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Abstract Anaerobic fermentation is an environmentally sus-
tainable technology for converting a variety of feedstocks to
biofuels and bioproducts. Considering the complex nature of
lignocellulosic hydrolysates, we aimed to investigate product
formation from corn stover hydrolysates by using microbial
communities under anaerobic conditions. A community de-
veloped from lake sediment was able to produce lactic acid
from only glucose in the raw or overlimed hydrolysates.
Another community from an anaerobic digester, however,
was capable of using all hexose and pentose sugars in the
raw and undetoxified hydrolysates and released lactic acid at
26.76 g/L. A pure acetogen, Clostridium carboxidivorans P7,
was able to grow on the raw and overlimed hydrolysates, too.
But the consumption of sugars was minimal and the total
released acid concentrations were less than 2 g/L. Next gen-
eration sequencing of the enriched community derived from
the anaerobic digester revealed the presence of Lactobacillus
strains. The predominant species were Lactobacillus
parafarraginis (72.6%) and L. buchneri (13.4%). Product titer
from using this enriched community can be further enhanced
by cultivating at fed-batch or continuous fermentation modes.
Results from this study widened the door for producing

valuable products from lignocellulosic feedstocks through
using mixed cultures.

Keywords Anaerobicfermentation .Lacticacid .Clostridium
carboxidivorans P7 .Microbial community . Corn stover
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1 Introduction

Lignocellulosic materials represent a renewable feedstock for
the sustainable production of biofuels and bio-based products.
This concept has received unprecedented attention during re-
cent years as a viable alternative for producing fuels and
chemicals replacing those from nonrenewable resources [1].
For this purpose, thermochemical conversion, such as gasifi-
cation [2, 3], pyrolysis [4–6], and hydrothermal liquefaction
[7–9], has been studied. To convert biomass feedstocks to the
final products of fuels and chemicals biochemically, a three-
step approach is commonly adopted [10, 11]. This three-step
approach involves pretreatment, enzymatic hydrolysis, and
fermentation. In order to release sugars out of cellulosic bio-
mass, successful pretreatment generally requires high temper-
ature, and/or pressure, and/or strong chemicals. These severe
and harsh pretreatments result in the formation of a wide va-
riety of compounds that have been proven to be toxic to
fermenting microorganisms. To alleviate this issue, pretreat-
ment techniques that are mild but effective have been explored
extensively. However, even though some pretreatment
methods are better than the others, the resulting hydrolysates
still contain hundreds of compounds that are derived from
degradation of sugars and lignin during the pretreatment step
and are potentially inhibitory to downstream processes [11]. In
addition, the toxic effect of individual inhibitors is exacerbat-
ed by synergistic effects with other toxic feedstock
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components as well as fermentation products [12–14].
Certainly, the hydrolysates can be detoxified through various
approaches, but this one- or multiple-step detoxification adds
cost to the final desired products and decreases the overall
energy efficiency.

Besides the presence of inhibitors, such as weak acids
(formic acid, acetic acid, levulinic acid), furan derivatives
(furfural, 5-hydroxymethyfurfual), and numerous phenolic
compounds [15], the hydrolysate is a mixture of hexoses and
pentoses. Over the years, a significant effort has been dedicat-
ed to identifying microorganisms that can utilize all C5 and
C6 sugars and engineering well-studied and well-established
microbes to possess this function. Although huge progresses
have been made in this field, direct fermentation of lignocel-
lulosic hydrolysates still faces great challenges on achieving
product titers that are economically viable.

To address this challenge and consider the complex com-
position of the biomass hydrolysates, different fermentation
schemes, such as using co-cultures or microbial communities,
have been on the rise [16]. On the one hand, diverse anaerobic
microbiota has been demonstrated to be stable and resilient.
The community structure dictates its performance, and the
operating conditions affect structure [17]. On the other hand,
using mixed microbial cultures may be more favorable than
using pure cultures in both economic and environmental terms
[18, 19]. In this case, different microorganisms can choose to
utilize different compounds and the synergism among them
can make the community robust and tolerate the presence of
toxic compounds and/or system disruptions. Thus, in the
study reported here, we investigated the feasibility of
fermenting corn stover hydrolysates through use of two mi-
crobial communities. Performances of these two communities
were compared to that of a pure acetogen, Clostridium
carboxidivorans P7. The reason for studying this P7 strain lies
in two facts. First, this acetogen can utilize both glucose and
xylose in addition to other simple sugars [20]. Second, to the
best of our knowledge, this P7 strain has not been tested on
producing acids from lignocellulosic sugars. Among the two
communities and the pure acetogen, the enriched community
that gave the highest yield of products was sequenced to re-
veal its microbial structure. Dominant species that may be
responsible for the products were identified.

2 Materials and methods

2.1 Microorganisms and inoculum preparation

Clostridium carboxidivorans P7 was maintained in DSMZ
medium 339a (Wilkins-Chalgren anaerobic broth, referred to
as W-C broth in later sections) or ATCC Medium 2713 at
35 °C. The W-C broth contained the following (per liter):
tryptone, 10.0 g; gelatin peptone, 10.0 g; yeast extract, 5.0 g;

glucose, 1.0 g; sodium chloride, 5.0 g; L-arginine, 1.0 g; sodi-
um pyruvate, 1.0 g; menadione, 0.0005 g; and hemin, 0.005 g.
One microbial community was collected from an anaerobic
digester at Northwest Wastewater Treatment Plant in
Carbondale, IL, USA. The other one was sampled from the
lake sediment in Campus Lake of Southern Illinois University,
Carbondale, IL, USA. Once samples arrived in the lab anaer-
obically, an aliquot of 2 g of each was added separately to
50 mL of the W-C broth in a 120-mL sterile serum bottle.
The bottles were then capped with butyl rubber stoppers,
sealed with aluminum crimp, and left on a shaker at
100 rpm overnight at 25 °C. The resulting microbial commu-
nities were used in the studies described below.

2.2 Corn stover pretreatment and enzymatic hydrolysis

Corn stover harvested in Hurley County (South Dakota, USA)
was processed for this study. The pretreatment was carried out
at the National Renewable Energy Laboratory (NREL) and
processed with the deacetylation and disk refining (DDR)
process [21]. Initially, the corn stover was knife milled to pass
through a 19-mm (0.75-in.) round screen. Deacetylation, for
the purpose of removing acetic acid, was then performed in a
1900-L paddle mixer (American Process Systems, Gurnee,
Illinois, USA), which contained dry corn stover (100 to 120
dry kg) in a dilute 0.1 M sodium hydroxide solution with a
solid to liquid ratio of 1:12 at 80 °C for 2 h. Following
deacetylation, washing, and dewatering, the deacetylated corn
stover was shipped to the Andritz R&D facility in Springfield,
Ohio, and mechanically refined there in a commercial-scale
disk refiner (sprout model 401 36-in.). Corn stover particles
after the DDR processes were hydrolyzed by commercial cel-
lulase and hemicellulase products at 48 °C for 96 h in a 9-L
roller bottle. The liquid supernatant after enzymatic hydrolysis
was separated through centrifugation and used in this study as
detailed below.

2.3 Corn stover hydrolysates overliming

Overliming the corn stover hydrolysates was conducted sim-
ilarly to what was reported [22]. Briefly, solid Ca(OH)2 was
added to the hydrolysates little by little until the pH reached
10. The whole content was then heated to 50 °C for 30 min
followed by centrifugation to separate solids from liquid. The
pH of the supernatant was lowered to pH 6.0 by adding con-
centrated HCl. Following pH adjustment, the liquor was
passed through 0.2-μm sterile filters and stored at 4 °C for
later use.

2.4 Anaerobic fermentation

Both C. carboxidivorans P7 and the two microbial communi-
ties were cultivated on either raw (untreated) or overlimed
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hydrolysates. Both hydrolysates were tested at either 50 or
25% of the final culture volumes. Each testing condition had
three replicates. Thus, a total of 36 reactors were established.
Each reactor (120-mL serum bottle) comprised inoculum at
10%, hydrolysa tes a t e i ther 50 or 25%, and 2-
bromoethanesulfonate (BES) at 10 mM for inhibiting methan-
ogenic activities. All of these percentages were based on the
final total volume of 50mLwhichwas met by adding different
volumes of the W-C broth . Reactors contain ing
C. carboxidivorans were purged with N2 for around 20 min
to drive out air. This purging step was not performed for the
other reactors. For those that had C. carboxidivorans or the
community from the anaerobic digester, a cultivation temper-
ature of 35 °C was used. Regarding those with the community
from the lake sediment, all reactors were maintained at 28 °C.
All reactors were static without shaking. Once the reactors
were set up, 1 mL sample withdrawn from each bottle was
subjected to measurement of optical density (OD) at 660 nm.
At other time points, the same ODmeasurement was conduct-
ed for each reactor together with measurement of gas
produced.

For those reactors that had the highest cell growth based on
the OD measurements, a portion of the cultures was further
transferred to enrich microorganisms that could grow on raw
corn stover hydrolysates without the supplementation of the
W-C broth. The anaerobic digester community was trans-
ferred four times, but cell growth after the third transfer was
not satisfactory. The lake sediment community was trans-
ferred three times, but the third time transfer did not lead to
much cell growth. Therefore, cultures resulting from the sec-
ond and first transfer were used to make glycerol stocks (20%
glycerol) for long-term storage for the anaerobic digester and
the lake sediment community, respectively. Cultures devel-
oped from these frozen stocks were used in later studies for
identification of the fermentation products. The experimental
setups were essentially the same as those for the original
communities.

2.5 DNA extraction and sequencing

To understand the microbial composition of the enriched com-
munity derived from the anaerobic community, the whole
contents in reactors containing this community were subjected
to DNA extraction through use of a PowerWater DNA
Extraction Kit (Mo Bio, Carlsbad, CA, USA). Following ex-
traction, the DNA samples were quantified and evaluated
through use of a NanoDrop spectrophotometer. Three DNA
samples with excellent quality (A260/A280 1.8–2.0) and high
concentrations (30–50 ng/μL) were sent for sequencing ac-
cording to procedures reported [23]. In short, to understand
the overall diversity of the microbial population, the 16S
rRNA gene V4 variable region PCR primers 515/806 [24]
were used. Single-step PCR using the HotStarTaq Plus

Master Mix Kit (Qiagen, Valencia, CA, USA) was performed
under these conditions: 94 °C for 3 min; 28 cycles of 94 °C for
30 s, 53 °C for 40 s, and 72 °C for 1min; and a final elongation
step at 72 °C for 5 min. Sequencing was conducted at
Molecular Research (Shallowater, TX, USA) on an Ion
Torrent PGM following the manufacturer’s guidelines.
Sequence data (15–20,000 reads/assay) were processed using
a proprietary analysis pipeline (Molecular Research,
Shallowater, TX, USA). In summary, barcodes, primers, se-
quences <150 bp, and sequences with ambiguous base calls
and with homopolymer runs exceeding 6 bp were removed.
Following this removal, sequences were denoised, chimeras
were removed, and operational taxonomic units (OTUs) were
generated. OTUs were defined by clustering at 3% divergence
(97% similarity) [25, 26]. Final OTUs were taxonomically
classified using BLASTn against a curated Greengenes data-
base [27] and compiled into each taxonomic level into both
Bcounts^ and Bpercentage^ files. Counts files contain the ac-
tual number of sequences while the percent files contain the
relative (proportion) percentage of sequences within each
sample that map to the designated taxonomic classification.

2.6 Analytical methods

Concentrations of sugars (glucose, xylose, arabinose) and
products (lactic acid, ethanol, formic acid, acetic acid, and
butyric acid) in samples were determined by HPLC
(Shimadzu Scientific Instrument, Inc. Columbia, MD, USA)
through establishing an external calibration curve for each
target compound. This HPLC had a refractive index detector
and used anAminexHPX-87 column (5μm, 30 cm× 4.6 mm,
Bio-Rad, CA, USA). This column was installed in an oven set
at 35 °C. Sulfuric acid at 0.005 M was used as the mobile
phase with a flow rate of 0.6 mL/min. The injection volume
was 20 μL.

Newly generated gas volumewas measured periodically by
inserting a needle to the headspace in each reactor. The needle
was connected to a syringe so that the exact volume can be
read [28]. Headspace gas content in reactors was analyzed by
a 4900 Micro GC (Agilent, Santa Clara, CA, USA), equipped
with a M5A molecular sieve column (10 m) and a thermal
conductivity detector. The carrier gas was helium. During
sampling analysis, the column was maintained at 50 °C.

3 Results

3.1 Corn stover hydrolysates

After deacetylation, disk refining, and enzymatic hydrolysis,
the corn stover hydrolysates consisted of glucose,
87.1 ± 4.5 g/L; xylose, 58.3 ± 4.2 g/L; arabinose,
1.8 ± 0.0 g/L; and lactic acid, 9.8 ± 2.5 g/L. Extensive analyses
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of the hydrolysates by HPLC did not reveal the presence of
common fermentation inhibitors, such as furfural, 5-
hydroxymethylfurfual, acetic acid, or formic acid. Thus, the-
oretically, this sugar syrup is readily fermentable. However,
considering the possible presence of other compounds that
were not detected by HPLC, we tried to use overliming to
remove some unknown compounds that might be inhibitory
to the tested microbes in this study. After overliming, the
hydrolysates contained 81.1 ± 0.04 g/L of glucose,
53.9 ± 0.2 g/L of xylose, 1.8 ± 0.03 g/L of arabinose, and
7.8 ± 0.5 g/L of lactic acid. Thus, this simple treatment did
not lead to much concentration decrease for major compounds
in the original hydrolysates.

3.2 Anaerobic fermentation: C. carboxidivorans

Although C. carboxidivorans did not grow on the raw hydro-
lysates without the supplementation of the W-C broth, it did
thrive on the untreated and treated hydrolysates when theW-C
broth was provided at 50 or 25% (v/v) of the total. Without a
lag phase, the cells under different conditions all entered a
stationary phase after 2 days (Fig. 1a). This cell growth was
supported by glucose and xylose consumption even though
the sugar utilization was minimal (Fig. 1b). As a result of cell
growth, three products, formic acid, acetic acid, and butyric
acid, were observed. The total net acid concentrations on day
8 were 1.39, 1.71, 1.77, and 1.78 g/L for raw hydrolysate at
50%, raw hydrolysate at 25%, overlimed hydrolysate at 50%,
and overlimed hydrolysate at 25%, respectively. Among the
three acidic products, acetic acid was the dominant one under
different cultivation conditions. As a consequence of acid pro-
duction, the culture pH all decreased in the first 2 days. In light
of the fact that there was no difference in product titers in
terms of content of raw or treated hydrolysates in the reactors,
the hydrolysate itself did not pose any toxic effect to
C. carboxidivorans. The low yield of products could be very
possibly due to product feedback inhibition or low pH.

3.3 Anaerobic fermentation: microbial community
derived from the lake sediment

For the microbial community developed from the lake sedi-
ment, it did grow on both raw and overlimed hydrolysates at
different contents (Fig. 2a). Within the 8-day experimental
period, it was apparent that the community with raw hydroly-
sates at 50% had less cell growth compared with the others.
Among the three sets with raw hydrolysates at 25%, with
overlimed hydrolysates at either 50 or 25%, the difference
on microbial growth was not significant. pH of all reactors
decreased with time. For those with overlimed hydrolysates
at 50%, their pH dropped from 5.67 to 4.04 (Fig. 2a).

As a result of cell growth, glucose concentration decreased
to zero in 8 days for the three reactors with overlimed

hydrolysates at 50% (Fig. 2b). This was not the case for xylose
and arabinose. Concentrations of these five-carbon sugars
remained the same during the experimental period. Two prod-
ucts were observed. Concentration of lactic acid which was
initially in the hydrolysates increased from 3.13 to 12.09 g/L
in 2 days but basically stayed the same after day 2. Ethanol
was not detected until day 5 when its concentration was
7.13 g/L. Within 4 days, its concentration increased to
13.12 g/L. The total product yield was 0.77 g (lactic acid +
ethanol) per gram of glucose.

3.4 Anaerobic fermentation: microbial community
derived from the anaerobic digester

This microbial community derived from the anaerobic digest-
er grew well on either raw or overlimed hydrolysates at dif-
ferent contents (data not shown). The mixed cells grown on
raw hydrolysates at 25% were further transferred to enrich
cells that could thrive on raw hydrolysates at 100%. As shown
in Fig. 3a, the mixed community did grow on the untreated
hydrolysates accompanied by a pH decrease with time.
However, the growth was not as good as those when the raw
hydrolysates were used at 50% with the W-C broth
supplemented.

On raw hydrolysates at 100%, the mixed cells utilized all
sugars (Fig. 3b). Glucose concentration decreased mainly dur-
ing the first 2 days and remained the same in the days after.
Arabinose at a day 0 concentration of 1.57 g/L was completely
consumed in 2 days. Xylose, however, was utilized steadily.
Its concentration decreased from 51.05 to 44.72 g/L in 7 days.
Three products were detected. Lactic acid, acetic acid, and
ethanol had a final concentration of 16.39, 3.79, and 0.76 g/
L, respectively. Adding all products together, the product yield
was 1.21 g/g sugars.

The same enriched community was also tested on raw hy-
drolysates at 50%. Similarly, all three sugars were used by the
cells (Fig. 3c). Both glucose and xylose concentrations steadi-
ly decreased with time while arabinose was consumed in
2 days. In this experiment, ethanol was not detected. The
two products, lactic acid and acetic acid, had a concentration
of 26.76 and 1.59 g/L, respectively. Yield of products was
calculated as 1.33 g/g sugars.

3.5 Microbial composition of the enriched community
from the anaerobic digester

Based on results from the next generation DNA sequencing,
the enrich community comprised only bacteria, but no archae-
al species. Within the kingdom of bacteria, genera
Lactobacillus and Lactococcus were 97.82 ± 2.71% and
1.74 ± 2.11%, respectively. The other genera were all less than
1%. The predominant species were Lactobacillus
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parafarraginis (72.64%), L. buchneri (13.45%),
Lactobacillus spp. (5.83%), and L. lactis (1.74%) (Fig. 4).

4 Discussion

Clostridium carboxidivorans P7was initially isolated from an
agricultural settling lagoon after enrichment with CO as the
substrate [20]. It has been studied intensively regarding syn-
gas fermentation for producing butanol, ethanol, acetate, and
butyrate [29–34]. This strain was reported to grow on glucose,
xylose, and other sugars, but its growth and performance on
lignocellulosic hydrolysates have not been demonstrated to
the best of our knowledge. In this study, this strain did grow
on the raw hydrolysates and produced acids when the W-C

nutrient broth was supplemented. Releasing formic acid by
this acetogen has not been reported before. The fact that this
strain can utilize both glucose and xylose simultaneously
makes it an ideal acetogen for producing acids from sustain-
able lignocellulosic sugars. In order to improve the product
yield, fed-batch or continuous cultivation mode needs to be
explored to alleviate negative effects from the acidic products
and the low pH.

Compared with the P7 strain, much higher product titers
were observed from the two communities. Themicrobial com-
munity derived from the lake sediment did grow on the raw
hydrolysate when it was used at 50%. But further enrichment
to develop a consortium that can survive on the raw hydroly-
sate alone was not successful. Use of the overlimed hydroly-
sates at 50% led to the production of lactic acid followed by
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ethanol. All of this product release was based on glucose con-
sumption. Since pentose sugars were not consumed, we did
not profile the structure of this microbial community.

In contrast to the lake sediment community, the one
developed from the anaerobic digester did show good
growth on the raw hydrolysate alone at 100% after three
transfers. All three sugars were utilized with the appear-
ance of three products. Among the three, lactic acid,
acetic acid, and ethanol was 78.25, 18.10, and 3.65%,
respectively, of the total final titer of 20.95 g/L at day 7.
When the same enriched community was cultivated on
raw hydrolysates at 50%, only two products were
observed. At day 8, lactic acid and acetic acid were
94.39 and 5.61%, respectively, of the final titer of
28.35 g/L. Thus, the presence of nutrients boosted the
metabolic activities of the enriched community and result-
ed in a simpler product profile.

The enriched community from the anaerobic digester was
primarily dominated by lactic acid bacteria (LAB). The top
species, L. parafarraginis, is known to have the capability of
consuming glucose and xylose and produce lactic acid, etha-
nol, and acetic acid [35]. But simultaneous utilization of these
two sugars has not been demonstrated. The second species,
L. buchneri, is reported to possess a relaxed carbon catabolite
repression mechanism and has the potential to consume both
C5 and C6 sugars simultaneously [36, 37]. Other top species,
such as L. lactis and L. brevis, have been shown to be pentose
sugar consumers [38–40]. Thus, the enriched community
contained a rich group of LAB that can utilize all biomass-
derived sugars simultaneously. In addition, the yield (g
products/g sugars) of being larger than 1 indicated that this
community may possibly be able to utilize other nonsugar
compounds in the hydrolysates while tolerating toxicity from
a host of unknown toxic chemicals.
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The highest concentration of lactic acid detected in
this study was 26.76 g/L from the enriched community
derived from the anaerobic digester. This titer obtained
when the community was cultivated on the raw hydro-
lysates (50%) with W-C broth (50%) provided was cer-
tainly not high when compared with more than 100 g/L
obtained from pure glucose and/or xylose mixtures [41].
But considering that (1) the cultural pH was not con-
trolled during batch fermentation and the low pH of
around 4.0 certainly affects cellular activities negatively
and (2) the presence of unknown fermentation inhibitors
from corn stover pretreatment is highly likely, the lactic
acid yield we observed from this study is reasonable.
This product titer compares well with the most recent
reported data obtained from Bacillus coagulans
GKN316 on biomass sugars. This mutant was developed
through atmospheric and room temperature plasma
(ARTP) mutation and evolution [42]. When this
engineered strain was cultivated on corn stover
prehydrolysates, lactic acid at 23.49 g/L was obtained
[43]. When it was grown on condensed corn stover
hydrolysates, such as condensed acid-catalyzed
steam-exploded hydrolysate (CASEH), condensed acid-
catalyzed liquid hot water hydrolysate (CALH), and
condensed acid-catalyzed sulfite hydrolysate (CASH),
the lactic acid concentration was 45.39, 16.83, and
18.71 g/L respectively. All of these hydroysates were
concentrated in a rotary evaporator at 60 °C and
160 mbar. This condensation step might have evaporat-
ed some volatile compounds that may be inhibitory to
the target strain. However, even without considering this
possible detoxification step, the naturally enriched
community reported in this study is competitive in
converting sugars in untreated hydrolysates directly to
commercially valuable compounds. The product yield
can be further enhanced by controlling pH at an optimal

range and cultivate the community at fed-batch or con-
tinuous modes.

Lactic acid is widely used in food, pharmaceutical, cosmetic,
and chemical industries [44]. Recently, considering the fact that
lactic acid can serve as a precursor for poly-lactic acid which is
biodegradable and biocompatible and can replace nondegradable
plastics derived from crude oil [45, 46], this compound has
attracted renewed interest. Production of lactic acid has generally
been achieved by fermentation of starch-based materials and
sugars through use of LAB. LAB can release lactic acid from
glucose at 100% of theoretical yield through the pentose phos-
phate pathway. However, most LAB are short of the capability to
utilize xylose [41, 47]. The only exceptions are Lactobacillus
pentosus [48–50], L. bifermentans DSM 20003 [51], L. brevis
[38], L. plantarum [52], Leuconostoc lactis [53], Leuconostoc
lactis [54], and Enterococcus mundtii QU 25 [55]. These strains
are known to metabolize pentose sugars via the phosphoketolase
pathway [50, 53]. Among these known pentose-utilizing strains,
only L. brevis was identified in the enriched community. Thus,
this community may comprise novel LABs that can grow on
xylose. Whether this is true or not, results from this study wid-
ened the door for producing lactic acid from renewable lignocel-
lulosic materials through using mixed cultures.

In summary, this is the first study to demonstrate that
C. carboxidivorans P7 can utilize biomass sugars and release
acids. It is also the first study of its kind to use microbial
communities for converting biomass hydrolysates to products
to the best of our knowledge. In particular, the combination of
the pretreatment scheme described here and the microbial com-
munity developed from the anaerobic digester addressed two
bottlenecks that persist in converting lignocellulose to com-
modities. These two challenges are how to efficiently release
fermentable sugars and how to utilize pentose sugars effective-
ly. As discussed above, product titers from either the pure
acetogen or the microbial community can be further improved
by adopting fed-batch or continuous cultivation modes.

72.64

13.42

5.83

1.74 1.42

1.31
1.20 2.45

Lactobacillus parafarraginis Lactobacillus buchneri Lactobacillus spp. Lactococcus lactis

Lactobacillus equicursoris Lactobacillus brevis Lactobacillus fermentum Others

Fig. 4 Percentage distribution of microorganisms in the enriched community from the anaerobic digester
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5 Conclusion

Clostridium carboxidivorans P7 was able to grow on corn
stover hydrolysates when the W-C broth was supplemented.
Limited growth on glucose and xylose led to release of formic
acid, acetic acid, and butyric acid. The microbial community
derived from the lake sediment was able to grow on only
glucose in the raw or overlimed hydrolysates and resulted in
the formation of lactic acid and ethanol. The enriched com-
munity from an anaerobic digester utilized glucose, xylose,
and arabinose in the raw hydrolysates and gave mainly lactic
acid as the final product. This enriched community is primar-
ily dominated by Lactobacillus parafarraginis.
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