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Clostridium thermocellum releases coumaric
acid during degradation of untreated grasses
by the action of an unknown enzyme

Christopher D. Herring1,2,3 & Philip G. Thorne2 & Lee R. Lynd1,2,3

Received: 14 October 2015 /Revised: 20 December 2015 /Accepted: 26 December 2015
# Springer-Verlag Berlin Heidelberg 2016

Abstract Clostridium thermocellum is an anaerobic thermo-
phile with the ability to digest lignocellulosic biomass that has
not been pretreated with high temperatures. Thermophilic an-
aerobes have previously been shown to more readily degrade
grasses than wood. Part of the explanation for this may be the
presence of relatively large amounts of coumaric acid in
grasses, with linkages to both hemicellulose and lignin. We
found that C. thermocellum and cell-free cellulase prepara-
tions both release coumaric acid from bagasse and switch-
grass. Cellulase preparations from a mutant strain lacking
the scaffoldin cipA still showed activity, though diminished.
Deletion of all three proteins in C. thermocellum with ferulic
acid esterase domains, either singly or in combination, did not
eliminate the activity. Further work will be needed to identify
the novel enzyme(s) responsible for the release of coumaric
acid from grasses and to determine whether these enzymes are
important factors of microbial biomass degradation.
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Introduction

In most processes developed for conversion of lignocellulose
into fuels or chemicals, an intensive chemical or physical pre-
treatment step is included to increase the effectiveness of
added cellulase enzymes (Lynd et al. 1996, 2002; Yang and
Wyman 2008). Thermophilic anaerobic bacteria have an
often-overlooked ability to ferment recalcitrant biomass that
has not been pretreated (Yang et al. 2009; Kataeva et al. 2013;
Talluri et al. 2013; Basen et al. 2014; Chung et al. 2014;
Izquierdo et al. 2014; Paye et al. 2015). Strictly speaking,
the material in the above cited studies was sterilized by
autoclaving, which could be considered a minimal form of
pretreatment. The impetus of this study was to begin to deter-
mine the biochemical basis for degradation of minimally
pretreated material in Clostridium thermocellum. The obser-
vation of coumaric acid in cultures of C. thermocellum grow-
ing on autoclaved sugarcane bagasse led to an investigation of
this phenomenon and the role of genes encoding coumaric
acid esterases.

Roughly 40 % of plant biomass is cellulose, which is
compoundedwith lignin and hemicellulose, making up rough-
ly 25 and 20 % of plant biomass, respectively. The recalci-
trance of lignocellulose is due largely to the presence of lignin,
which has a highly complex, variable structure, with few en-
zymes that depolymerize it (Bugg et al. 2011; Paliwal et al.
2012; Pu et al. 2013). To the best of our knowledge, no en-
zymes have been described that depolymerize lignin anaero-
bically, yet anaerobic organisms like C. thermocellum have
evolved into specialists in the degradation of lignocellulose
in the environment. The phenolic compound coumaric acid
(Fig. 1) is ester-linked to both hemicellulose and lignin as well
as ether-linked to lignin (Scalbert 1985; Lam et al. 2001; Sun
et al. 2001; Wong 2006; Masarin et al. 2011). Coumaric and
ferulic acids are abundant plant constituents known as
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hydroxycinnamic acids. They are highly prevalent in grasses
but less prevalent or undetectable in wood (Hartley and Harris
1981; Sun et al. 2001). The ester- and ether-linked
hydroxycinnamic acids can be distinguished analytically
based on their liberation by mild or harsh alkaline hydrolysis
conditions, respectively (Scalbert 1985; Wong 2006).
Different grasses contain more or less of the hydroxycinnamic
acids; for example, bagasse contains 5–9 % coumaric acid
while maize bran contains 3 % ferulic acid (Saulnier et al.
1995; Masarin et al. 2011). Cross-l inks between
hydroxycinnamic acids, lignin, and carbohydrates are impli-
cated in recalcitrance (Grabber et al. 1998; Lam et al. 2003;
Siqueira et al. 2011).

It is largely unknown how cellulolytic anaerobes process
the hydroxycinnamic acids and other biomass components
other than cellulose and hemicellulose. Lignin is considered
an insoluble and unreactive component in most industrial lig-
nocellulose bioprocesses—it blocks access to the cellulose, so
it is physically and chemically disrupted by pretreament to
increase accessibility. It would be a mistake though to assume
that phenolic components are treated the same way during
biological lignocellulose degradation in nature. There are a
range of possible scenarios for phenolic components during
anaerobic degradation: (1) they remain as insoluble residue
after the microbes remove the carbohydrate, (2) all constitu-
ents are uniformly solubilized, and (3) some phenolic constit-
uents are solubilized and some are not. Relevant to this issue,
Kataeva et al. (2013) noted that proportions of constituents
were unchanged after fermentation of untreated switchgrass
and poplar, while Paye et al. (2015) found that the fraction of
carbohydrate decreased with increasing overall solubilization,
suggesting an enrichment of non-carbohydrates in the residue.

In studies of biomass degradation in the bovine rumen, it
was noted that up to half of the lignin in grass was solubilized
as lignin-carbohydrate complexes (Gaillard and Richards
1975). Further studies suggested that lignin solubilized in
the rumen was precipitated later in the bovine gut (Neilson
and Richards 1978). Coumaric acid is known to be released by
a group of enzymes called the ferulic acid esterases (FAEs; EC
3.1.1.73) (Crepin et al. 2004; Benoit et al. 2008; Koseki et al.
2009). These enzymes are active on the ester bonds of
hydroxycinnamic acids and have been identified in a variety
of fungi and bacteria. An FAE from Thermobacilus
xylanilyticus was shown to release phenolic acids from non-
pretreated biomass (Rakotoarivonina et al. 2011) and a com-
mercial enzyme mix containing FAE (Depol 740 L from
Biocatalysts Ltd., Wales, UK) has been shown to act as an
effective form of enzymatic pretreatment while generating a
potentially valuable coproduct (Akin 2007). C. thermocellum
digests cellulose using multienzyme complexes known as the
cellulosome, for which the central Bscaffoldin^ structure is
encoded by the gene cipA (Olson et al. 2013). Two FAE do-
mains have been described in C. thermocellum, both as com-
ponents of cellulosomal xylanases (Blum et al. 2000), and a
third domain is evident in the genome sequence (see Results).
To our knowledge, no enzymes have been described that
break the ether bond of coumaric acid to lignin.

The goal of this study was to search for non-carbohydrate
biomass components solubilized during anaerobic digestion
of untreated biomass. After identifying coumaric acid and
related hydroxycinnamic acids in culture broth, we then inves-
tigated the release of these components in fermentations and
enzymatic reactions. We hypothesized that genes encoding
FAEs would be necessary for release of coumaric acid.

4-Hydroxybenzaldehyde

Coumaric acid

Ferulic acid

nm

200 225 250 275 300 325 350 375

m
A
U

0

200

400

600

800

m
A
U

0

200

400

600

800

22.77 Min

nm

200 225 250 275 300 325 350 375

m
A
U

0

50

100

150

m
A
U

0

50

100

150

20.56 Min

nm

200 225 250 275 300 325 350 375

m
A
U

-25

0

25

50

75

m
A
U

-25

0

25

50

75

24.65 Min

Fig. 1 HPLC chromatogram from analysis of phenolic components in an
enzymatic hydrolysis of 10 g/L bagasse. The black line was hydrolyzed
with C. thermocellum cellulase, the green line with boiled cellulase, and

the red line had no enzyme addition. The identities and structures of the
three peaks are given, along with the absorption spectra (color figure
online)
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Materials and methods

Fermentations

Sugarcane bagasse, obtained from the University of Florida
(Gainesville, FL, USA), was washed and milled in a Wiley
knife mill to pass through a 2-mm screen. Switchgrass, ob-
tained from the University ofWisconsin (Madison,WI, USA),
was also milled to 2 mm. Sigmacell and Avicel purified cel-
lulose were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Substrates were placed in serum bottles at 10-g/L final
concentration with deionized water or water plus MOPS,
flushed with ultrapure nitrogen, then autoclaved for 20 min.
MTC medium components (Baskaran et al. 1995; Hogsett
1995) were then added. Inocula, grown in CTFUD (Olson
and Lynd 2012) were used at 10 % of the final volume.
Bottles were incubated shaking at 55 °C for up to 5 days,
but as few as 2 days in later experiments comparing strains
where complete solubilization was not necessary. Residual
solids were recovered by pouring bottle contents into
preweighed 50-ml conical tubes, then rinsing the bottles with
water and adding the rinsate to the same tubes. The tubes were
centrifuged, decanted, and then dried at 50–60 °C before
reweighing.

Enzymatic solubilizations

C. thermocellum cellulases were prepared by growing strain
ATCC 27405 on 5 g/L Avicel until early stationary phase. The
culture broth was left to settle overnight at 4 °C, then
decanted. The supernatant was concentrated fivefold using a
500-kDa filter in tangential flow filtration, then frozen until
needed. Before use, cellulosome preparations were centri-
fuged briefly then filter sterilized. Hydrolyses were performed
identically to fermentations (i.e., in sterile anaerobic serum
bottles) except that no inoculum was used.

Knockout mutations

Strains and plasmids are listed in Table 1. Gene knock-
outs were made essentially as described in (Olson and
Lynd 2012), using strain 1313 with genome sequence
accession number CP002416. Knockout plasmids were
made using the method of Gibson (2011). Plasmid
pDGO68 was digested with EcoRV, then mixed in a
Gibson reaction with PCR products of upstream, down-
stream, and internal homology regions of each targeted
gene, primers for which are given in Table 2. Plasmid
pDGO68 is derived from and is essentially the same as
pAMG258 (Olson and Lynd 2012), with minor modifi-
cations to enhance Gibson assembly. The Gibson
products were transformed into BL21 star chemically
competent cells (Invitrogen, Carlsbad, CA), and

resulting plasmids were digested with AatII and se-
quenced with primers X22190-X22193 to verify proper
construction. The knockout plasmids were transformed
into C. thermocellum strain M1354 (or into the subse-
quent single and double FAE knockouts); then the series
of selections were performed as described (Olson
and Lynd 2012), verifying clones at each step by PCR
using external, internal, and repB (X22996-X22997)
primers.

HPLC

High-performance liquid chromatography (HPLC) sepa-
rations and compound identifications were performed
using a Thermo-Fisher (Waltham, MA, USA) P2000
gradient pump, AS3000 autosampler, UV3000 scanning
UV detector (192–389 nm), with a YMC-Carotenoid
(C30) column, 3 μm, 4.6 mm× 150 mm at 0.3 mL/
min with the following gradient of 0.1 % formic acid
(A) and acetonitrile (B): t0min-97 %A, t5min-80 %A,
t27min-70 %A, t33min-40 %A, T33.2 min-97 %A.
Compound identities were confirmed by retention time
and spectral matching.

Analytical hydrolyses

Mild base hydrolysis was conducted with 0.5 M potassium
hydroxide at 60 °C for 1 h to release coumaric acid from ester
bonds. Strong base hydrolysis was performed by increasing
the molarity of base to 4M potassium hydroxide and repeating
the incubation at 60 °C for an additional hour to release
coumaric acid from ether bonds.

Results

Looking for solubilized lignin components, we analyzed
fermentation broth of C. thermocellum growing on sug-
arcane bagasse by HPLC using a C30 column designed
to analyze carotenoids. Figure 1 shows a typical chro-
matographic separation and the identities of the main
peaks. A large peak representing coumaric acid is ob-
served, along with lesser peaks of ferulic acid and 4-
hydroxybenzaldehyde. Table 3 shows the quantity of
coumaric acid measured in various fermentations. In an
early experiment (rows 1–3), no coumaric acid was ob-
served in a fermentat ion of purif ied cel lulose
(Sigmacell), while 77 mg/L was measured in a bagasse
fermentation. Only 7 mg/L was observed in a control
bagasse bottle with no inoculum. The amount of ba-
gasse and cells recoverable following fermentation was
less in the inoculated bottle; there was 33 % weight loss
compared to 7 % in the control. The weight loss in the
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control should be attributed to small amounts of solubi-
lization as well as incomplete recovery of the solids. We
measured the bagasse to contain 8.2 % coumaric acid
by weight. If 33 % of the total material was uniformly
solubilized, then we would expect to observe 271 mg/L
coumaric acid. Since we only measured 77 mg/L, the
results indicate that either coumaric acid is unstable or
partly consumed under the tested conditions or that
coumaric acid is not solubilized in proportion to overall
biomass solubilization.

In another experiment (Table 3, rows 4–8), bagasse or
switchgrass were fermented with either C. thermocellum,
an ethanologen strain of Thermoanaerobacterium
saccharolyticum (M1442), or a coculture of both. With just
C. thermocellum, more coumaric acid was released from
bagasse than from switchgrass. No coumaric acid or ferulic
acid was observed with either T. saccharolyticum or the
coculture, though other peaks were observed. To determine
the fate of coumaric acid in cultures containing T.
saccharolyticum, the organism was inoculated into media
containing 50 mg/L added coumaric or ferulic acid. Within
2 h, both compounds were eliminated and new peaks with
shorter retention times appeared and remained relatively
constant for the remainder of growth (data not shown).
The spectra of these new peaks were consistent with hydro-
genation of coumaric and ferulic acid to phloretic and
hydroferulic acid, respectively (Barthelmebs et al. 2000).

To determine whether the release of coumaric acid
was dependent on cellulosome structure, a mutant strain

of C. thermocellum lacking the scaffoldin CipA was
grown on bagasse (Table 3, row 9). Coumaric acid re-
lease and weight loss were less in the mutant, but great-
er than an uninoculated control, indicating that coumaric
acid release is not strictly dependent on cellulosomal
complexing. Since overall growth of this mutant is less
on cellulose (Olson et al. 2013), the lower coumaric
acid release may simply reflect less cell growth rather
than diminished coumaric acid release per se.

The most likely enzymes responsible for release of
coumaric acid in C. thermocellum are the FAEs. Two
have been documented in the literature as domains of
xylanases (genes 1313_1305 and 1313_2635). A third
FAE domain is present in gene 1313_2858, which is
roughly half the size of the other two genes and con-
tains just a cellulose binding module, FAE and dockerin
domain. All three genes carry dockerins, indicating their
possible inclusion in cellulosomes.

The three FAE domains were deleted, individually
and in combination. The deletions were targeted to only
the FAE domains so the other functions of those pro-
teins could remain intact. Figure 2 shows the results of
a PCR confirming all three deletions in triple FAE
knockout strain LL1099. The fragment internal to the
three deletions does not amplify in strain LL1099, while
the primers located external to the flanking homology
regions amplify a product smaller than that from the
parent strain. Table 3, rows 10–20, shows that the
amount of coumaric acid released and weight loss of

Table 1 Strains and plasmids
Strains KO1a KO2a KO3a KO4a Reference

E. coli BL21star Invitrogen (Carlsbad, CA, USA)

M1354 hpt Argyros et al. (2011)

M1442 T. saccharolyticum engineered ethanologen Lee et al. (2011)

M1668 hpt cipA Olson et al. (2013)

M5296 hpt 1313_1305 This study

M5297 hpt 1313_2635 This study

M5298 hpt 1313_2858 This study

M5676 hpt 1313_1305 1313_2635 This study

M5678 hpt 1313_1305 1313_2858 This study

M5680 hpt 1313_2635 1313_2858 This study

LL1099 hpt 1313_1305 1313_2635 1313_2858 This study

Plasmids

pMU3602 KO plasmid for gene 1313_1305 This study

pMU3603 KO plasmid for gene 1313_2635 This study

pMU3604 KO plasmid for gene 1313_2858 This study

pDGO68 Backbone plasmid for KO plasmid construction This study

pAMG258 Backbone plasmid for KO plasmid construction Olson and Lynd (2012)

a Strains of C. thermocellum contained between one and four knockout mutations, given here as KO1, KO2,
KO3, and KO4
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bagasse was essentially unchanged in the deletion
strains.

This lack of effect after deletion of the FAEs is pos-
sibly due to an unknown enzyme catalyzing the hydro-
lysis of ether linkages. To determine how much ether-
linked coumaric acid is present in our substrate, washed
bagasse substrate was subjected to mild base hydrolysis
to release coumaric acid from ester bonds and strong
base hydrolysis release courmaric acid from ether
bonds. Eighty percent of the coumaric acid came from
ester bonds and 20 % from ether bonds. Since only a
minority of the coumaric acid is ether-linked, a putative
etherase is unlikely to be responsible for coumaric acid
release in strain LL1099, and a search for other proteins
with esterase activity may be more fruitful.

Anaerobic enzymatic solubilization reactions were
performed to analyze the coumaric acid releasing activ-
ity. Cellulase preparations from C. thermocellum (in-
cluding cellulosomes and free cellulases) catalyzed the
release of coumaric acid (Table 4, rows 1, 5, 7). Filter-
sterilized enzyme was still active, indicating that cells
are not necessary. Boiling greatly diminished the activ-
ity (row 2 and Fig. 1).

The cellulosome dissociation method of Morag et al.
(1996) was tested in order to begin to identify an en-
zyme responsible for the activity. Table 4, rows 6–9,
shows that the dissociation method greatly reduced the
activity. Since a cipA(−) strain retains some activity
(Table 3, row 9), cellulosomal association is not re-
quired for activity. A more likely explanation for the

Table 2 Oligonucleotide primers

Primer number Descriptiona Sequenceb

X22166 Gene 1305 5′ flank F, 582 bp, up to aa 825 GACATTAACCTATAAAAATAGGCGTATCACGAGGCcagcgtagtggcatcgttta

X22167 Gene 1305 5′ flank R, 582 bp, up to aa 825 CTCAATCATGTTTTTCTTTCtgcggacaagggtttaaata

X22168 Gene 1305 3′ flank F, 624 bp, immediately after CDS TTAAACCCTTGTCCGCAgaaagaaaaacatgattgagtttgtaa

X22169 Gene 1305 3′ flank R, 624 bp, immediately after CDS CGGGCAAAAAAATCTTTTCCATGcCTATTCCCACccctttcccctgtcttcttc

X22170 Gene 1305 in. F, 520 bp, in last of gene CCCCATGCTTTAATACATACCTGGCCCAGTAGTTacggtgaacttgagcctttg

X22171 Gene 1305 in. R, 520 bp, in last of gene GCATTATCCCTGATTTTTTCACTACTATTAGacgtatccccaccagtgagt

X22172 Gene 1305 external F, 2051 bp in WT AATCCCAGAACGTTTGTTCC

X22173 Gene 1305 external R, 2051 bp in WT TCGTAACAAGACCGTCATAACC

X22174 Gene 2635 5′ flank F, 699 bp, 1 bp before start codon GACATTAACCTATAAAAATAGGCGTATCACGAGGCgcagcaggtgactgtaccaa

X22175 Gene 2635 5′ flank R, 699 bp, 1 bp before start codon CTGCCATTTGAAGGAAAtttctcctcctttttgatttatga

X22176 Gene 2635 3′ flank F, 569 bp, starting at aa 271 ATCAAAAAGGAGGAGAAAtttccttcaaatggcagatg

X22177 Gene 2635 3′ flank R, 569 bp, starting at aa 271 CGGGCAAAAAAATCTTTTCCATGcCTATTCCCACaaagagcctctcccgtaagc

X22178 Gene 2635 in. F, 551 bp, in first 800 bp of gene CCCCATGCTTTAATACATACCTGGCCCAGTAGTTaggccggcaagagtttattt

X22179 Gene 2635 in. R, 551 bp, in first 800 bp of gene GCATTATCCCTGATTTTTTCACTACTATTAGatgttgttggcaacgcaata

X22180 Gene 2635 ext F, 2217 bp in WT GATTGGCCTTGTCCCAAATA

X22181 Gene 2635 ext R, 2217 bp in WT TGCCGCTCCTATTTACATCC

X22182 Gene 2858 5′ flank F, 603 bp, ends 51 bp into gene GACATTAACCTATAAAAATAGGCGTATCACGAGGCgagtagccagcgctacaagc

X22183 Gene 2858 5′ flank R, 603 bp, ends 51 bp into gene CTCCTCCCTGGATAAGCtgctataagcaccaggcaaa

X22184 Gene 2858 3′ flank F, 584 bp starting at aa 254 GCCTGGTGCTTATAGCAgcttatccagggaggaggac

X22185 Gene 2858 3′ flank R, 584 bp starting at aa 254 CGGGCAAAAAAATCTTTTCCATGcCTATTCCCACttatatttccgtcgccgttt

X22186 Gene 2858 in. F, 540 bp, in first 607 bp of gene CCCCATGCTTTAATACATACCTGGCCCAGTAGTTtaaacatttcatcggcagca

X22187 Gene 2858 in. R, 540 bp, in first 607 bp of gene GCATTATCCCTGATTTTTTCACTACTATTAGaggtgttcggagctgaagaa

X22188 Gene 2858 external F, 2002 bp in WT AAAAGGGGCAGCAAGTTTTA

X22189 Gene 2858 external R, 2002 bp in WT TCCGCATTTATCAGGCTTGT

X22190 pDGO68 insert confirmation CACCTGACGTCTAAGAAA

X22191 pDGO68 insert confirmation TCTTTTCCTCTCTTTCGG

X22192 pDGO68 insert confirmation TTTAAACCCGCTGATCCT

X22193 pDGO68 insert confirmation GTTGTCTAACTCCTTCCT

X22996 repB from pMU102 Ctherm ATCGCTAATGTTGATTACTTTGAACTTCTGC

X22997 repB from pMU102 Ctherm TGAATCAAATCGCCTTCTTCTGTGTC

a Sizes given in base pairs (bp) are those of the generated PCR product
b Lowercase and uppercase letters are used to distinguish regions of the oligonucleotide that match either of the two sequences being joined by Gibson
assembly
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lack of activity after dissociation is that coumaric acid-
releasing enzymes were inactivated during the dissocia-
tion procedure.

Crude size fractionation with molecular weight cutoff
spin filters was performed with broth from the cipA(−)
strain M1668 (Table 4, rows 10–16). The fraction of pro-
tein >10 kDa showed marginally more activity than those
>50 or 100 kDa. A fraction >10 kDa but <50 kDa was
indistinguishable from a no-enzyme control. While identi-
fication of coumaric acid-releasing enzymes in M1668 cul-
ture supernatant may be possible, the low activity of

M1668 broth makes it challenging, particularly if the ac-
tivity requires multiple proteins.

Discussion

In this study, we sought to identify lignin components solubilized
during anaerobic fermentation of various grass feedstocks. The
cross-linking phenolic compound coumaric acid was identified
in culture broth, and efforts were undertaken to determine the

Table 3 Fermentations

Row Substrate Strain (C. thermocellum
unless noted)

Notes Hours Coumaric
acid (mg/L)

Std. dev. Weight
loss

Std.
dev.

1 Sigmacell WT 1313 120 0 95 %

2 Bagasse WT 1313 120 68.4 14.6 32 % 2 %

3 Bagasse None 120 9.2 3.0 8 % 1 %

4 Switchgrass WT 1313 pH 7.0 120 17.8 40 %

5 Switchgrass T. saccharolyticumM1442 pH 6.6 120 0 20 %

6 Switchgrass Coculture pH 7.0 120 0 34 %

7 Bagasse T. saccharolyticumM1442 pH 6.6 120 0 6 %

8 Bagasse Coculture pH 7.0 120 0 30 %

9 Bagasse cipA(−) strain M1668 120 39.1 14 %

10 Bagasse M5296 FAE 1305 KO 96 81.4 37 %

11 Bagasse M5297 FAE 2635 KO 96 76.8 30 %

12 Bagasse M5298 FAE 2858 KO 96 84.1 33 %

13 Bagasse M1354 Parent 96 89.7 33 %

14 Bagasse M5676 FAE 1305 and 2635 KO 72 44.3 0.8 27 % 2 %

15 Bagasse M5678 FAE 1305 and 2858 KO 72 56.8 1.8 33 % 3 %

16 Bagasse M5680 FAE 2635 and 2858 KO 72 46.6 5.3 27 % 1 %

17 Bagasse M1354 Parent 72 52 0.5 30 % 4 %

18 Bagasse LL1099 FAE 1305, 2635, and 2858 KO 48 31.5 2.8 28 % 1 %

19 Bagasse M1354 Parent 48 41.5 4.2 31 % 2 %

20 Bagasse None 48 12.4 0.4 12 % 6 %
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triple FAE knockout strain) and
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mechanism responsible for its release. The activity was deter-
mined to be enzymatic, heat-labile and at least partly independent
of the cellulosome. The most likely candidates for the responsible
enzymes, the FAEs, were deleted in C. thermocellum but the
activity was not eliminated. A recent study (Tan et al. 2013) iden-
tified the affinity of various extracellular binding proteins for
coumaric acid. While those proteins do not have homologues in
C. thermocellum, the methods may be useful in identifying novel
candidates for the undiscovered coumaric releasing enzyme.

The observation of coumaric acid being released during fer-
mentation of grass suggested that at least some phenolic com-
ponents were being solubilized. In previous studies, switch-
grass was solubilized more than wood (Yang et al. 2009; Paye
et al. 2015). Incidentally, hydroxycinnamic acids are present in
much higher amounts in grass than in wood (Hartley and Harris
1981; Sun et al. 2001) and form cross-links between lignin and
hemicellulose (Grabber et al. 1998; Lam et al. 2001, 2003;
Siqueira et al. 2011). It seems plausible that coumaric acid-
releasing activity may be a key component of the ability of C.
thermocellum to digest minimally pretreated lignocellulose.
FAEs such as Depol 740L (Biocatalysts Ltd., Wales, UK) are
commercially available, but there has only been limited inves-
tigation of their efficacy with untreated substrates or their ability
to replace conventional pretreatment (Akin 2007).

The commercial production of cellulosic ethanol is challeng-
ing given the large amount of capital investment required
(Gnansounou and Dauriat 2010). Pretreatment is a major com-
ponent of capital costs and affects the process economics
(Kumar and Murthy 2011), and we expect that elimination of
pretreatment entirely would greatly improve the cost of ethanol
production. The generation of other coproducts is also likely to

improve the economics (Gnansounou and Dauriat 2010).
Coumaric acid has been recognized as a potentially valuable
product as an antioxidant, antimicrobial, and as a precursor to
flavoring agents (Mathew and Abraham 2004; Wong 2006;
Benoit et al. 2008; Koseki et al. 2009; Shin et al. 2011).
Copolymers of the Bphytomonomers^ coumaric and caffeic acid
have been shown to have high mechanical strength and could be
developed as rapidly biodegradable bioplastics (Kaneko et al.
2006). Further study to determine the genetic and enzymatic
basis of coumaric acid release will be useful to understand mi-
crobial depolymerization of untreated lignocellulose and may
help facilitate the development of economically and environ-
mentally sustainable fuels.
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Table 4 Anaerobic, enzymatic solubilization of biomass

Row Substrate Enzyme Hours Coumaric acid (mg/L) Std dev. Weight loss Std dev.

1 Bagasse WT C. thermocellum enzyme 96 26.9 1.5 15 % 2 %

2 Bagasse Boiled WT C. thermocellum enzyme 96 17.1 0.6 8 % 2 %

3 Bagasse No enzyme 96 11.3 0.5 9 % 2 %

4 Switchgrass WT C. thermocellum enzyme 18 8.6 33.6 %

5 Bagasse WT C. thermocellum enzyme 18 13.8 27.1 %

6 Bagasse None 120 12.8 17 %

7 Bagasse WT C. thermocellum enzyme 120 42.3 37 %

8 Bagasse Filter-sterilized WT C. thermocellum enzyme 120 28.7 28 %

9 Bagasse Dissociated, filter-sterilized WT C. thermocellum enzyme 120 11.7 11 %

10 Bagasse None 72 9.1 n/d

11 Bagasse M1668 broth >10 kDa 72 13.0 n/d

12 Bagasse M1668 broth >50 kDa 72 10.3 n/d

13 Bagasse M1668 broth >100 kDa 72 10.2 n/d

14 Bagasse None 120 15.2 n/d

15 Bagasse M1668 broth > 10 kDa and < 50 kDa 120 13.7 n/d

16 Bagasse Filter-sterilized WT C. thermocellum enzyme 120 23.9 n/d
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