produced gas, suggesting the isobutyric acid producer may either have benefited from the lower H2 partial pressures or actively consumed H2 (Additional file 1, Figure S10). Similar correlations between methane production and isobutyric acid production were reported earlier (56). Further stabilization of the system then led to acetic acid and iso-butyric acid concentrations decreasing in favour of butyric acid (3.28 ± 0.74 g L-1 between days 140-147) and caproic acid (3.50 ± 0.64 g L-1 between days 140-147), close to the original performance of the system on solids-free thin stillage. The COD balances confirmed this overall trend, although fluctuations in the quantified COD remain unidentified but likely are a result of fluctuations in substrate conversion of the carbohydrates and the remaining unidentified components of the feed COD (Additional file 1, Figure S8). The COD balances also suggest that a range of products remain unidentified, earlier reports suggest these may be alcohols (e.g. ethanol which was detected in an earlier study at concentrations < 1.3 g L-1) or extracellular polymers but these were not measured here (25).
Throughout the whole transition, granules remained abundant in the reactor at total granular biomass amounts of 17.87 ± 3.28 g VSS accounting for 60 ± 15% of the total biomass in the reactor (Figure 5A). Consequently, the addition of tryptone as nutrient enabled the development of a synthetic medium to study MCCA-producing granular biofilms. 
[bookmark: _Hlk97125245]While the system performance recovered after tryptone addition, community structure was permanently shifted by the nutrient starvation. Throughout the transition period (0-90% synthetic medium) the granular and planktonic communities were mostly dominated by the genera Olsenella (40 ± 12% and 51 ± 8%, respectively) and Caproiciproducens (44 ± 10% and 33 ± 8%, respectively), which disproves the initial hypothesis that Olsenella were outcompeted due to auxotrophy (Figure 5B). However, OTU-level analyses within the Caproiciproducens genus showed a continuous decrease throughout the transition phase in the abundance of the OTU that was initially most enriched in thin stillage (OTU0002), from 15.7% and 23.8% (planktonic and granular respectively) in thin stillage to 0.8% and 2.2% in synthetic medium. Concomitantly, OTU0005 and OTU0010, which were present in relative abundances below 1% in thin stillage, increased in abundance and dominated the Caproiciproducens genus by the time the reactor was fed with only synthetic medium at respectively 10.9% and 17.9% (planktonic and granular respectively), and 23.6% and 29.1% (planktonic and granular respectively) (Figure 4A). Phylogenetic analysis suggested OTU0002 to be closest related to the sugar chain elongator Caproiciproducens galactitolivorans (BLAST sequence identity 94.81%). Neither OTU0005 nor OTU0010 show close phylogenetic relationships with known iso-butyric acid producers (Figure 3). OTU0010 showed a 100% BLAST sequence identity with Caproicibacterium amylolyticum, a recently isolated organism fermenting carbohydrates to mainly lactic acid and butyric acid, and lower amounts of caproic acid, but not iso-butyric acid (57), and OTU0005 shows closer phylogenetic relationship to chain elongator Ruminococcaceae CPB6 (97.01% BLAST sequence identity (11)) (Figure 3). An OTU classifying as Clostridium sensu stricto 12, which showed a 100% BLAST similarity to Clostridium luticellarii – a known iso-butyric acid producer on methanol but not on lactic acid nor on glucose (58)– was also enriched in this period and may have contributed to branched acid formation. Clostridium luticellarii has also been reported to consume H2 as energy source, which may explain the low H2 partial pressures observed in the system during isobutyric acid production (58). Additionally, OTUs classifying as Clostridium sensu stricto 12 have previously been correlated to selectivity shifts from caproic acid to butyric acid, but not its isomer, in mixed culture reactors fed with carbohydrates and lactic acid in a minimal medium (44). Another potential iso-butyric acid producer was OTU0011 which showed a 100% BLAST sequence identity to the iso-butyric acid producing Clostridium strain BL-4 (14), but its abundance remained constant around 2-3% throughout all experimental conditions suggesting it may have only played a minor role in the observed trend. 
[bookmark: _Hlk89971272]After amending the medium with tryptone to overcome nutrient limitations, the community was mostly dominated by Olsenella, while the Caproiciproducens community shifted to OTU0004 (3.8% and 6.3% in the planktonic and granular phase respectively) and OTU0005 (1.7% and 3.5% in the planktonic and granular phase respectively), both most closely related to Ruminococcaceae bacterium CPB6 with BLAST sequence identities of respectively 99.75% and 97.01%. In this same timeframe, OTU0010 and the Clostridium senso stricto 12 OTU0018 relative abundances dipped below 1% in both planktonic and granular phases, further suggesting they may have been involved in iso-butyric acid production in the transition phase. Throughout the change from thin stillage to synthetic medium, the COD:N ratio decreased from 0.037 to 0.011 and increased again to 0.025 with the addition of tryptone and recovery of caproic acid production (25,59,60). However, when the reactor was fed with a mixture of 50% solids free thin stillage and 50% synthetic medium without tryptone, the caproic acid concentration dropped to 1.75 g L-1 by the end of the period while the COD:N ratio (0.024) was similar to that of synthetic medium with tryptone where the caproic acid concentration recovered up to 4.61 g L-1. This indicates that it was rather the type of nitrogen compound than its concentration (or ratio with COD) that influenced the competition between SCCA and MCCA producers, further suggesting that the predicted dominantly SCCA producers (Caproiciproducens OTU0010 and Clostridium sensu stricto 12 OTU0018) potentially had less strict auxotrophies than the caproic acid producing OTUs. This is consistent with an earlier report stating that chain elongators, of which several are closely related to the OTUs observed here, may have very different auxotrophies (61). Supplementation of tryptone as a balanced source of essential amino acids may thus have complemented the potential auxotrophies and shifted the competitive advantage to caproic acid producers (61). Taken together, the community permanently changed across the transition from solids-free thin stillage to a synthetic medium supporting MCCA production, although the same performance was obtained, indicating divergent community compositions (in terms of relative abundances on genus level and on OTU level) can lead to the same process outcome.
[image: ]
Figure 4 – The effect of nutrient composition on the production and microbial composition. Panel A: Heatmap of relative abundance in Caproiciproducens and Clostridium sensu stricto 12 OTUs. Only OTUs with a relative abundance above 1% in either planktonic or granular phase are shown. Sampling days for the DNA are shown on top. Panel B: Evolution of the product profile. Shown percentages in bold indicate the volumetric fraction of the medium fed as synthetic medium while the complementary fraction was solids-free thin stillage.
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[bookmark: _Hlk97213937]Figure 5 - The effect of nutrient composition on the biomass and microbial composition. Panel A: Total biomass in the reactor during synthetic medium development and evaluation of the effect of nutrients. Panel B: Relative community composition during synthetic medium development and evaluation of the effect of nutrients. 

Feedstock diversification for granular fermentation
[bookmark: _Hlk97804492]Analysing the impact of substrate concentration and nutrient composition on granular biofilm-catalysed MCCA production provides useful information to apply this technology to other carbohydrate-rich feedstocks. First, fermentative granular technology requires feedstocks that are sufficiently low in solids to enable stable granulation. While granular biofilms can remove some solids from a waste stream (62), too high solid concentrations may impair and deter granulation since fermentative granules have been reported earlier to be relatively unstable (26,49,53,54). Consequently, granular biofilm technologies for carbohydrate-rich feedstocks require identification of low-solids feedstocks, or should apply solids removal as a necessary pre-treatment step (25). 
[bookmark: _Hlk89183066][bookmark: _Hlk89183105]Second, nutrient limitation and concomitant potential auxotrophies steer the product profile away from MCCA to SCCA without affecting granulation. This seems in line with another granular fermentation report feeding a synthetic medium containing an order of magnitude less nitrogen of which none was organic, producing a mixture of C2-C4 organic acids but no caproic acid from 10 g glucose L-1 (49). Consequently, carbohydrate-rich feedstocks with low organic nitrogen concentrations may be more suited for granular SCCA production, while high organic nitrogen and carbohydrate-rich feedstocks may naturally be suited for granular MCCA production. This also opens the possibility of developing co-fermentation technologies where a low organic nitrogen carbohydrate-rich feedstock can be combined with a high organic nitrogen feedstock to push the system towards MCCA in a low-cost approach. Speciation of the nitrogen seems an important factor here and further research should also investigate the effect of C:N ratios of the feedstock to uncouple the roles of inorganic and organic nitrogen.
Last, substrate concentrations govern process efficiencies at multiple levels. Excess substrate concentrations (here above 49 g COD L-1, 28 g Glucose-eq. L-1)  will likely result in toxic product concentrations (here observed at 7.25 ± 0.85 mM undissociated caproic acid) and concomitant decreased conversion efficiency of the process (i.e., how much of the feedstock carbon ends as product). Simultaneously, these high substrate concentrations in the feedstock may lead to poor granulation, increasing the planktonic biomass fraction. This not only affects maximum volumetric production rates but can also affect energy investment for product recovery if the extraction technology applied requires a biomass filtration step (63). At the same time, too low substrate concentrations (here observed at 11 g COD L-1) in the feedstock could also hinder efficient granulation (cf. flocculation at 25% substrate concentration (11 g COD L-1), Figure 2A) and may result in low product concentrations reducing the efficiency of product recovery. Overall, there appears to be an optimum substrate concentration around 49 g COD L-1 (of which approx. 28 g Glucose-eq. L-1) for granular biofilm technologies, between too low (reducing product titers and potentially recovery) and too high (reducing carbon and energy efficiency).
Overall, this study gives clear guidelines to expand the feedstock portfolio of MCCA-producing granular technologies. Future work should then focus on identifying suitable feedstocks, developing approaches to adapt unsuitable feedstocks to the technology, and potentially further developing the technology to work outside of the rules proposed here. 
Conclusions
[bookmark: _Hlk81327167]Granular fermentation technologies could enable high-rate production of MCCA at scale, but information was missing on feedstock requirements for this process. We demonstrated that low substrate (11-49 g COD L-1) concentrations do not affect product profile and improve granulation, while high substrate concentrations (55-87 g COD L-1) reduced caproic acid selectivity and led to poor granulation of the biomass. Additionally, we developed a synthetic medium enabling granulation under chain-elongating conditions and demonstrated that complex nutrients (here in the form of tryptone) were required to steer the microbial community from producing mainly acetic acid, butyric acid and iso-butyric acid to the target caproic acid. Overall, these results provide crucial insight to identify suitable feedstocks for granular caproic acid producing technologies, opening the door to high-rate production of caproic acid from various underexplored carbohydrate-rich streams.

Additional file 1 to this work can be found in the online version of the paper.
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