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7 ABSTRACT: The consolidated bioprocessing (CBP) of corn stover pretreated via
8 ammonia fiber expansion (AFEX-CS) into ethanol was investigated in a microbial
9 electrolysis cell (MEC) driven by the exoelectrogen Geobacter sulfurreducens and the CBP
10 bacterium Cellulomonas uda. C. uda was identified in a screening for its ethanologenic
11 potential from AFEX-CS and for producing electron donors for G. sulfurreducens
12 fermentatively. C. uda produced ethanol from AFEX-CS in MECs inoculated
13 simultaneously or sequentially, with the concomitant conversion of the fermentation
14 byproducts into electricity by G. sulfurreducens. The fermentation and electrical conversion
15 efficiencies were high, but much of the AFEX-CS remained unhydrolyzed as nitrogen
16 availability limited the growth of the CBP partner. Nitrogen supplementation stimulated
17 the growth of C. uda, AFEX-CS hydrolysis and ethanologenesis. As a result, the synergistic
18 activities of the CBP and exoelectrogen catalysts resulted in substantial energy recoveries
19 from ethanologenesis alone (ca. 56%). The cogeneration of cathodic H2 in the MEC
20 further increased the energy recoveries to ca. 73%. This and the potential to optimize the
21 activities of the microbial catalysts via culturing approaches and genetic engineering or adaptive evolution, make this platform
22 attractive for the processing of agricultural wastes.

23 ■ INTRODUCTION
24 Ethanol is a promising biofuel that can be manufactured from
25 lignocellulosic feedstocks by microbial fermentation of biomass
26 sugars.1 However, the high lignin content in these substrates
27 limits its enzymatic digestibility2 and biomass pretreatments are
28 required to improve enzymatic hydrolysis.3−5 The ammonia
29 fiber expansion (AFEX) process shows promise as a cost-
30 effective, scaled-up pretreatment of lignocellulose substrates
31 because it recycles the pretreatment chemical (ammonia),4

32 improves the enzymatic digestibility of the substrate,6 and
33 generates a highly fermentable hydrolysate7−9 that yields high
34 ethanol titers without the need for biomass washing,
35 detoxification or nutrient supplementation.8 However, the
36 enzymatic hydrolysis step and the inefficient fermentation of
37 hemicellulose sugars remain major bottlenecks.8

38 Consolidated bioprocessing (CBP; 10) technologies, that is,
39 those in which a single microbe hydrolyzes the substrate and
40 ferments the hexose and pentose sugars, have been proposed as
41 the most cost-efficient industrial configuration for ethanol
42 production.11 While significant advances have been made to
43 engineer CBP yeasts, challenges still remain to produce
44 industrial strains that heterologously express saccharolytic
45 enzymes and coferment cellulose and hemicellulose sugars.12,13

46 Native lignocellulose degraders show promise as CBP
47 catalysts11,14 because their hydrolysis and fermentation
48 efficiencies are naturally evolved to maximize cell growth yields
49 from biomass.15 However, these microorganisms are adapted to
50 growing within specialized, synergistic consortia,12 where

51fermentation products are rapidly removed to prevent feedback
52inhibition of biomass decomposition and fermentation using
53various electron acceptors as final electron sinks.16 The
54possibility of mimicking CBP consortia in bioelectrochemical
55cells is attractive because an electrode can be used to replace
56the natural electron acceptors and model exoelectrogens such
57as Geobacter sulfurreducens are available that conserve energy for
58growth by transferring electrons from waste fermentation
59products such as acetate, formate, lactate, and H2 to
60electrodes.17−20 Furthermore, with sufficient electrical input
61the current generated in the anode can be converted into H2 in
62the cathode chamber in a microbial electrolysis cell (MEC),
63thus producing H2 fuel as a coproduct.

21

64Previous studies22 with cocultures of G. sulfurreducens and
65the CBP bacterium, Clostridium cellulolyticum, demonstrated
66that cellulose degradation can be coupled to electricity
67generation in a microbial fuel cell (MFC). The direct coupling
68of cellulose to electricity was also demonstrated in MFCs
69driven by strains of Enterobacter cloacae and mixed cultures.23

70Fermentation inhibitors derived from the pretreatment of
71lignocellulose substrates can also be converted into electricity in
72a MFC powered by a microbial consortium enriched on the
73anode.24 Additionally, untreated and steam-exploded corn

Received: March 5, 2012
Revised: June 5, 2012
Accepted: June 14, 2012

Article

pubs.acs.org/est

© XXXX American Chemical Society A dx.doi.org/10.1021/es3008497 | Environ. Sci. Technol. XXXX, XXX, XXX−XXX

jwp00 | ACSJCA | JCA10.0.1465/W Unicode | research.3f (R3.1.5.i2 HF01:3738 | 2.0 alpha 39) 2012/05/23 16:28:00 | PROD-JCAVA | rq_1581930 | 6/21/2012 10:05:45 | 7

pubs.acs.org/est
Gemma
Inserted Text
, insert comma

Gemma
Inserted Text
insert comma



74 stover supported current in an MFC driven by a CBP consortia
75 enriched from soil samples.25 However, energy recovery from
76 corn stover or from cellulose in MFCs is much lower than that
77 of cellulosic bioethanol production, suggesting that consid-
78 erably more power needs to be produced to make the platform
79 competitive.25 This will require significant increases in the
80 efficiency of corn stover saccharification and electricity
81 generation.
82 MECs are attractive as CBP platforms for ethanol because
83 the electrical input can be used to simultaneously produce H2
84 in the cathode at much higher yields than those achieved
85 fermentatively.21 Furthermore, the applied potential removes
86 cathodic limitations22,23,25 and promotes the growth of
87 exoelectrogenic biofilms on the anode electrode.26 This
88 maximizes the conversion of fermentation byproducts to
89 cathodic H2 while preventing the accumulation of feedback
90 inhibitors. However, it is important to minimize electron losses
91 by selecting CBP strains that produce fermentation byproducts
92 that serve as electron donors for the exoelectrogen. Here we
93 describe the identification of a CBP strain, Cellulomonas uda,
94 which hydrolyzed and fermented AFEX-pretreated corn stover
95 (AFEX-CS) to ethanol and produced fermentation byproducts
96 that served as electron donors for G. sulfurreducens in a MEC.
97 The synergistic interactions between the CBP catalyst and the
98 exoelectrogen stimulated ethanol production and minimized
99 electron losses through the conversion of all the fermentative
100 byproducts into H2 in the cathode, thereby increasing the total
101 energy recovery from the AFEX-CS. This provides a
102 competitive CBP platform for bioenergy production from
103 lignocellulosic substrates.

104 ■ MATERIALS AND METHODS
105 Bacterial strains and culture conditions. Geobacter sulfurreducens
106 PCA was routinely cultured at 30 °C in anaerobic DB
107 medium20 with 20 mM acetate and 40 mM fumarate. Native
108 CBP strains (Table S1) were cultured at 35 °C in anaerobic
109 GS2 media27 supplemented with 0.2% cellobiose (GS2-CB).
110 When indicated, 0.2% (w/v) corn stover (processed and
111 pretreated with the AFEX method8 and ground and sieved
112 (0.75 mm pore size) to a homogeneous powder with ca. 8%
113 moisture content) (AFEX-CS) was used as a carbon source.
114 Growth of the CBP strains with AFEX-CS was evaluated by
115 inoculating late exponential-phase GS2-CB cultures into
116 anaerobic DB medium with AFEX-CS to a final OD660 0.04.
117 The cultures were incubated at 35 °C and spectrophotometric
118 readings (OD660) were taken every 12 h after resuspending the
119 cultures by inversion and allowing the solids to settle for 20
120 min.
121 Batch cultures with fumarate. Late-exponential phase cultures
122 of C. uda ATCC 21399 and G. sulfurreducens grown at 30 °C in
123 DB medium with cellobiose (0.2%) or acetate (20 mM) and
124 fumarate (40 mM), respectively, were inoculated to an OD660
125 of 0.02 in the same (coculture) or separate (monocultures)
126 tubes containing anaerobic DB medium with 0.2% (w/v)
127 AFEX-CS and 40 mM fumarate. Control monocultures of G.
128 sulfurreducens contained AFEX-CS and 40 mM fumarate or 20
129 mM acetate. When indicated, G. sulfurreducens was also grown
130 with or without AFEX-CS in the presence of acetate (20 mM)
131 and fumarate (40 mM). All cultures were incubated at 30 °C
132 and planktonic growth (OD660) was periodically monitored of
133 undisturbed cultures. Three replicates were sacrificed every 48
134 h for pH measurements of the fermentation broth and for GC
135 and HPLC analyses, as described in the Supporting Information

136(SI). Cells in the cocultures were differentially stained with the
137SYTO 9 (green, Gram-negative, G. sulf urreducens) and
138hexidium iodide (red, Gram-positive, C. uda) dyes in the
139BacLight Gram Stain kit (Invitrogen), as recommended by the
140manufacturer. The stained cells were adsorbed onto glass slides,
141imaged at random locations using a fluorescence microscope,
142and counted to calculate the relative percentage of each strain.
143MECs. Dual-chambered, H-type MECs, set up as previously
144described,20 were autoclaved before adding 90 mL of sterile,
145anaerobic DB medium to the anode and cathode chambers.
146The reference electrodes (3 M Ag/AgCl, Bioanalytical systems
147Inc.) were sterilized by Tyndallization in anaerobic Luria−
148Bertani medium (four cycles, each comprising 30 min in boiling
149medium and 24 h at 30 °C) and then in 70% ethanol for 1 min
150before rinsing with sterile water. The anode electrode was
151poised to 0.24 V with a VSP potentiostat (BioLogic) and the
152MEC chambers were sparged with filter-sterilized N2:CO2
153(80:20) gas until the current stabilized. Cells were harvested
154by centrifugation (6000g, 6 min, 25 °C) from a 40% (v/v)
155inoculum of an early stationary-phase culture of C. uda or G.
156sulfurreducens grown at 30 °C in DB medium with cellobiose or
157acetate and fumarate, respectively. The cells were washed once,
158and resuspended in 10 mL of DB medium before inoculating
159them separately (monocultures) or together (coculture) into an
160anode chamber containing 0.2% (w/v) AFEX-CS. Alternatively,
161a sequential inoculation strategy was followed in which G.
162sulfurreducens anode biofilms were first grown with 1 mM
163acetate until the acetate was depleted and the current declined.
164The medium of the anode chamber was then replaced with
165fresh DB-AFEX-CS medium with or without 35 mM NH4Cl
166supplementation inside a glovebag (Coy Laboratory Products,
167Inc.). When indicated, the anode chamber was also inoculated
168with C. uda cells. All MECs were incubated at 30 °C with
169stirring and without sparging of the anode chamber. The
170cathode chamber was sparged continuously to prevent
171crossover of H2 into the anode chamber. The percent of
172cathodic H2 recovered in our system was determined by
173discontinuing the sparging of the cathode chamber, sampling
174the headspace and analyzing the gas composition by GC, as
175described in the SI. Fermentation products in the anode broth
176were analyzed by HPLC and the AFEX-CS was also collected
177and used to estimate the hydrolysis efficiency, fermentation
178efficiency, and energy recovery, as described in the SI. When
179indicated, nitrogen assimilation was monitored over time by
180determining the concentration of NH4

+ in the fermentation
181broth. Briefly, 60 μL of culture supernatant fluids were mixed
182with 120 μL of Nessler’s reagent (Fluka) and the optical
183density of the solution at 425 nm was measured and compared
184to a standard curve generated with NH4Cl as a standard.

185■ RESULTS
186CBP of AFEX-CS coupled to fumarate reduction by G.
187sulfurreducens. Fifteen CBP strains grew at 35 °C with the
188AFEX-CS substrate anaerobically in GS2 medium over the
189course of approximately two weeks (Table S1). Four
190actinobacterial strains had the highest ethanologenic yields
191(ca. 50% of the maximum theoretical yield) and robust growth
192(SI Table S1) and produced acetate, formate, lactate and
193succinate as fermentation byproducts (SI Table S2). Acetate
194accounted for 80.2% (±1.8) of all of the electrons potentially
195available as electron donors for G. sulfurreducens, whereas the
196remaining electrons were distributed between formate (9.0% ±
1970.7), succinate (6.4% ± 2.0) and lactate (4.4% ± 0.6). Less than
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198 10 μM of H2 was detected in the culture headspace. C. uda
199 21399 was selected for further studies based on its robust
200 anaerobic growth,28 cofermentation of hexose and pentose
201 sugars,29−31 and well-characterized cellulase and xylanase
202 enzymes29,32−34 and physiology.28

203 The syntrophic growth of C. uda and G. sulfurreducens was
204 investigated in batch cultures using DB medium (the standard
205 MEC medium) with AFEX-CS as the sole carbon and energy
206 source for C. uda and with fumarate serving as the terminal

f1 207 electron acceptor for G. sulfurreducens (Figure 1A). The
208 increases in optical density of the coculture and the C. uda
209 monoculture both followed a polynomial biphasic distribution
210 (R2 = 0.991 and 0.975, respectively) as expected of cells that
211 first grow exponentially and then enter stationary phase.
212 Growth rates during the exponential phase of growth
213 (approximately the first 4 days) were similar in the coculture
214 (0.42 ± 0.03 d−1) and the C. uda monoculture (0.48 ± 0.08
215 d−1). However, growth yields were 2.4-fold higher in the
216 coculture (0.50 ± 0.01, OD660) than in the C. uda monoculture
217 (0.21 ± 0.01, OD660), as growth was stimulated when the two
218 strains grew syntrophically. At the end of the coculture
219 experiment, G. sulfurreducens accounted for 42% (±7%) of
220 the cells in the coculture, suggesting that the growth of the two
221 strains was syntrophically maintained at constant ratios (50:50)
222 throughout the incubation period. No growth was observed in
223 the Geobacter monocultures (Figure 1A) or in monocultures of
224 G. sulfurreducens in which fumarate had been replaced with
225 acetate (data not shown). Thus, AFEX-CS was not used as
226 either an electron donor or acceptor by G. sulfurreducens.
227 Furthermore, doubling times (8.7 ± 0.5 h) and growth yields
228 (0.77 ± 0.05, OD660) in G. sulfurreducens monocultures with
229 acetate and fumarate and supplemented with AFEX-CS were
230 similar to cultures without the AFEX-CS (8.7 ± 0.3 h and 0.79
231 ± 0.04 OD 660, respectively), thereby ruling out any growth
232 inhibition or stimulation by the AFEX-CS.
233 The maximum ethanol concentrations detected over the
234 duration of the experiment were similar in the coculture (1.8 ±
235 0.1 mM) and the C. uda monocultures (1.6 mM ± 0.4). No
236 fermentation byproducts were detected in the coculture broth
237 during the course of the experiment (Figure 1B), nor was H2

238 detected in the headspace of the coculture vessel. In contrast,
239 acetate and formate accumulated in the C. uda monocultures
240 (Figure 1B) following the same biphasic polynomial distribu-
241 tion (R2 = 0.966 and 0.952, respectively) as the optical density
242 of the C. uda monoculture (Figure 1A), as expected of a
243 metabolic process coupled to cell growth. The removal of waste

244fermentation products by G. sulfurreducens in the coculture was
245coupled to the reduction of fumarate to succinate and the
246transient accumulation of malate (Figure 1C). In contrast,
247fumarate levels remained constant (ca. 40 mM) in the C. uda
248monocultures, and only fermentative succinate was produced
249(0.5 mM ± 0.1). The removal of the organic acids by G.
250sulfurreducens also prevented the acidification of the coculture
251medium (Figure 1D).
252CBP of AFEX-CS to ethanol in a MEC. We investigated the
253ability of the binary culture to couple the fermentation of
254AFEX-CS into ethanol and electricity in a MEC in reference to
255monoculture MEC controls. Current started soon after the two
256strains were inoculated simultaneously into anode chambers
257supplemented with AFEX-CS and increased exponentially (6.3
258± 0.2 mA h−1) until reaching a maximum of 1.0 (±0.1) mA
259 f2(Figure 2A). The current then decreased slowly to <0.1 mA

260over a period of 4 days, suggesting that growth had become
261limiting in one or both of the strains. Although some acetate
262(0.24 ± 0.03 mM in uninoculated controls, Figure 2B) was
263provided in the AFEX-CS,35,36 it was too low to support the
264growth of the anode biofilm of G. sulfurreducens and, as a result,
265no current was produced in MECs driven by G. sulfurreducens
266monocultures (Figure 2A). Similarly, no current was produced
267in the C. uda monocultures (Figure 2A).
268Similar amounts of AFEX-CS were hydrolyzed in the C. uda
269monocultures (36 ± 8%) and in the coculture (42 ± 6%) and

Figure 1. Syntrophic growth of G. sulfurreducens and C. uda in batch cultures with AFEX-CS and fumarate at 30 °C. (A) Growth (OD660) of the
coculture (solid circles) and C. uda (open circles) or G. sulfurreducens (open squares) monocultures. (B) AFEX-CS fermentation products in the
coculture (solid symbols) and C. uda monoculture (open symbols). Only formate (triangles) and acetate (squares) were detected. (C) Reduction of
fumarate (solid circles) to succinate (open squares) with the transient accumulation of malate (open triangles) in cocultures. (D) pH profile in the
coculture (solid symbols) and C. uda (open circles) or G. sulfurreducens (open squares) monocultures.

Figure 2. Simultaneous inoculation of G. sulfurreducens and C. uda in
MECs with AFEX-CS. (A) Current production by the coculture in two
representative MECs (solid lines) and in controls with G.
sulfurreducens (open circles) or C. uda (open squares) monocultures.
(B) Yields of current and fermentation products (expressed in electron
equivalents, mmol e-) in the MECs described in (A). Shown are
averages and standard deviations of three independent MECs for each.
Un, uninoculated; GS, G. sulfurreducens monoculture; CU, C. uda
monoculture; GS+CU, G. sulfurreducens and C. uda coculture.
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270 fermentation efficiencies (∼ 99% for glucose and ∼98% for
271 xylose) were comparable in both. Furthermore, ethanol
272 concentrations increased over the duration of the experiment
273 and reached a similar plateau in both the C. uda monoculture
274 (1.8 ± 0.5 mM) and the coculture (1.9 ± 0.6 mM). Acetate
275 (2.2 ± 0.8 mM), formate (2.9 ± 1 mM), lactate (0.3 ± 0.1
276 mM) and succinate (0.6 ± 0.2 mM) accumulated in the C. uda
277 monocultures but were removed in the coculture (Figure 2B).
278 Overall, 51% of the total electrons available through
279 fermentation in the coculture were recovered as ethanol, 42%
280 were diverted to current, and 7% remained as unutilized
281 fermentation byproducts (Figure 2B). Of the fermentation
282 byproducts removed by G. sulfurreducens, approximately 60%
283 were utilized for current production with the remaining 40%
284 being used to support the growth of the G. sulfurreducens anode
285 biofilm. As a result, the net yield of moles of electrons
286 recovered as current or fermentation products in the coculture
287 MEC was lower than in the monoculture (Figure 2B).
288 The energy recovery from the fermentation of AFEX-CS to
289 ethanol by the C. uda monocultures, which considered the
290 energy outputs from the heat of combustion of ethanol and the
291 energy inputs from the AFEX pretreatment of corn stover, was
292 32 (±2) % (Figure 4). Despite the electrical input resulting
293 from applying the MEC potential, energy recoveries from
294 fermentation alone were similar (30 (±9) %) in the MEC-
295 driven by the coculture. Furthermore, approximately 72% of the
296 moles of H2 that are theoretically possible from the measured
297 current were also recovered as H2 fuel in the headspace of the
298 cathode chamber of the coculture MEC. When the energy
299 output from the heat of combustion of the cathodic H2 was
300 included in the calculations, the energy recovery from the
301 AFEX-CS in the MEC increased to 45 (±10) % (Figure 4).
302 We also investigated the performance of the MEC platform
303 when the microbial catalysts were sequentially inoculated, as
304 previously reported for a binary culture of C. cellulolyticum and
305 G. sulfurreducens.37 G. sulfurreducens anode biofilms produced

f3 306 some current from AFEX-CS in the MECs (Figure 3A), due to
307 the availability of AFEX-CS-derived acetate as an electron
308 donor (0.17 ± 0.02 mmol e−). However, substantially more
309 current (2 ± 0.3 mmol e−) was produced in the MECs
310 inoculated with C. uda due to the syntrophic growth of the
311 strains (Figure 3A). Approximately, 28% (±6) of the AFEX-CS
312 was degraded in the coculture-driven MEC, which is lower than
313 the hydrolysis efficiencies measured with the simultaneous
314 strategy. Fermentation efficiencies (∼ 99% for glucose and

315∼96% for xylose) were also similar. Maximum ethanol yields
316(2.1 ± 0.6 mM) were similar to those obtained in the
317simultaneous inoculation, and approximately half of the
318succinate (0.3 ± 0.1 mM) produced in the C. uda monocultures
319accumulated in the fermentation broth (Figure 3B). Overall,
320the ethanol:current ratio (48:41% of all the electron equivalents
321available from fermentation) was similar as in the simulta-
322neously inoculated platform (51:42%), but more electrons
323(11%) were lost to unutilized fermentation byproducts, mostly
324succinate (Figure 3B). Succinate is not an electron donor for G.
325sulfurreducens but can be assimilated for carbon. As the anode
326biofilms were pregrown with acetate, the carbon demands of
327the biofilms were low and less succinate was removed. Yet a
328higher percentage of the electrons in the fermentation products
329removed by G. sulfurreducens were converted into electrical
330current (69%) in the sequentially inoculated MEC compared to
331the simultaneous inoculation strategy (60%), with the
332remaining (31%) being used for cell growth. As a result, the
333energy recovery as ethanol and H2 in the MEC (49% ± 12) was
334within the ranges calculated for the simultaneously inoculated
335MECs and was almost twice the energy recovery calculated for
336the fermentation to ethanol alone (29% ± 12) (Figure 4).
337Stimulation of ethanol production in a MEC supplemented
338with nitrogen. Interestingly, the inoculation strategy did not
339affect the composition of the anode biofilms, which had
340confluent biofilms of mostly G. sulfurreducens cells (SI Figure
341S1A and B), but increased the biofilm biomass compared to the
342G. sulfurreducens monocultures (SI Figure S1C). C. uda cells
343did not attach to the bare anode electrodes in the C. uda
344monocultures (SI Figure S1D), and preferentially grew
345planktonically or as biofilms on the AFEX-CS solids (SI Figure
346S1E). Acid hydrolysates of the AFEX-CS biofilms also
347contained glucose levels 1.25 fold higher than the glucan
348content provided in the initial amount of AFEX-CS. This is
349consistent with the acid hydrolysis of the Curdlan (β-1,3
350glucan) biofilm matrix of C. uda. As the Curdlan matrix that
351enables C. uda cells to specifically attach to cellulosic substrates
352is induced when nitrogen is growth-limiting,38 we investigated if
353nitrogen availability limited the growth and metabolism of C.
354uda in the MEC driven by the coculture. For these experiments,
355we used a sequential inoculation strategy and grew G.
356sulfurreducens anode biofilms with the standard low nitrogen
357medium and with acetate as electron donor. Once the current
358declined, the anode medium was replaced with AFEX-CS
359medium supplemented with 35 mM NH4Cl (ca. 10-times the

Figure 3. Sequential inoculation of G. sulfurreducens and C. uda in MECs. (A) Current production by a G. sulfurreducens monoculture driven by an
initial acetate supplementation and then by the residual acetate in AFEX-CS (open circles), which was added while exchanging the medium (arrow).
Inoculating the MEC with C. uda during the media exchange increased and further sustained current production (gray solid lines, two representative
experiments shown). Supplementing the AFEX-CS media with 35 mM NH4Cl increased electricity production further production (black solid lines,
two representative experiments shown). (B) Yields of current and fermentation products (expressed in electron equivalents, mmol e−) measured in
the anode chamber of MECs driven by the G. sulfurreducens monoculture (GS) and the cocultures (GS+CU) without or with (star) NH4Cl
supplementation. (C) Ethanol production (solid symbols) from AFEX-CS coupled to nitrogen assimilation (NH4

+ equivalents, open symbols) in
MECs supplemented with NH4Cl.
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360 NH4Cl concentration in the standard MEC medium, SI Figure
361 S2). After inoculating the anode chamber with C. uda, current
362 increased to approximately 1.6 mA and then slowly decreased
363 as all the fermentation byproducts were utilized (Figure 3A).
364 Hydrolysis efficiencies increased (46 ± 1%) to levels
365 comparable to those measured in the simultaneously inoculated
366 MECs. Furthermore, ethanol yields were almost twice than
367 those measured in any of MEC platforms and all of the
368 fermentation byproducts were converted into current (Figure
369 3B). Ethanol production was coupled to nitrogen assimilation
370 and reached a plateau once nitrogen assimilation stopped
371 (Figure 3C). The data thus support our original hypothesis that
372 nitrogen availability limited the growth and metabolism of C.
373 uda in the MECs. As a result, nitrogen supplementation
374 alleviated the growth limitation of C. uda and promoted the
375 hydrolysis of AFEX-CS and ethanologenesis. This resulted in 2-
376 fold increases in the energy recoveries from the fermentation of

f4 377 AFEX-CS to ethanol (56 ± 1%) (Figure 4). Furthermore, by

378 stimulating the electrical conversion of all the fermentation
379 byproducts, nitrogen supplementation also minimized electron
380 losses and resulted in high (73 (±1) %) energy recoveries as
381 ethanol and cathodic H2 (Figure 4).

382 ■ DISCUSSION
383 The results show that the CBP of AFEX-CS to ethanol can be
384 achieved with high energy recoveries in a MEC driven by a
385 defined binary culture selected for its robust saccharification of
386 AFEX-CS, ethanologenesis and electrochemical removal of
387 waste fermentation products. The identification of a range of
388 native CBP microorganisms from the Actinobacteria and
389 Firmicutes groups with robust growth and high yields of
390 ethanol with AFEX-CS is consistent with previous studies
391 indicating that the AFEX pretreatment increases the digesti-
392 bility of lignocellulose substrates8,39,40 while minimizing the
393 release of toxic byproducts.36 C. uda, in particular, had robust
394 growth and produced high yields of ethanol with AFEX-CS. In
395 addition, it produced fermentation byproducts (acetate,
396 formate, and lactate) that serve as electron donors for the
397 exoelectrogen G. sulfurreducens.18−20 As a result, a MEC driven
398 by the defined binary culture composed of C. uda and G.
399 sulfurreducens converted AFEX-CS into ethanol while minimiz-
400 ing electron losses to waste fermentation products that limited
401 the performance of previous MFC platforms.37,41,42 The
402 removal of waste organic acids from the fermentation broth
403 by G. sulfurreducens also prevented the acidification of the
404 media and the accumulation of feedback inhibitors. Acetate, in

405particular, is a noncompetitive inhibitor of cellobiose
406metabolism in C. uda, presumably because it interferes with
407cellobiose uptake.43 Hence, its removal by the exoelectrogen
408promotes the uptake of cellobiose by C. uda and also prevents
409cellobiose accumulation, which would otherwise feedback-
410inhibit cellulase synthesis.44

411Despite the electrical input in the MEC and the energy input
412required to pretreat the corn stover, total energy recoveries as
413ethanol and cathodic H2 averaged 47% in systems run with the
414standard (low nitrogen) medium routinely used to support the
415growth and electroactivity of the exoelectrogen G. sulfurredu-
416cens on the anode electrode.20 These recoveries are significantly
417higher than those reported in MFCs fed with raw (3.6%) or
418steam-pretreated (2%) corn stover, where only power is
419generated.25 Thus, ethanol production from AFEX-CS in a
420MEC, with the added value of converting current into H2 at the
421cathode, is a competitive platform. Ethanol yields were similar
422in MECs run with the standard medium when the strains were
423inoculated simultaneously (Figure 2) or sequentially (Figure 3).
424Each strategy has its own advantages. For example, more
425AFEX-CS was hydrolyzed in the simultaneous platform but
426fewer molar electron equivalents (ca. 86%) were recovered
427from the substrate that was hydrolyzed, as more of the
428fermentation byproducts were used as carbon sources and
429electron donors to sustain the growth of the anode biofilm. The
430simultaneous platform also simplifies MEC operation with the
431coinoculation of the strains, which reduces operational costs
432and the risk of contamination. On the other hand, a higher
433percentage of the electrons in the fermentation products were
434converted into electrical current (69%) in the sequentially
435inoculated MEC and less was diverted to support cell growth.
436However, fermentation byproducts such as succinate were left
437unutilized in the sequential platform, which could have had a
438feedback-inhibitory effect on sugar fermentation and hydrolysis
439efficiency.43

440The observation that C. uda biofilms formed on the AFEX-
441CS solids (SI Figure S1) suggested that nitrogen availability in
442the MEC medium limited growth. This CBP bacterium secretes
443free cellulases to degrade lignocellulose substrates. However,
444cell-associated cellulases are expressed when nitrogen becomes
445growth-limiting and function as cell adhesins for the specific
446colonization of cellulosic substrates.38 Although the biofilms
447continue to degrade the substrate, nitrogen limitation redirects
448fermentable sugars away from its fermentative metabolism and
449toward the synthesis of a Curdlan (β(1−3) glucan) biofilm
450matrix.38 Consistent with this, supplementing the MEC
451medium with excess nitrogen alleviated the growth limitation
452of C. uda and promoted the hydrolysis of AFEX-CS and
453ethanologenesis in the sequentially inoculated platform.
454Nitrogen supplementation of the growth medium was also
455reportedly necessary to increase ethanol yields and AFEX-CS
456hydrolysis efficiencies by the CBP microorganism C.
457phytofermentans, which the authors attributed to the high
458energy demand derived from the secretion of hydrolytic
459enzymes.14 Overall, nitrogen supplementation in the MECs
460resulted in 2-fold increases in energy recoveries from
461ethanologenesis alone (Figure 4). It also promoted the removal
462and electrical conversion of all the fermentation byproducts and
463further increased the total energy recoveries as ethanol and
464cathodic H2 to 73 (±1)% (Figure 4). Interestingly, nitrogen
465assimilation by C. uda stopped before all the available nitrogen
466was used (Figure 3C), suggesting that other factors limited the
467growth of the CBP partner in the MECs over time. As ethanol

Figure 4. Energy recoveries from AFEX-CS as ethanol (fermentation,
open columns) or ethanol and cathodic H2 (total, solid columns) in
MECs driven by C. uda (CU) or by cocultures of G. sulfurreducens and
C. uda inoculated simultaneously (GS+CU) or sequentially (GS→
CU). The sequential coculture labeled with a star (*) was grown in
medium supplemented with 35 mM NH4Cl.
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468 production was coupled to nitrogen assimilation (Figure 3C),
469 further optimization of culturing parameters is likely to improve
470 AFEX-CS hydrolysis and ethanol yields and the overall
471 performance of the platform.
472 The MEC platform fed with AFEX-CS and described herein
473 addresses the need to decouple bioenergy production from the
474 food supply, to reduce processing costs through the use of
475 lignocellulose substrates, and to carry out a single-step
476 hydrolysis and fermentation while minimizing the accumulation
477 of low-value fermentation byproducts that can also function as
478 feedback inhibitors.11 Relatively simple culturing approaches
479 such as nitrogen supplementation were sufficient to improve
480 the growth of the CBP partner and the electrical conversion of
481 waste fermentation products by the exoelectrogen in the MEC.
482 Further optimization of the culturing conditions shows promise
483 to increase the activity of the microbial catalysts so as to
484 improve the performance of the platform. This, and the
485 possibility of genetically engineering and/or adaptively evolving
486 the microbial catalysts for improved hydrolysis, saccharification,
487 and electrical conversion, suggests that the processing of
488 lignocellulose substrates in MECs can provide an economically
489 and environmentally attractive CBP technology for ethanol and
490 H2.
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