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Abstract

Electro-Selective Fermentation (ESF) is a means to enhance lipid wet extraction from microalgal 

biomass.  The Solids Retention Time (SRT) is a decisive factor for maximizing lipid extraction 

and recovery, and effective ESF treatment requires a minimum SRT that needs to be determined.  

The hydraulic retention time (HRT) was manipulated to control the SRT in ESF treating 

Scenedesmus acutus biomass, since the HRT was almost equal to the SRT in our ESF 

experiments.  An ESF process that started with a ~6-d SRT achieved high lipid extractability, but 

with relatively low lipid recovery.  Shortening the SRT to ~2 d yielded slightly lower 

extractability, but nearly 100% lipid recovery and much higher volumetric productivity, 

compared to the 6-d SRT.  Starting with an ~2-d SRT yielded much less extractable lipid 

production that did not increase after the SRT was extended to 6 d in a later stage.  Microbial 

community analysis revealed lingering active fermenters when the SRT switched from long to 

short, but short to long SRT flushed out fermenters at first, although the fermenters were able to 

modestly recover after going back to the longer SRT.  Thus, starting ESF with a longer SRT was 

important for selecting a microbial community able to achieve high lipid extractability, even 

though the subsequent shorter HRT achieved the highest production rate.  

Keywords:  Electro-Selective Fermentation (ESF); Microbial Electrolysis Cells (MEC); 

Scenedesmus; Lipids; Solid Retention Time (SRT); Principal Coordinates Analysis (PCoA)
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1 Introduction

Microalga biofuel has been a great potential for alternative fuel.  However, several technical 

barriers, such as high cost and lack of effective downstream processes, must be overcome (1–3). 

Electro-Selective Fermentation (ESF) is a novel technology that combines Selective 

Fermentation (SF) and a Microbial Electrolysis Cell (MEC) to enhance lipid wet extraction and 

promote desired fuel formula via “biohydrogenation” by β-oxidation from microalgae feeding 

biomass (FB) (4–6).  Scenedesmus is one of the algae genera that are capable of accumulating 

intracellular lipids (7), but their cell wall, composed of trilaminar structure of glycosylated 

polypeptide, poses a strong barrier to the extraction of internal components, such as lipids and 

proteins (8,9).  Hence, breaking down cell-wall carbohydrates and proteins can make the 

intracellular lipids more readily extractable.  ESF has proven effective in degrading cellular 

protein of Scenedesmus biomass, thus exposing the lipids for wet extraction (4).  In ESF, anode-

respiring bacteria (ARB), which reside as a biofilm on an anode surface of a microbial 

electrolytic cell (MEC), scavenge the short-chain fatty acids (SCFA) generated in the 

fermentation process, and this lowers the SCFA concentrations.  The electrons that ARB remove 

from the SCFAs flow from the anode to the cathode through the MEC’s external circuit, 

ultimately reaching cathode where they reduce H2O to generate H2.  Thus, ARB in ESF 

maximize electron utilization to energy-embodying products.  

Liu et al. showed that ESF improved lipid wet extraction to about 25% (from < 1%), but this 

benefit came with a significant loss of total lipids (~30%) (4).  The loss of lipids was associated 

with “biohydrogenation” through β-oxidation of unsaturated fatty acids, such as C18:1 and 

C18:3.  -oxidation cleaved off two carbon atoms from long-chain fatty acid (LCFA) molecules 

to form acetate and H2 (10).  
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Acetate is the preferred substrate for ARB (11–13), and the generated acetate was converted to 

current at the anode, with H2 harvested at the cathode.  Thus, β-oxidation in ESF led to the 

benefits of additional saturated LCFA production, but also to the disbenefit of loss of total lipids.  

An improved ESF system would reduce total lipid loss and maintain the enhancements to lipid 

extraction and saturated-LCFA production.  

A critical variable that determines performance of any microbiological system is the solids 

retention time (SRT), which is defined as the average time that biomass spends in the system 

(14).  In ESF, the SRT of planktonic biomass can be manipulated by changing the hydraulic 

retention time (HRT) by changing the flow rate.  As pointed out by Rittmann and McCarty, lipid 

fermenters have a slower growth rate compared to carbohydrate and protein fermenters (14).  

This means that a short SRT, associated with a short HRT, should selectively wash out planktonic 

lipid fermenters, while keeping protein and carbohydrate fermenters.  Compared to SF, ESF was 

effective in enhancing lipid wet extraction and lipid “biohydrogenation” with Scenedesmus 

acutus biomass when the HRT was 5 days (4).  

A potentially important factor is that the actual SRT in the ESF system may be larger than the 

HRT due to biofilm growth and accumulation.  ESF involves a biofilm that is dominated by 

ARB, although other bacteria, such as protein and lipid fermenters, can inhabit the biofilm as 

well.  For example, high-throughput sequencing by Liu et al. showed that Geobacteraceae 

(ARB), Erysieplotrichaceae (lipid fermenter), and Porphyromonadaceae (protein fermenter and 

lipid biohydrogenater) were present in the ESF biofilm in relatively high abundance (4).  Thus, 

SRT values must be calculated on the basis of HRT and biofilm detachment in ESF.  Establishing 

a proper SRT, achieved by implementing a specific HRT, may allow removal of carbohydrates 
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and protein, but conserve lipids.  The ultimate outcome will be improved lipid wet-extraction, 

additional saturated fatty acid production, and better lipid conservation.  

The specific goals of this research were to:  1) compare extractable-lipid production from S. 

acutus biomass for ESF with relatively long and short SRTs; 2) identify SRTs required for 

enhancing lipid extraction in S. acutus biomass, while minimizing lipid loss; and 3) link different 

lipid extractabilities with changes in the microbial community.  
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2 Material and Methods

2.1 MEC Reactors

Two flat-plate MEC reactors that followed the design of Ki et al. were used, but with removal of 

the cathodic serpentine structure (15).  The MEC was constructed with multiple layers of 

transparent acrylic plates.  The anode chamber had a volume of 200 mL, and the cathode 

chamber had a working volume of 66 mL.  The anode was a carbon fiber (0.01-mm strand 

diameter, 2000 filaments, Goodfellows Cambridge Limited, Huntingdon, England) woven 

through a perforated titanium-plate mesh.  The cathode was made of stainless-steel mesh (SS, 

type 316, mesh 80 * 80, 0.014cm of wire diameter, McMaster-Carr, Santa Fe Springs, CA, 

USA).  The anode and cathode had geometric areas of 49 cm2, but the actual area for biofilm 

attachment on the anode may have been greater than its geometric area due to the high specific 

area of the carbon fiber.  An Ag/AgCl reference electrode (BASI Electrochemistry, West 

Lafayette, IN, USA) was installed at the center of the anode chamber from the top through a 

butyl-stopper with its tip ~3 cm above the bottom of the anode chamber and ~1cm from the 

surface of the carbon-fiber anode.  An anion-exchange membrane (AEM) (AMI - 7001, 

Membranes International, New Jersey, USA) separated the anode and the cathode.  

A biofilm dominated by ARB was accumulated on the anode surface of both MECs, prior to the 

experiments fed S. acutus biomass, by feeding a synthetic medium with a mixture of organic 

substrates (1970 mg/L sodium acetate, 380 mg/L sodium propionate, 200 mg/L sodium butyrate, 

90 mg/L glucose, 140 mg/L Bovine Serum Albumin) and 1 mL/L of trace element solution (16) 

in a 80-mM phosphate buffer (pH = 7.5)).  Initially, the feed synthetic medium (180 mL) was 

inoculated with anaerobic digester sludge (20 mL) from the Mesa Northwest Wastewater 

Reclamation Plant (MNWWRP, Mesa, AZ).  Then, autoclaved synthetic medium was 
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continuously fed with an initial flow rate of 0.1 mL / min (HRT = 1.4 d), and the current was be 

monitored using the potentiostat connected to a computer with the EC-Lab software package.  

When the two reactors achieved a stable current density (~2 A/m2), the flow rate was increased 

in increments of 0.1 mL/ min to increase the available flux of organic substrate to the biofilm, up 

to 0.5 mL/ min (HRT = 0.3d).  Both reactors accumulated an active ARB biofilm with stable 

current density of ~5 A/m2 after incubation of 12 days.  

2.2. MEC Operation

The two MECs (denoted MEC-A and MEC-B) were operated with different HRT patterns.  

MEC-A had a 6-d HRT for 36 days and then a 2-d HRT for 12 days.  MEC-B had a 2-d HRT for 

12 days and then a 6-d HRT for 36 days.  The ESF experiment was begun by filling the anode 

chamber with 180 mL of newly collected S. acutus biomass (80 mM PBS, pH = 7.0, 4.8 g VSS 

/L, Arizona State University, Tempe Campus, Tempe, AZ) inoculated with 20 mL WAS to 

ensure a diverse community of bacteria able for hydrolysis and fermentation.  To achieve a 6-d 

HRT, 33 mL of anode effluent was removed at the end of each day, and 33 mL of fresh S. acutus 

feeding biomass (FB) was added immediately to re-establish the volume in the anode chamber.  

The 6-d HRT stage lasted for 36 days.  From day 37 onwards, the HRT of MEC A was switched 

to 2 days, where 100 mL of effluent was replaced with FB each day until day 48.  For MEC B, 

the reactor started with a 2-d HRT, where 100 mL of effluent were replaced daily from day 1 to 

12.  Then, the HRT was switched to 6 days, where the volume of effluent replacement was 33 

mL per day until day 48.  FB and effluent samples were collected every three days for the 2-d 

HRT stages and every six days at the 6-d HRT stages.  

Volatile suspended solids (VSS), total chemical oxygen demand (TCOD), ammonia-nitrogen, 

protein, lipids, and short-chain fatty acids (SCFAs) in the FB and MEC effluents were assayed.  

Page 6 of 29Sustainable Energy & Fuels



2.3 Analytical Methods

VSS was determined by methods described in sections 2540 B and E of Standard Methods(17).  

Total COD was measured using a HACH COD kit (HR+, concentration range 200-1,5000 

mg/L).  NH4
+ was measured using HACH ammonium-N kit (concentration range 2 - 47 NH4

+-N 

/L) (HACH Co., Loveland, CO, USA).  After a sample was filtered through a 0.2-μm membrane 

(Pall Science, NY, USA), SCFAs were measured by high-performance liquid chromatography 

(HPLC) (LC-40, Shimadzu Corp, Columbia, MD, USA) equipped with an Aminex HPX-87H 

column (18).  

Total and extractable lipids, characterized as fatty acid methyl esters (FAME) and expressed as 

COD values, were quantified for the solids using the method of Lai et al. (20).  Total lipids were 

assayed by direct transesterification, which converted all algal triacylglycerides (TAGs) and 

diacylglycerides (DAGs) to fatty acid methyl esters (FAME).  FAME concentrations were 

determined using a Shimadzu gas chromatography (GC-2010, Shimadzu Corp, Columbia, MD, 

USA) equipped with a Bio-Rad Animex HPX-87H column (Bio Rad Life Science, Hercules, CA, 

USA).  Extractable lipids were measured by extraction with 100% hexane (H) followed by 

FAME analysis (5,19).  Extractability (Ext%) was computed by dividing the extractable FAME 

by the total FAME of the corresponding FB (Eq. S1);  saturation (Sat%) was computed by 

dividing the saturated FAME in the FB or effluent by the total FAME in the same sample (Eq. 

S2);  and FAME recovery (Rec%) was computed by dividing the total FAME in an effluent 

sample by the total FAME of its corresponding FB (Eq. S3).  

Total carbohydrates were determined by a modified phenol-sulfuric acid method developed by 

Laurens et al. (21).  Total Protein was determined using a Bio-Rad protein kit (Bio-Rad, 

Hercules, CA, USA).  
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SCFAs, total protein, total carbohydrates, and total FAME concentrations obtained from these 

methods were converted mg COD /L to quantify the electron distribution in the solids.  

2.4  Microbial Community Analysis

DNA samples from the FB, both reactor effluents, and both anode biofilms were extracted and 

analyzed for community analysis on day 36 (6-d HRT transition to 2-d HRT) and day 48 for 

MEC-A and on day 12 (2-d HRT transition to 6-d HRT) and day 48 for MEC-B.  DNA was 

extracted using PowerSoil DNA isolation Kits (MoBio Laboratories, Inc, Carlsbad, CA, USA).  

Amplification and sequencing were performed by the Microbiome Analysis Laboratory, Arizona 

State University, using a MiSeq Illumina Sequencer, targeting the V4 Region of the 16S rRNA 

gene with primer set 515f/806r.  16S rRNA gene sequences were analyzed using the Quantitative 

Insights into Microbial Ecology software package (QIIME 2, version 2019.4, http://qiime2.org/).  

Principal coordinates analysis (PCoA) of the community structure in different samples was 

performed using EMPeror software package in the QIIME 2 system using weighted Unifrac 

method (22).  
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3.  Results and Discussion

3.1 ESF Performance and SRT

The average current densities, obtained by dividing daily collected coulombs (1 d = 86400 s) and 

anode area (49 cm2), are shown in Figures 1 (a) and (b).  While both reactors, started up with 

fresh S. acutus FB, gave initial current densities of ~ 3 A/m2, the current densities of the two 

reactors quickly diverged:  For MEC-A (6-d HRT), the current density stabilized at ~1.2 A/m2 at 

day 5, while the current density for MEC-B (2-d HRT) stabilized at ~ 2.0 A/m2 at day 3.  The 

average current densities had dramatic changes when the HRT was changed.  For MEC-A, 

switching the HRT to 2d on day 37 led to an immediate increase in the current density to 

~3 A/m2; the current density slightly rose to ~3.3 A/m2 on day 40 and then stayed stable for the 

rest of the experiment.  For MEC-B, the HRT change to 6 d on day 12 caused a drop in the 

current density to ~1.3 A/m2, although it gradually increased to ~2 A/m2 by about day 37.  The 

over-arching trend is that the 6-d HRT yielded lower current density than 2-d HRT, which 

indicates that a higher FB loading rate (caused by a shorter HRT) led to greater ARB activity 

brought about by a higher substrate flux to the ARB biofilm.  
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Figure 1.  Trends of daily average current density for MEC-A (a) and MEC-B (b).  Trends of 

daily COD removal rates for MEC A (c) and MEC- B (d).  The HRTs and the times of HRT 

switches are shown.  
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The COD-removal rate was calculated by dividing the difference between FB-COD and effluent-

COD (on the same day) by the HRT: 

                                    (Eq. 1)𝐶𝑂𝐷𝑟𝑎𝑡𝑒 =  
𝐶𝑂𝐷𝐹𝐵 ― 𝐶𝑂𝐷𝐸𝑓𝑓

𝐻𝑅𝑇

where CODFB (mg /L) is the FB-COD, CODEff (mg /L) is the effluent-COD on the same day, and 

HRT (d) is for the same day.  Figures 1 (c) and (d) shows COD removal rates of MECs A and B.  

For MEC-A, the 6-d-HRT had an average COD removal rate of 500 ± 90 mg COD / L*d, but the 

HRT change to 2 d on day 36 increased the COD removal rate to 1010 ± 350 mg COD /L*d.  

Similarly for MEC-B, the average COD removal rate of 2-d HRT was 1160 ± 430 mg COD /L*d, 

but was 410 ± 150 mg COD /L*d for the 6-d HRT.  

Calculations in part S1 of the Supplemental Information (SI) show that the overall SRTs of the 

ESF reactors were almost equal to the HRTs, since suspended biomass dominated biofilm 

biomass.  Thus, HRT was an appropriate surrogate for the ESF’s overall SRT.
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3.2 FAME Extractability and Volumetric Productivity

FAME extractability for the biomass in the effluents of both MECs, along with the FB, are 

shown in Figure 2 (a) and (b).  FB had low extractability for the whole period, ~ 5%.  For MEC-

A.  The extractability rose rapidly after day 9, roughly linearly increased to ~25% at day 24, and 

then stayed stable to day 36, the end of the 6-d SRT.  When the SRT of MEC-A was decreased to 

2 d, the extractability decreased immediately to ~13% on day 39 and then stabilized at ~19%.  

For MEC-B, the extractability in the first 12 days, with the 2-d SRT, was similar to the FB, ~5%, 

which is different from the results obtained with 2-d SRT with MEC-A.  After the SRT was 

switched to 6 d on day 13, the extractability began climbing, reaching ~11% on day 18 and 

eventually to ~22% by day 36.  The lack of extractability enhancement with the initial SRT of 2 d 

suggests that the key hydrolytic and fermentative bacteria needed to degrade the protective layers 

of S. acutus could not accumulate, but were washed out with the 2-d SRT.  When the longer SRT 

replaced the shorter HRT, these microorganisms were able to accumulate, which led to a 

breakdown of S. acutus’s protective structures.  This explanation is consistent with the higher 

lipid extractability with the 6-d SRT for MEC-B than for MEC-A, because key hydrolytic and 

fermentative bacteria had been partially washed out during the 2-d stage of 

MEC A.
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Figure 2.  Trends of extractability for MEC-A (a) and MEC-B (b) and of FAME volumetric 

productivity for MEC-A (c) and MEC-B (d).  The times of HRT switches are indicated.  SRT is 

approximately equal to HRT.
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For a specific day and reactor volume, the volumetric productivity of lipids (Prodlipids, in mg 

COD / L•d), was calculated from:  

                        (Eq. 2)𝑃𝑟𝑜𝑑𝑙𝑖𝑝𝑖𝑑𝑠 =  𝐶𝑂𝐷𝐹𝐵 ∗ 𝐸𝑥𝑡% ∗ 𝑄𝑒𝑓𝑓/ 𝑉𝑟

where CODFB is the total concentration of FAME in S. acutus FB (mg COD /L); Ext% is the 

extractability percentage for that day;  Qeff is the volume of effluent produced on the day (for a 

6-d SRT, Qeff = 33 mL / d; for a 2-d SRT, Qeff = 100mL / d); and Vr is the volume of the reactor 

(200 mL).  Figures 2 (c) and (d) shows that the trends of FAME recovery differed from the 

trends for extractability.  For MEC-A, the FAME productivity was stable between days 0-12 at 

~50 mg COD /L*d and then increased to ~240 mg COD /L*d on day 24.  Switching the HRT to 

2 d caused an immediate increase in productivity, reaching ~450 mg COD/L*d on day 39, the 

top productivity achieved by MEC-A.  For MEC-B, the FAME productivity was 120 mg COD 

/L*d at the start, declining to ~40 mg COD /L*d on day 12 before the SRT was switched to 6d.  

Then, the productivity increased and reached peak at 180 mg COD /L*d between day 39 and day 

48.  The lipid productivity in MEC-B never reached the values of MEC-A with a 6-d SRT.  This 

reinforces that having the 6-d SRT after the 2-d SRT in MEC-B did not restore a microbial 

community as effective at hydrolytic and fermentative functions.  In general, a lower SRT after a 

longer SRT supported higher volumetric productivity, but modestly lower lipid extractability; 

however, starting the MEC with a short SRT flushed out fermenters, which were not restored 

once the SRT was extended to 6 d.  Thus, as long as the MEC had been started with a long SRT, 

which selected a suitable microbial community that was able to ferment protective layer and 

expose lipids, switching to a shorter SRT retained the fermenters so that high extractability could 

continue.  Thus, volumetric lipid productivity was higher, since the extractability did not 

dramatically shrink.  
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SRT also had an influence on FAME recovery for the two MECs, as shown in Figure 3.  The 

FAME recovery percentage started low for MEC-A, with a 6-d SRT, possibly caused by algae 

biomass attachment to the anode biofilm, as seen in Liu et al. (5).  Then, it increased to and 

peaked at ~95% on day 30.  At this point, MEC-A had the highest FAME extractability 

(Fig. 2(a)) and low FAME loss, perhaps because the newly exposed algal-lipid has not 

accumulated a substantial amount of lipid fermenters.  After the SRT switch to 2 d, the FAME 

recovery again approached 100% on day 48, when extractability was high at ~20%.  Perhaps the 

lipid fermenters (but not protein and carbohydrate fermenters) were washed out by the SRT of 

2 d, fulfilling the potential to achieve high extractability and high lipid recovery, with a short-

enough SRT (2 d).  

MEC-B displayed high, but unstable FAME recovery with the 2-d SRT (~65 to ~100%).  The 

lower values may have been due to a combined effect of biomass attachment to the anode and 

low lipid degradation with a short SRT.  After the SRT switch to 6 d, FAME recovery initially 

rose to >100% (day 24), and this may have been caused by removal of lipids that had attached to 

the anode.  FAME recovery then decreased and stabilized at ~80% on day 30.  Similar to MEC-

A, the trends for MEC-B suggest that lipid degraders and fermenters were washed out with the 

2-d SRT.  However, the fermenters were able to regrow after the SRT was switched to 6 d.  
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Figure 3.  Trends of FAME recovery percentage for MEC-A (a) and MEC-B (b).  The times of 

HRT switches, with HRTs applied are shown.  The SRT is approximately equal to the HRT.
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3.3 Short-Chain Fatty Acids (SCFAs)

Concentrations of SCFAs in the effluents of MEC-A and MEC-B, expressed in mg COD /L, are 

shown in Figure 4.  Significant SCFA species were formate, acetate, propionate, butyrate, 

valerate, and caproate.  Since caproate exhibited unique trends, Figures 4 (b) and (d) shows 

caproate and total SCFAs excluding caproate.  

In MEC-A, total SCFA was high at the start, 1600 mg COD /L, and >90% was caproate.  Total 

SCFA decreased rapidly, mostly caused by the decrease of caproate, reaching nearly zero after 

36 days of operation at the 6-d SRT reaction; the almost-complete removal of SCFAs 

demonstrates strong ARB activity.  After the SRT was switched to 2 d, total SCFA modestly 

increased, to ~400 mg COD /L on day 48, and caproate contributed ~ 50%.  The total SCFA 

concentration rebounded, and current density was higher after the SRT switch (Figure 1. (a)).  

Both factors demonstrate that the 2-d SRT allowed a higher volumetric fermentation rate 

(Figure 1 (c)) that produced more SCFAs and, consequently, higher current.  

For MEC-B, total SCFA started lower (~800 mg COD /L) than MEC-A, and the majority 

(~75%) was caproate.  The initial 2-d SRT in MEC-B showed a modest declining trend of total 

SCFA and caproate out to day 12, and this may indicate a gradual accumulation of more ARB.  

After the SRT was increased to 6 d, the declining trend of total SCFA accelerated, again mostly 

caused by rapidly declining caproate.  Total SCFA reached ~200 mg COD /L on day 48, and the 

majority was still caproate (up to 90%).  
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Figure 4.  Trends of SCFA concentrations, in mg COD/L:  total SCFA in MEC-A (a), Caproate 

and SCFA excluding caproate in MEC-A (b), total SCFA in MEC-B (c), caproate and SCFA 

excluding caproate in MEC-B (d).  The points of HRT switch, as well as the implemented HRT, 

are shown.  SRT is approximately equal to the HRT.  
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3.4 Microbial Community Structure

Microbial community structures at the family level for the FB, the MEC effluents, and MEC 

biofilms were determined using high-throughput sequencing.  To determine if the different 

sources had distinct community structures, Principal Coordinates Analysis (PCoA) was 

performed.  The results, shown in Figure 5, clearly show three clusters:  FB to the far right on the 

PC1 axis (56.8%), the biofilms on the far left on the PC1 axis, and the MEC effluents in the 

middle of the PC1 axis, but higher on the PC2 axis (19.1%).  Thus, the communities in FB, MEC 

effluent suspended biomass, and MEC biofilms were distinct.  

Some trends appear within the three groups.  FB had a systematic movement down on the PC2 

axis due to its storage, but almost no movement along the PC1 axis.  Because the PC2 axis 

presented a small portion of the total variance (19.1%), the movement was not a sign of a major 

change in community structure.  

In the cluster of the effluent suspended biomass, MEC-A shifted significantly on both axes 

between d12 and d36 with 6-d HRT, but the subsequent shift between d36 and d48 (to a 2-d 

HRT) was smaller along the PC1 axis and almost negligible along the PC2 axis.  This indicates 

that 6-d HRT caused a bigger shift in the microbial community than did the 2-d SRT.  The MEC-

B community clearly moved left along the PC1 axis between d12 and d36, but the subsequent 

move between d36 and d48 (6-d SRT) was negligible.  The shifts for MEC-B (started with the 2-

d SRT) were smaller than for MEC-A (started with the 6-d SRT), especially between d36 and 

d48.  Thus, the change in the microbial community was smaller when the HRT was increased.  

This indicates that the recovery of slow-growing bacteria in MEC-B was poor when the 6-d SRT 

was implemented after start up with the 2-d SRT.  

Page 19 of 29 Sustainable Energy & Fuels



Figure 5.  Principal Coordinates Analyses (PCoA) for microbial communities of FB, MEC 

effluents, and biofilms.  Symbol shapes denote the SRT at the time the sample was taken:  6 d 

(▲) or 2 d (■).  Color denotes the sample type:  purple for MEC-A effluent, blue for MEC-B 

effluent, orange for MEC-A biofilm, and red for MEC-B biofilm.  A green circle denotes FB.  

The designation dxx indicates the day on which the sample was taken.  The percentages in the 

axis labels represents the percentages of variations explained by the two principal coordinates; 

axes values denote degree of variance within the range of -1 and 1.  

FB

Biofilm

Effluent suspended 
biomass
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Microbial community structures at the family level in the MEC-A effluents, MEC-A biofilm, and 

the FB are presented in Figure 6, which also identifies known functions of each family.  Parallel 

presentations for MEC-B are in the Supplemental Information.  

The FB (Fig. 6(a)) had a high abundance of Chlamydomonadaceae, which corresponds to the 

chloroplast DNA of S. acutus; however, endogenous degradation occurred during FB storage, 

and the DNA of Chlamydomonadaceae decreased between days 12 and 48.  The abundance of 

Pseudomonadace greatly increased with time.  Pseudomonadaceae potentially includes 

cryophilic bacteria capable of degrading S. acutus cellular structure (23).  

In both MECs (Fig. 6(b) and Fig. S1(a)), Chlamydomonadaceae was substantially less with the 

6-d SRT, compared to the 2-d SRT.  Lower Chlamydomonadaceae abundance also was 

associated with the higher lipid extractability with the longer SRT (Fig. 1).  Both trends are 

consistent with greater breakdown of the cell wall of Chlamydomonadaceae with the longer SRT.  

One known lipid hydrogenator, Erysipelotrichaceae (4), was in the FB.  It, along with the other 

known lipid fermenter, Porphyromonadaceae, greatly increased in both MECs on day 12, 

although they declined after day 12.  The decline may have been due to these two lipid 

hydrogenators being slow growers that were washed out regardless of SRT being 6 d or 2 d.  

Hence, these lipid fermenters’ population could be controlled via an adequate SRT.  

Porphyromonadaceae had less decline than Erysipelotrichaceae, probably due to the fact that it 

can also metabolize sugars when usable lipids are not available as substrates (24).  

All the known fermenters present in the FB, except Cytophaceae, accumulated in the MECs, 

especially Pseudomonadaceae, which had a dramatic increase up to as high as 28% in MEC-A.  

These FB-indigenous fermenters accumulated in the MECs regardless of long or short SRT, since 
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they had a fast-enough growth rate to withstand washout.  In contrast, Synergistaceae and all 

Bacteroidiales, including Porphyromonadaceae, which are non-indigenous fermenters, were 

important for an SRT of 6 d, but slightly declined for the 2-d SRT.  This indicates that these 

fermenters were promoted by the long SRT (6-d).  The shorter SRT (2-d), though not promoting 

their growth, did not have a strong flush-out effect for them.  In summary, the fermenters’ 

growth was strongly supported by the 6-d SRT, but they could withstand completely washout 

with the 2-d SRT.  The high lipid extractability in MEC-A with 6-d and 2-d SRTs may have been 

associated with the continued persistence of these fermenters.  

The anodes of both MECs displayed typical ARB biofilms, with by far the largest number of 

sequences belonged to Geobacteraceae, a widely recognized ARB (11,25,26).  The abundance of 

Geobacteraceae was at least 31%, similar to the value in Liu et al. (4), indicating a healthy and 

electrochemically active biofilm.  The biofilms also harbored small fractions of all of the 

microbial types detected in the suspension, while the effluents of both MECs had small numbers 

of Geobacteraceae that were not in the FB.  Hence, the biofilm and suspended communities 

exchanged microorganisms.  The biofilms also hosted increasing abundance of 

Erysipelotrichaceae and Porphyromonadaceae, showing that these lipid fermenters were 

thriving in the biofilm.  Abundance of bioavailable lipid substrates attached to the anode might 

be the cause to this phenomenon, which is similar to the observation presented in Liu et al. (4).  

The only methanogen detected was Methanocorpusculaceae, a H2-oxidizing family, and it 

always comprised less than 10% of abundance.  No acetate-consuming methanogens were 

present, as they were out-competed by the ARB (18), leaving H2-consuming methanogens as the 

only methanogens.  
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Figure 6.  Phylogenetic profiling of the suspended biomass in the FB (a), MEC-A effluent 

suspension (b), and MEC-A biofilm (c) at the family level.  Parallel phylogenic profiles of MEC-

B effluent and biofilm are shown in Figure S1 in the Supplemental Information.  The horizontal 

axis presents the percentage abundance of the families based on the total reads of the 16S rRNA 

gene.  Functions associated with each family are shown to the left.  
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4.  Conclusion

ESF enhanced lipid extraction from S. acutus biomass, and different MEC HRTs, which were 

almost equal to the overall SRTs, led to different results for lipid extraction and other 

performance parameters.  Starting the MEC with a 6-d SRT attained the highest lipid 

extractability (25%); shifting that MEC to a 2-d SRT gave the highest lipid productivity per unit 

reactor volume (450 mg /L * d).  Starting the MEC with a 2-d SRT impaired the enhancement of 

lipid extractability, which was not recovered when the 6-day SRT was implemented.  

Principal Coordinates Analysis revealed that the communities of the FB, MEC effluent, and 

MEC biofilms were distinct, with the microbial community in the MEC effluent most strongly 

affected by the change in SRT.  The 6-d SRT had more lipid fermenters (Erysipelotrichaceae and 

Porphyromonodaceae), but both SRTs flushed out these slow-growing lipid fermenters.  Protein 

fermenters, such as Syneristaceae, Pseudomonadaceae, and Enterobacteriaceae, were flushed 

out with the 2-day SRT and could not recover after the switch to a longer SRT.  The microbial 

community of the biofilms, which was not affected systematically by the SRT, was dominated by 

well-known ARB, but also contained the same fermenters as in the suspended biomass.  

Taking into account all the results, ESF operation was able to enhance lipid extractability and 

productivity when the MEC’s had an initial SRT of 6 d that was switched to 2 d.  The 6-d SRT 

established a community containing protein fermenters, and the 2-d SRT washed out the lipid 

fermenters.   
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