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Abstract

:

The efficiency of anaerobic digestion relies upon activity of the inoculum converting organic substrate into biogas. Often, metabolic capacity of the inoculum needs to be augmented with new capabilities to accommodate changes in the substrate feed composition. However, bioaugmentation is not a widely used strategy possibly due to the lack of studies demonstrating successful applications. This study describes the bioaugmentation of granular anaerobic sludge digesting mixed algal biomass in batch-scale reactors. The addition of an algalytic bacterial mixture to the granular consortium increased methane yield by 11%. This study also investigated changes in the microbial 16SrRNA composition of the augmented and non-augmented granular inoculum, which demonstrates a significant change in the hydrolytic microbial community. Overall, the studies’ results aim to provide a feasible checklist to assess the success rates of bioaugmentation of anaerobic digestion applications.
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1. Introduction


Bioaugmentation of anaerobic digestion (AD) is gaining popularity as a way to enhance methane production from a substrate of choice. For successful bioaugmentation, a microbial consortium with distinct metabolic features is introduced into the anaerobic system, which typically comprises 1% to 15% of the total microbial inoculum dry weight [1,2]. However, successful augmentation can only take place if the metabolic feature of interest is not already present in the indigenous microbial community. In this case, precautions need to be made to ensure there is a distinct ecological niche that can be occupied by the augmenting consortia [3]. For example, ensuring there is a unique need for an electron acceptor/electron donor pair or that a metabolic feature to be augmented will complement the already existing chain of biochemical conversions [4].



An important factor for successful bioaugmentation is the amount of additional inoculum that will be introduced into the anaerobic system. A good start is when 5% of the total inoculum is substituted with the bacterial mix with new capabilities [5]. Studies have reported an enhanced methane/biogas production by up to 70% when a proper amount of new inoculum was introduced. However, it is more common to see an increase of 5% to 25% [6]. Sometimes, repeating bioaugmentation can further enhance methane production [7].



Algal biomass is of high interest as a substrate for anaerobic digestion due to its abundance and high energy content [8]. However, anaerobic digestion of algal biomass is considered of low efficiency, due to the time it takes to digest cellulose-containing compounds in the algal cell walls. Thus, various pretreatments are common to speed-up the decomposition of this biomass [9]. The most common pre-treatments are thermo-chemical or physical influences on the biomass, such as autoclaving, treating with cellulolytic enzymes, and sonication [10]. Either thermal, enzymatic, or mechanical pre-treatment of algal biomass can increase methane recovery by 50% to 90%. However, all of these pre-treatments are costly and there is a need for an economic solution. A potential solution lies in the bioaugmentation of a well-established anaerobic granular consortium with bacteria possessing algalytic activity.



The current study investigates the effect of augmenting granulated anaerobic sludge with an algalytic bacteria mix, using mixed algal biomass as a substrate for anaerobic digestion. By providing algal biomass as a sole carbon source for the anaerobic digestion, a unique metabolic niche is created to allow for a successful incorporation of the augmentation bacterial mixture. An increase in the methane production indicates a measure for a successful bioaugmentation procedure.




2. Materials and Methods


2.1. Isolation of Algalytic Bacteria


Bacterial enrichments to isolate potential algalytic bacteria to be used in bioaugmentation were performed on anaerobic sludge from up flow anaerobic sludge blanket (UASB) reactors seeded with anaerobic sediments from the Logan City Wastewater Lagoons (LCWL), Utah [11,12]. Microalgal biomass collected from the surface of the LCWL was supplied to the reactor as a substrate for microbial growth and biogas production. The fed biomass was a mixed culture, comprised primarily of Chlorella, Chlorococcum, Chlamydomonas, Scenedesmus, Synedra, Navicula, Schroderia, Euglena, Coelastrum, and members of nonheterocystous cyanobacteria. Samples from the reactor sludge bed were collected on the 20th day after the start of anaerobic digestion, which is the time predicted when AD would be in the hydrolytic phase [11].



Algalytic enrichments were performed using a modified double-layer-agar (DLA) method [13], with a model microalgae Chlorella vulgaris as the substrate, representative of the LCWL microalgal community. Petri dishes with two layers of agar were prepared: the bottom layer contained 1.5% agar in distilled water and the upper layer contained 0.8% agar in a microalgal suspension (carbon source layer). The surface of the DLA plate was covered with the anaerobic sludge to allow the initial screening of the algalytic microorganisms (Figure 1).



Potential algalytic bacteria from the UASB sludge formed lysis zones on the surface of the DLA plate and subsequent enrichments were performed from those lysis zones. Isolated bacteria were expected to have a general fermentative behavior and, thus, two types of microbiological media were chosen for isolation of pure cultures: general medium for fermentative microorganisms, such as Tryptic Soy Broth (TSB), and a Grant and Holt (GH) media specific to the most abundant type of bacterium identified for the hydrolysis stage (Pseudomonas spp. [11,14]). A series of both liquid and agar media were used to isolate pure strains of potentially algalytic bacteria.



Individual isolates were Sanger-sequenced with universal bacterial primers targeting 16SrRNA gene, 338F, and 785R [15]. The sequences were deposited in the GenBank under submission number SUB4433715. Isolates belonging to the Citrobacter freundii spp. were additionally characterized based on the phylogenetic relationship of the conserved Citrobacter-specific cfa gene sequence, which encodes a cyclopropane fatty acids synthase [16]. Phylogenetic trees were constructed in MEGA X [17] with Maximum likelihood statistical method. The Bootstrap test of phylogeny follows the Tamura-Nei model [18].




2.2. Qualitative and Quantitative Assessments of Algalytic Activity


Pure cultures of the UASB sludge isolates were tested on DLA plates and in liquid media with Chlorella vulgaris as a substrate. Liquid media cultures were micro-aerophilic and incubated at 35 ± 2 °C in the dark. These conditions were used to mimic the environment inside the anaerobic digester. Cultures of Chlorella vulgaris were grown at 25 °C in the Bolds Basal Media [19] in a growth chamber under continuous light (innova®42 incubator shaker series, New Brunswick Scientific, Edison, NJ, USA) at 120 RPM. Bacterial isolates were maintained in the TSB media at 35 ± 2 °C. Algalytic tests of bacteria in microalgal suspensions were conducted in 100 mL shaker flasks containing 50 mL of bacterial-algal cultures. Bacterial cultures were grown in TSB to the mid exponential phase, harvested by centrifugation, and washed with Bolds Basal Media (BBM) to ensure no transfer of nutrients. Re-suspended bacterial pellets in the BBM media were inoculated into the mid-exponential phase grown algae in BBM media. Final concentrations of bacteria (CFU/mL) and microalgae (whole cells/mL) were 7.5 × 107 and 3 × 106 respectively, in accordance with similar algalytic studies [20,21]. Microalgal cell counts were performed using a microscope and Neubauer counting chamber. Cultures of E.coli K12 strain were used as negative controls in the tests for algalytic activities. Microalgae-bacteria suspensions were incubated in the dark at 35 ± 2 °C and 120 rpm. Measurements of the optical density (OD) were taken every two to three days.



Quantitative analysis of the algalytic activity was conducted based on changes in the optical density of the bacteria-algae mix, measured at 600 and 750 nm, using a calibration method to distinguish between the algal and bacterial cells. The calibration method used to distinguish between algal and bacterial cells was based on the Beer-Lambert Law of Absorbance [22] and is provided in Appendix A.




2.3. Source of Inoculum and Substrate for Bioaugmetation


Algal biomass, collected from the surface of the trickling filter in the Central Valley Wastewater Treatment Facility (SLC, UT, USA), was used as a sole substrate for anaerobic digestion. The volatile solids (VS) of the biomass was 46 mg/g. The algal biofilm comprised of Stigeoclonium, Klebsormidium, Gloeotilopsis, and Nitzschia species. Anaerobic granulated sludge from the Upflow Anaerobic Sludge blanket reactor (UASB) treating paper mill wastewater (Eerbeek, The Netherlands) was used as a source of microbial inoculum. The granular inoculum had VS of 138 mg/g. Inoculum was anaerobically stored at +4 °C for a year prior to inoculations.



An algalytic mixture comprised of novel isolated Citrobacter spp., Alcaligenes spp., and Pseudomonas spp. in equal amounts and was added at 0.146 g/L (by volatile suspended solids) to the granular sludge.




2.4. Specific Methanogenic Activity (SMA) Test


SMA tests were used to determine the effect of bioaugmentation on the methane generation potential of the algal biomass [23,24]. Inoculum and substrate were mixed in 60 mL of anaerobic media in 120 mL serum vials in a N2:CO2 (4:1) atmosphere and placed into a shaking incubator (100 rpm) for the duration of the experiment (74 days) at 35 ± 2 °C. The anaerobic medium was prepared as previously described [25], except there was no carbon source added. The final pH of the medium was 7–7.5. Substrate (mixed algal biomass) loading was 9.6 gVSS/L and inoculum (granular mix) was 19 gVSS/L. Thus, the substrate to inoculum ratio was kept at 1:2. All combinations of granular sludge, algal biomass, and augmentation mixtures were prepared in triplicates. Gas production was measured with the syringe displacement method. The gas composition (with methane and carbon dioxide as the main components) was monitored once every week using an Agilent 7890B gas chromatograph (GC) with a thermal conductivity detector (TCD), a packed column (Gas Pro, Agilent, Santa Clara, CA, USA ) 60 m × 320 μm at 25 °C oven temperature, and helium as a carrier gas (constant pressure 20 psi).




2.5. Polymerase Chain Reaction (PCR) Analysis


At the end of the study (after 74 days), samples containing granular sludge were centrifuged to collect the granular sludge and were washed in phosphate buffered saline. The washing step was necessary to ensure subsequent analysis of only the granule-associated DNA, without DNA from an easily detached surface layer of microorganisms. Such an approach allowed for the investigation of the presence of newly incorporated augmenting bacteria associated with the granular consortia. Bacterial DNA from the washed granules was extracted with a PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA) and stored at −80 °C prior to PCR and sequencing analysis. PCR analysis for the presence of augmented bacteria associated with the granular sludge was conducted using a specific primer set for the Citrobacter freundii cfa gene [16], using the following protocol: initial denaturation for 1 min at 94 °C followed by 40 cycles comprising of (1) denaturation for 30 s at 94 °C, (2) annealing for 1 min at 59 °C, (3) extension for 1 min at 72 °C, and final extension for 1 min at 72 °C. The number of cycles was reduced to 30 if quantification was the purpose of PCR. Amplicons were purified using GeneJET Gel Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA) and quantified using spectrophotometer (Eppendorf, Hauppauge, NY, USA). For the quantitative purposes, the starting DNA template for PCR with the bacteria-specific primer set was diluted to the same concentration. DNA from a pure culture of the C.freundii sp. isolate 13 strain was used as a positive control for PCR and quantification purposes.




2.6. 16SrRNA Gene Sequencing and Analysis


Total DNA isolated from all the test vials was subjected to the 16SrDNA sequencing on MiSeq Illumina platform (Illumina, San Diego, CA, USA) by Macrogen (Seoul, Korea). Universal bacterial primers 519F-806R [26,27] were used to amplify the V3 and V4 16SrDNA region of the total DNA for sequencing library preparation, using the Herculase II Fusion DNA Plymerase Nextera XT Index Kit. The final purified product was then quantified using qPCR, according to the qPCR Quantification Protocol Guide (KAPA Library Quantificatoin kits for Illumina Sequecing platforms) and qualified using the LabChip GX HT DNA High Sensitivity Kit (PerkinElmer, Waltham, MA, USA). The paired-end (2 × 300 bp) sequencing was then performed.



Raw data from sequencing was initially processed through Scythe and Sickle [28,29] to remove adapter sequences. The data was then imported to and analyzed with QIIME 2 (2018.6 release), according to the tutorials provided by the QIIME developers [30,31]. The DADA2 pipeline [32] was used to filter low quality regions and identify/remove chimeras in the reads. Taxonomic analysis of the resulting reads was performed in the following steps: generate a multiple sequence alignment and remove highly variable positions, generate a phylogenetic tree of the sequences, and use a pre-trained Naive Bayes classifier on the SILVA-132-99 16S rRNA database [33] to obtain taxonomical placement of the operational taxonomic units (OTUs) (97% similarity).



Raw reads were subsequently deposited into the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database under the SRA accession SUB4409767.




2.7. Statistical and Diversity Analysis


All algalytic activity tests were carried out in triplicate and error bars represent standard deviations. Statistical analyses for algalytic activity and biogas/methane generation data were conducted in the Statistical Analysis Software (SAS 9.04, SAS Institute Inc., Cary, NC, USA). Analysis of variance in PROC GLM (general linear models procedure) with residual diagnostics and post hoc mean comparisons was used to compare effects of the bacterial treatments on the microalgal population (confidence level of 95%). Pairwise comparisons of single treatments were conducted with a one-way ANOVA test in SAS. Analysis of the diversity (Shannon index) was conducted using a PAST (PAleontological STatistics) software package [34].





3. Results


3.1. Isolation, Identification, and Characterization of Algalytic Bacteria


3.1.1. Isolation and Identification


Anaerobic sludge that was used as a source of the enrichment culture formed colonies in the shape of craters on the double-layer-agar (DLA) plates with microalgae as a carbon source. The bacterial colonies grew into the depth of the soft upper layer of agar, which contained the microalgal biomass. Colonies, which were picked from the DLA plates, were transferred into the TSB or GH selective media and pure cultures were isolated by subsequent streaking on DLA plates. Pure cultures were microscopically inspected for purity and 16S rRNA genes were sequenced to allow precise classification. Identified isolates belonging to species of Pseudomonas, Alcaligenes, and Citrobater. The algalytic behavior of the isolated bacteria was then assessed qualitatively and quantitatively in BBM media with microalgal suspensions. Qualitative analysis was based on the color change of the microalgal suspension (from green to dark brown) and the most promising isolates were picked based on the most profound changes in the color of the microalgal suspension over two weeks.



The most promising potential algalytic behavior was demonstrated by the C.freundii sp. 13 isolate. This isolate was followed in activity by Pseudomonas spp., and Alcaligenes app. isolates. An in-depth analysis of C.freundii sp. 13 isolate was performed, as the most prolific algalytic bacterium identified in this experiment. C.freundii sp. 13 isolate was classified as a novel strain of Citrobacter freundii spp. based on the phylogeny of the conserved Citrobacter-specific cfa gene sequence [16]. The analysis showed a 96% similarity to the available sequences of the cyclopropane fatty acids synthase (cfa gene). Phylogenetic trees for the 16S rRNA gene fragment and cfa sequences are provided in Figure 2.




3.1.2. Characterization of Algalytic Activity


A wild type strain of E.coli K12 was chosen as a negative control in the quantitative assessment of the algalytic behavior. The results of the comparative influence of E.coli K12 and C.freundii sp. isolate 13 on the Chlorella vulgaris cell counts are depicted in Figure 3. Dynamic changes in both bacterial and microalgal cell counts during each bacteria incubation in the microalgal suspension are provided in Figure S1. Statistical analysis of the differences among microalgal cell counts under two bacterial influences showed a significant difference for the microalgae under the influence of the C.freundii sp. isolate 13 (p = 0.001).





3.2. Anaerobic Digestion of Algal Biomass by Intact and Bioaugmeted Granular Sludge


Batch fermentations of a mixed algal biomass were successfully augmented with an algalytic bacterial mixture. Due to the potential presence of a mixed and methane-producing population of bacteria in the algal biofilm (substrate), an additional set of controls was tested, involving autoclaved algal biomass and its combination with granular sludge and the algalytic augmentation mixture. Specific methanogenic activity (SMA) of bioaugmented and non-augmented anaerobic granular sludge digesting algal biomass was assessed in this study. Figure 4 contains the SMA results (in mL CH4/g VSS load) over 74 days of anaerobic digestion in batch reactors.



Overall, augmentation of granular sludge (based on the VSS load) lead to an 11% increase in methane production on the algal biomass (when compared to the self-digestion of an algal-bacterial native mix) and a 6% increase in the digestion of algae with granular sludge.




3.3. Assessment of the Presence and Influence of Algalytic Bacteria on the Anaerobic Digestion


Total extracted DNA at the end of the study was subject to PCR with cfa gene-specific primers to check for the incorporation of the most prolific member of the augmentation bacterial mixture, Citrobacter spp. The analysis shows a presence of algalytic bacterium (amplification of cfa gene) in all of the four sample combinations, at the end of the 74 days of anaerobic digestion (Figure 4). Quantification of the cfa-gene product after 30 cycles of PCR demonstrates an increased amount of Citrobacter spp. DNA in response to algal addition or augmentation, when compared to the initial native presence of Citrobacter spp. in the inoculum.



To understand if there were any changes on the microbial level due to the augmentation, DNA from samples “Granules control,” “Granules + Bacteria,” “Algae control,” and “Algae + Granules + Bacteria” were subjected to sequencing at the end of the study. Results of operational taxonomic units (OTUs) assignments and changes in the numbers of OTUs called for each sample are depicted in Figure 5.



The major distinguishing feature among sequenced 16SrRNA profiles is the reduction in the total number of OTUs in the “Granules + Bacteria” sample, when compared to the “Granules control” as well as an increase in the number of OTUs in the triple combo “Algae + Granules + Bacteria” when compared to “Algae + Granules.” However, an increase/decrease in the numbers of OTUs do not correlate with the increase/decrease in the diversity of the microbial community. The diversity values, calculated via the Shannon index, have a reverse relationship to the total number of the identified OTUs in the four distinct communities. Sample “Algae + Granules + Bacteria” has the lowest diversity among all of the samples (1.85), and “Granules control” (the starting source of inoculum) has the highest diversity (2.0).



The calculated Bray-Curtis index, as a quantitative measure of community dissimilarity, demonstrated significant differences in the taxonomic composition of samples with/without algae (Algae + Granules, Algae + Bacteria + Granules VS Granules, Control, and Granules + Bacteria) (Figure 6). The presence of the augmenting mixture of bacteria was a second differentiating factor (11% difference between algae-present and non-present groups) (Figure 6).



A distinct difference in the OTU composition lies in the increased number of Firmicutes in the algae-containing samples and decreased numbers of Proteobacteria and Synergistetes. OTUs assigned to Aegiribacteria are twice more abundant in the algae-containing samples. The biggest difference is a presence of Tenericutes-assigned OTUs in the sample, “Algae + Granules + Bacteria.” This taxonomic group is almost completely absent in the other three samples.





4. Discussion


4.1. Bioaugmentation of Granular Sludge Does not Require a UASB-Like System


The aim of this study was to isolate novel potential algalytic bacteria and investigate the possibility of augmenting anaerobic granular sludge with an algalytic bacteria mixture in batch conditions of fermenting algal biomass. An isolated bacterial mixture from local LCWL was analyzed both qualitatively and quantitatively for algalytic activity. An in-depth characterization of the C.freundii sp. isolate 13 revealed a significant negative effect of the novel isolate on the model algae, Chlorella vulgaris. A potential explanation for such behavior is bacteria inhibiting microalgal growth or lysing the microalgal cells. A mix of C.freundii sp. isolate 13 and two other promising LCWL algalytic isolates, Pseudomonas spp. and Alcaligenes spp., was further tested for its ability to enhance the methane-producing ability of granulated anaerobic sludge during anaerobic digestion of a mixed algal biomass.



Over the course of 74 days of anaerobic digestion, biogas production and composition were analyzed from small batch reactors, seeded with granular sludge, and augmented in an algalytic bacterial mixture and algal biomass as a source of carbon. The overall increase of 6%–11% in methane production was detected for the augmented mixtures. When comparing the augmentation approach to pre-treatment with other literature-reported methods (physical, chemical, and enzymatic), the resulting increase in methane production is most similar to the one obtained due to the ultrasound and mechanical pre-treatments (6%–30%) [10,35]. Potential explanation can be in the milder cell disruption caused by ultrasound and mechanical pre-treatments, when compared to more aggressive methods, such as thermal and enzymatic pre-treatments. Nevertheless, an observed increase in methane production (6%–11%) due to the augmentation supports the viability of the bioaugmentation approach for batch fermentations with granulated sludge as a source of inoculum. The results also support the incorporation of new microbial groups into an established granular consortium without need for an up flow supply of the feed (presence of the PCR product and amount in Figure S2). Previous studies suggested that augmentation of granular consortia is only possible if there is pressure from the up flow velocity of the feed coming into the Up Flow Anaerobic Sludge Blanket (UASB) reactor [3,36]. A UASB-like environment is essential for the initial formation of the granular structures, but subsequent modifications of the microbial consortia inside the granules can take place without up flow velocity of the feed supply. However, the UASB environment may enhance incorporation into granules. A possible explanation of the current study’s success attributed to incorporating hydrolytic bacteria. Algalytic bacteria initiate anaerobic digestion by potentially disrupting the cell walls of algal biomass or facilitate the lysis by the indigenous microbial community. Thus, algalytic bacteria should be incorporated into the outer layers of the granular sludge structures in order to have constant access to the algal substrate [37]. To address this assumption, it is beneficial to dissect the augmented granules and fluorescently label the trophic groups in order to investigate their location inside the granules [38].




4.2. Bioaugmenting Granular Sludge Community Leads to Its Specialization toward Algae Digestion


The results of the 16S rRNA sequencing and diversity analysis in Figure 5 demonstrate some significant changes in the microbial composition of an augmented granular sludge digesting algal biomass: first, a decreased diversity in “Algae + Granules + Bacteria” sample (Shannon index), potentially due to the specialization of metabolic activity toward digesting the algal substrate (Figure 6). Second, an increased number of microbial groups that play a role in polysaccharide, cellulose, and protein digestion. Those microbial groups are mostly representatives of Bacteroidetes (as are the bacteria from augmenting mix: Citrobacter spp., Alcaligenes spp., and Pseudomans spp.) and various members of Calditrichaeota and Actinobacteria phyla (Cellulomonas and Cellulosimicrobium). These bacteria have been shown to secrete cellulases, peptidases, and fibrolytic enzymes [39,40,41]. The number of Clostridiales representatives was significantly decreased in the augmented sample and were substituted by a number of other, less common cellulolytic bacteria. This may be due to the ability of the augmenting bacteria mixture to facilitate disruption of the algal cell walls by other hydrolytic bacteria with specialized enzymes, not commonly expressed in the populations dominated by Clostridia. However, some genera of Clostridiales, like Lutispora and Hydrogenispora, were more numerous in augmented samples. Representatives of these genera do not possess cellulolytic enzymatic machineries, but are good at utilizing diverse amino acids [42] and sugars [43]. Very good sources of amino acids in the current algae-digesting system are cellular proteins, available after the initial break-down of the algal biomass. Members of Calditrichaeota and Actinobacteria phyla can also be acting as secondary fermenters, after the initial lysis of the algal biomass was already performed by the augmenting bacterial mixture. A follow-up study will be to repeat the experiment but have granules withdrawn from the reactors at different time points throughout the digestion, to compare the microbial population at different stages of anaerobic digestion (hydrolysis, acidogenesis, and methanogenesis) [11].



The sample “Algae + Granules + Bacteria” had decreased amounts of Caldicoprobacter and Desulfovibrio, while “Granules + Bacteria” sample has increased numbers, compared to the “Granules control” (gc). Members of Caldicoprobacter can utilize various sugars and produce lactate, acetate, CO2, and H2 as the end products, while Desulfovibrio are perfect partners, consuming lactate and acetate [44,45]. An increase in these partners’ numbers in the “gb” sample can be due to the increased number of secondary metabolites in the system due to the addition of fermenting organisms in an augmenting mixture. Consequently, a decrease in the amounts of Caldicoprobacter and Desulfovibrio in the “Algae + Granules + Bacteria” sample can be attributed to the outcompeting numbers of the similarly functioning microbes, that are more efficient in the environment of increased amounts of secondary metabolites from algal biomass. For example, Lutispora and Syntrophobacter can perform similar metabolic functions as Caldicoprobacter and Desulfovibrio pair.



The most prominent change in the microbial community of the “Algae + Granules + Bacteria” sample was the presence in very high numbers of Tenericutes (1 OTU versus 2000 OTUs), when compared to the remaining samples. Specifically, members of the Mollicutes class, with the majority belonging to Haloplasmatales orders. Members of this order are reported to be common for the digestive tracts of mollusks feeding off algae [46] and various green algae phycospheres [47]. Thus, a possible explanation could be that DNA comes from the bacteria that were previously associated or parasitizing off the substrate algal biomass, or they contribute to the lysis of the algal cells, or both.



Overall, the results of the microbial community analysis strongly point out that augmenting bacteria leads to a re-routing of the carbon flow in algae digestion, when compared to the non-augmented digestion of the same substrate. For each group of anaerobic fermenters in the “Algae + Granules” sample, there is an alternative in the “Algae + Granules + Bacteria” sample including different exopeptidases producing bacteria, different sugar/amino acid degrading bacteria, and alternative consumers of volatile fatty acids.



In summary, this research demonstrated a successful augmentation of anaerobic digestion of microalgal biomass leading to the 11% increase in the methane recovery and a considerable shift in the microbial community inside the bioreactors. The augmentation approach of this study can be applied to enhance resource recovery from other recalcitrant bio-degradable feedstocks (ex. lignin-containing biomass). Additional microbiome manipulations can lead to further increases in the recovered methane and overall anaerobic digestion rates.
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Appendix A


Below is a derivation of calibration method used to distinguish between algal and bacterial cells. The method is based on the Beer-Lambert Law of Absorbance [22].


  A =  A 0  × l × C ,  








where    A 0    is the specific absorptivity coefficient, which depends on the light wavelength,  l  is the length of light path, which is a characteristic of the cuvette, and  C  is the concentration of an analyte.



Assuming light absorbance by bacteria and algae are independent, total absorbance of two wavelengths of light by a mixed community of algal and bacterial cells is modeled by the equations below.


   {      O  D  600   =  A   B  λ 600     ×  x B  +  A   A  λ 600     ×  x A        O  D  750   =  A   B  λ 750     ×  x B  +  A   A  λ 750     ×  x A        ,  








where   O  D  600     is the value of absorbance at the 600 nm setting,   O  D  750     is the value of absorbance at the 750 nm setting, AB(λ600) is the specific optical density of bacteria at λ600 in BBM, AB(λ750) is the specific optical density of bacteria at λ750 in BBM, AA(λ600) is the specific optical density of algae at λ600 in BBM, AA(λ750) is the specific optical density of algae at λ750 in BBM,    x A    is the cell number of algae, and    x B    is the cell number of bacteria.



To get the highest precision, two separate calibrations were performed for pure bacterial cultures in the ranges 106–109 CFU/mL and 109–1011 CFU/mL. Pure algal cultures were calibrated in the range 104–107 cells/mL.
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Figure 1. A double-layer-agar (DLA) technique to isolate algalytic microorganisms. 
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Figure 2. Phylogenetic trees of clustering (a) 16S rRNA gene fragment (200bp) among Citrobacter spp., and (b) cfa gene sequences (100 bp) from the Citrobacter freundii strains. 
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Figure 3. Influence of E.coli K12 and C.freundii sp. isolate 13 on microalgae C. vulgaris cell counts in the BBM media after 40 days of microaerophilic incubation without light. Error bars represent standard deviation. An asterisk notation (*) indicate a statistically significant difference of the whole 40-day dataset, compared to the control algae dataset (grey), while (ns) notation point to the non-statistically significant difference between a dataset and a control algal dataset. See text for more details. 
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Figure 4. Cumulative specific methanogenic activity of augmented and non-augmented granular inoculum samples. Error bars represent standard deviations among triplicates. Datasets marked with asterisk (*) indicate statistically significant differences between the sets (p < 0.0002). 
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Figure 5. Distribution of classified OTUs from 16SrDNA sequencing. Sample notations stand for: (ag) “Algae + Granules,” (agb) “Algae + Granules + Bacteria,” (gb) “Granules + Bacteria,” (gc) and “Granules control.” 
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Figure 6. Bray-Curtis distances, calculated as a quantitative measure of community dissimilarity for the four samples. Labels represent: (ag) Algae + Granules, (gc) Granules Control, (agb) Algae + Bacteria + Granules, (gb) Granules + Bacteria. 
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