J Ind Microbiol Biotechnol (2016) 43:807-816
DOI 10.1007/s10295-016-1756-4

N
@ CrossMark

FERMENTATION, CELL CULTURE AND BIOENGINEERING

SIMB

Society for Industrial Microbiology
and Biotechnology

Fermentation of lignocellulosic sugars to acetic acid by Moorella

thermoacetica

Mandana Ehsanipour! - Azra Vajzovic Suko! - Renata Bura!

Received: 31 October 2015 / Accepted: 29 February 2016 / Published online: 18 March 2016

© Society for Industrial Microbiology and Biotechnology 2016

Abstract A systematic study of bioconversion of ligno-
cellulosic sugars to acetic acid by Moorella thermoacetica
(strain ATCC 39073) was conducted. Four different water-
soluble fractions (hydrolysates) obtained after steam pre-
treatment of lignocellulosic biomass were selected and
fermented to acetic acid in batch fermentations. M. ther-
moacetica can effectively ferment xylose and glucose in
hydrolysates from wheat straw, forest residues, switch-
grass, and sugarcane straw to acetic acid. Xylose and glu-
cose were completely utilized, with xylose being consumed
first. M. thermoacetica consumed up to 62 % of arabinose,
49 % galactose and 66 % of mannose within 72 h of fer-
mentation in the mixture of lignocellulosic sugars. The
highest acetic acid yield was obtained from sugarcane
straw hydrolysate, with 71 % of theoretical yield based on
total sugars (17 g/L acetic acid from 24 g/L total sugars).
The lowest acetic acid yield was observed in forest resi-
dues hydrolysate, with 39 % of theoretical yield based on
total sugars (18 g/L acetic acid from 49 g/L total sugars).
Process derived compounds from steam explosion pretreat-
ment, including 5-hydroxymethylfurfural (0.4 g/L), furfural
(0.1 g/L) and total phenolics (3 g/L), did not inhibit micro-
bial growth and acetic acid production yield. This research
identified two major factors that adversely affected acetic
acid yield in all hydrolysates, especially in forest residues:
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(i) glucose to xylose ratio and (ii) incomplete consumption
of arabinose, galactose and mannose. For efficient biocon-
version of lignocellulosic sugars to acetic acid, it is impera-
tive to have an appropriate balance of sugars in a hydro-
lysate. Hence, the choice of lignocellulosic biomass and
steam pretreatment design are fundamental steps for the
industrial application of this process.

Keywords Acetic acid - Lignocellulosic sugars -
Moorella thermoacetica - Steam explosion

Introduction

The current global interest in renewable resources and
biorefineries has created momentum and new opportunities
in the area of biochemical manufacturing. In order for cur-
rent biorefineries to be competitive with legacy-based fossil
fuel technologies, a more efficient process for the produc-
tion of bio-based chemicals needs to be developed. One
such bio-based chemical is acetic acid, an important car-
boxylic acid with a broad spectrum of industrial and house-
hold applications, including polymers, paints, foods and
pharmaceuticals. Acetic acid is a major building block for
chemicals such as polyvinyl and cellulose acetate, which is
further used in the production of fibers and fabrics [19].
Currently, more than 65 % of global acetic acid manu-
facturing processes are based on methanol carbonylation
utilizing rhodium complex (rhodium iodides) catalyst [19,
41]. Other procedures involve oxidation of acetaldehyde,
liquid phase oxidation of n-butane or naphtha, and chemi-
cal conversion of syngas produced through gasification of
coal [12]. The United States’ acetic acid production is 788
MM gal/year with spot market price at $2.50 per gallon [7,
12]. In comparison, bioethanol production is 15,135 MM
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gal/year [6] with a price of $1.80 per gallon [14]. Hence,
production of acetic acid, a high-value commodity pro-
duced through bioconversion of lignocellulosic biomass, is
economically viable [35]. Acetogenic bacteria have shown
to be promising candidates for the production of acetic acid
[15].

Moorella thermoacetica, a gram-positive, thermo-
philic, and anaerobic bacterium (previously known as
Clostridium thermoacetica), is a homoacetogen in which
acetate is the major product of its metabolic pathway [24].
M. thermoacetica is a robust and versatile heterotroph
with optimum growth conditions of 55-60 °C and pH 6.8
[16]. This bacterium has a unique metabolic capability. It
is able to produce acetic acid by metabolizing certain sug-
ars including xylose, fructose and glucose. Xylose is con-
sumed first, followed by fructose and glucose [2, 3, 11].
Conversion of glucose and fructose occurs through the
Embden—Meyerhof-Parnas glycolytic pathway [16, 23]
while xylose is converted through the pentose phosphate
pathway [30]. Furthermore, M. thermoacetica is able to
synthesize acetic acid from carbon dioxide through the
acetyl-CoA Wood-Ljungdahl pathway [16, 23]. As a
result, syngases may be utilized as a substrate (chemo-
lithoautotrophic growth on H,/CO, or CO/CO,) [15, 16,
24]. Typical acetic acid production in a batch fermenta-
tion using purified glucose (20 g/L) is around 13 g/L [35].
The highest acetic acid production reported was 31 g/L
using a CO/CO, gas mixture [20]. On average, bacterial
tolerance of acetate is between 30 and 50 g/L in batch fer-
mentation [37].

To the best of our knowledge, no papers have been pub-
lished regarding the fermentation of lignocellulosic sug-
ars to acetic acid. Previous efforts regarding production of
acetic acid utilizing M. thermoacetica have by and large
concentrated on developing industrially suitable culture
media and fermentation setups using purified sugars. M.
thermoacetica has complex nutrient requirements in which
a typical cultivation medium includes a carbon source,
trace metals, salts, reducers, yeast extract and buffer solu-
tion [15]. One major issue has been the development of a
cost effective growth medium using different substitutions
for yeast extract [8, 25, 32, 40]. Corn steep liquor (CSL)
pretreated with dolime (calcium and magnesium oxide,
Ca0-MgO) and vitamin supplementation has shown to be
a promising replacement, since final acetate concentra-
tion was improved by 110 % (19-40 g/L in a fed-batch
fermentation) [32]. Various fermentation setups have also
been evaluated to optimize acetate production [29, 31,
33, 38]. Results from fed-batch fermentation and continu-
ous stirred-tank reactors (CSTR) using cell recycle mem-
brane systems were shown to have a higher concentration
of acetate (34-38 g/L) when compared to one-step CSTR
(25.5 g/L) [32].
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A number of commercial and solvent extracted sugars
have also been evaluated for the production of acetic acid.
Brownell and coworker utilized extracted xylose from
debarked poplar wood chips (Soxhlet extraction using ben-
zene—ethanol) and commercial oat spelt xylan, obtaining
an average acetate yield of 70 % [10]. Commercial glucose
from a-cellulose and pulp mill sludge were also utilized,
with overall acetate yields of 60 and 85 %, respectively.
The authors stipulated that acetate production was limited
by toxic materials from the sludge [9].

Since there have not been any published studies on fer-
mentation of lignocellulosic sugars to acetic acid, this is
the first report on the conversion of lignocellulosic sugars
including glucose, xylose, arabinose, galactose, and man-
nose to acetic acid by M. thermoacetica. The objective of
this work is to examine M. thermoacetica in fermentation
of four different types of hydrolysates obtained after steam
pretreatment of lignocellulosic biomass including wheat
straw, forest residues, switchgrass, and sugarcane straw.
These hydrolysates are xylose rich streams, M. thermoacet-
ica’s preferred sugar for production of acetic acid. The ulti-
mate goal of our research is to establish a bioconversion
process of lignocellulosic biomass to acetic acid using both
hexose and pentose fractions after steam pretreatment.

Materials and methods
Moorella Thermoacetica strain (ATCC 39073)

Moorella thermoacetica (ATCC 39073) was acquired from
the American Type Culture Collection (Manassas, VA,
USA), grown in a growth medium containing the follow-
ing compounds (g/L): yeast extract, 10.0; glucose, 10.0;
xylose, 10.0; L-Cysteine Hydrochloride Monohydrate 1.0;
KH,PO, 7.0; NaHCO; 16.0; K,HPO, 5.5; (NH4),SO, 1.0;
MgCl,-6H,0, 0.33; CaCl, 0.05; NaMoO,-2H,0 0.0025;
Fe(NH,),S0O,-6H,0 0.04; Co(NO;),-6H,0 0.03; Na,SeO;
0.0002; NiCl,-6H,O 0.0002. The pH level of the medium
was adjusted to 7.3 using 5 M NaOH [2, 16, 35].

Culture media conditions

Cells were grown to high density through three sequential
passagings, from 50 to 200 mL, in stoppered and crimp-
sealed Wheaton serum bottles. Prior to inoculation, Whea-
ton serum bottles containing growth medium were sparged
with filter-sterilized 100 % CO, and inoculated with 10 %
by volume serum bottles incubated at 58 °C for 36 h in dark
conditions (incubator in Bactron II anaerobic chamber,
Sheldon Manufacturing, Inc.). The third passage (200 mL)
was used as the inoculum for fermentation. After 36 h of
growth, cell cultures were harvested and centrifuged at
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Fig. 1 Schematic diagram of
fermentation experiments. All

Lignocellulosic biomass

lignocellulosic biomass samples
were steam exploded at 195 °C,
except for sugarcane straw.

Forest
residues

J

Sugarcane
straw*

[Whear straw] [Switchgrass} [
Asterisk Sugarcane straw was

steam exploded at 190 °C l

Steam explosion
195°C, 5 min, 3% SO,
190°C*, 5 min, 3% SO,
\ J

|

-~

\

Solid and liquid separation

[Comrol cabinet (PID controller)]

for
CO, gas flow, temperature, pH

~
Control
J

!

-

.

Liquid fraction (hydrolysate)

) >«

Purified sugars model
—

in each hydrolysate

) Fermenter

4000 rpm (Beckman GS-15R, Germany) for 5 min. They
were subsequently decanted to yield cell pellets with a con-
centration of 7 g/L dry cell weight (DCW). The concentra-
tion of dry cell weight was measured based on optical den-
sity using a UV spectrophotometer (Shimadzu UV-1700,
Columbia, MD, USA) and standard curves that related
600 nm absorbance to DCW per liter.

Water-soluble fraction (hydrolysate)

The water-soluble fractions (hydrolysates) used in this
study were produced from wheat straw, forest residues,
switchgrass, and sugarcane straw. Each lignocellulosic
biomass was soaked to saturation in deionized (DI) water
overnight prior to SO,-catalyzed steam explosion. The
detailed procedure of steam explosion experiments has
been described previously by Ewanick [17]. Briefly, sam-
ples of 200 g oven-dried weight (ODW) lignocellulosic
biomass were impregnated overnight with anhydrous 3 %
(w/w) SO,. The samples were subsequently loaded in a
steam gun and kept for five minutes at a temperature of
195 °C (190 °C for sugarcane straw) (Fig. 1). The water-
soluble fraction (hydrolysate) from steam explosion of each
lignocellulosic biomass was recovered by filtration and
kept at 4 °C until use. The initial concentration of sugars
present in the hydrolysates was measured.

Overliming
Prior to fermentation, each hydrolysate was conditioned

by an overliming (OL) process in which the pH level was
increased from 1.9 to 10.0 with Ca(OH), (industrial and

58°C, pH 6.8, 175 rpm

chemical purposes, Graymont, USA). The pH level was
next readjusted to 5.0 with sulfuric acid. The overliming
process was carried out based on procedure described by
the National Renewable Energy Laboratory (NREL) [27].

pH-Controlled batch fermentation

Four different lignocellulosic hydrolysates, as well as their
corresponding purified sugars models, were fermented.
Figure 1 presents a simplified scheme of fermentation
experiments. All fermentation experiments were performed
in triplicate using a 1.3 L Bioflo 115 (New Brunswick Sci-
entific Co., Inc., Edison, NJ, with a proportional-integral-
derivative (PID) controller) bioreactor with 500 mL of
working volume. The bioreactors were kept under anaero-
bic conditions using filter-sterilized 100 % CO, gas sparged
into the bottom of the fermenter vessel continuously prior
to inoculation. Sparging was maintained at the headspace
after inoculation and throughout fermentation. Inoculation
was performed with 10 % v/v using three-stage seeded bac-
terial cells grown on glucose and xylose in a 1:1 ratio. All
fermentations were maintained at 58 °C with continuous
agitation of 175 rpm and CO, gas flow rate of 1 standard
liter per minute (SLPM) and monitored for 72 h. A solu-
tion of 5 M NaOH was added to sustain a pH value of 6.8
throughout fermentation. Samples were taken at the time
of inoculation and at specific intervals thereafter. One mil-
liliter aliquots were immediately centrifuged (10,000 rpm)
for 5 min at 4 °C to separate microbial cells and superna-
tant. The supernatant was filtered using a 0.2 um syringe
filter and then stored at —20 °C until analysis. The bacte-
rial growth was monitored during fermentations based on
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optical density (OD). The OD was measured at 600 nm by
spectrophotometer (Shimadzu UV-1700, Columbia, MD,
USA). Conversion of OD to dry cell mass was carried out
based on procedure described by NREL [13].

Hydrolysate fermentation

Prior to fermentation, all overlimed hydrolysates were
supplemented with nutrients used in growth medium and
pH adjusted to a value of 7.3. Xylose concentration in all
hydrolysates was spiked to 20 g/L to establish a baseline.
All hydrolysates were filter sterilized using a 500 mL rapid
flow bottle top with 0.2 um sterile filter.

Purified sugars fermentation

Purified sugars fermentation was performed as a control for
each type of hydrolysate. The media was prepared similarly
to growth medium except for sugar content. Purified glucose,
arabinose, galactose and mannose (obtained from Sigma
Aldrich with purity >99 %) were added based on their cor-
responding concentration measured in each hydrolysate. For
all controls, xylose concentration was kept at 20 g/L.. The
fermentation of all purified sugars models was performed in
the same manner as the fermentation of the hydrolysates.

Flask fermentation

Flask fermentations were performed in stoppered and
crimp-sealed Wheaton serum bottles with 100 mL. work-
ing volume filled with purified fermentation medium and
sparged with filter-sterilized 100 % CO,. The media was
prepared similarly to growth medium except for sugar
content. Purified sugars including glucose, xylose, arab-
inose, galactose and mannose were added to fermentation
medium as it was required for the experiments. The serum
bottles inoculated with 10 % by volume serum bottles and
incubated at 58 °C for a period of 48—50 h in shaking incu-
bator with agitation at 175 rpm.

HPLC analysis
Monomeric sugars

The concentration of monomeric sugars (arabinose, galac-
tose, glucose, xylose and mannose) was measured on a
Dionex (Sunnyvale, CA, USA) high-performance liquid
chromatography (HPLC, ICS-3000) system equipped with
AS (auto sampler), ED (electrochemical detector), dual
pumps and anion exchange column (Dionex, CarboPac
PA1). Deionized water at 1.0 mL/min was used as eluent
and post column addition of 0.2 M NaOH at a flow rate of
0.5 mL/min ensured optimal baseline stability and detector
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sensitivity. After each analysis, the column was recondi-
tioned with 0.25 M NaOH. Ten microliters of each sample
was injected after filtration through a 0.2 pm syringe filter
(Restek Corp., Bellefonte, PA, USA). Standards were pre-
pared containing arabinose, galactose, glucose, xylose and
mannose to mirror the concentration range of the samples.
Fucose was added to all samples as an internal standard for
Dionex HPLC instrument to calibrate peaks.

Acetate, 5-hydroxymethylfurfural and furfural analysis

Acetic acid, 5-hydroxymethylfurfural (HMF) and fur-
fural (FF) were measured using refractive index detection
on a Shimadzu Prominence LC. The separation of these
compounds was achieved by an anion exchange column
[REZEX RHM-Mono saccharide H' (8 %); Phenomenex,
Inc., Torrance, CA, USA] with an isocratic mobile phase
that consisted of 5 mM H,SO, at a flow rate of 0.6 mL/min.
The column oven was maintained at a constant temperature
of 63 °C. Ten microliters of each sample was injected after
being appropriately diluted in deionized water and filtered
through a 0.2 um syringe filter. The standards were pre-
pared and used to quantify the unknown samples.

Acetic acid forms during pretreatment through cleavage
of the acetyl group in hemicellulose [1, 4, 5, 21]. In this
study, acetic acid was detected in all four hydrolysates with
initial concentrations between 4 and 5 g/L at the beginning
of fermentation (data not shown). Produced acetic acid in
fermentation of hydrolysates was calculated by subtract-
ing the initial acetic acid concentration from the final acetic
acid concentration. Acetic acid yield was calculated based
on dividing the produced acetic acid by total initial sugars
at the beginning of fermentation.

Phenolic measurement

Total phenolics were measured based on colorimetric reaction
using the Folin—Ciocalteau (FC) method. Gallic acid was uti-
lized as an equivalent to the phenolic compounds. Gallic acid
(0.500 g) was dissolved in ethanol (10 mL) and diluted to
100 mL in a volumetric flask using distilled/deionized water.
A set of standards with differing concentrations of gallic acid
was prepared to create a calibration curve. Sodium carbonate
solution was used for colorimetric reaction [39].

Results and discussion

Fermentation of xylose, glucose, arabinose, galactose,
and mannose to acetic acid

To examine the ability of M. thermoacetica to ferment lig-
nocellulosic sugars to acetic acid, fermentations of four
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Fig. 2 Sugar consumption and acetic acid production during fer-p

mentation of a wheat straw, b forest residues, ¢ switchgrass, and d
sugarcane straw hydrolysates using M. thermoacetica. The error bars
indicate standard deviation

different types of lignocellulosic hydrolysates were con-
ducted. Hydrolysates obtained from steam pretreated wheat
straw, forest residues, switchgrass, and sugarcane straw
were used as media for production of acetic acid by M.
thermoacetica (ATCC 39073). The purified sugars mod-
els (controls) consisted of purified sugars with the same
concentrations as measured in hydrolysates (described in
“Materials and methods” section). A typical fermentation
profile for sugar consumption, acetic acid production, and
cell growth for each hydrolysate is shown in Fig. 2, plots
a—d.

In general, it was shown that in all hydrolysates, xylose
was the initial sugar that was completely metabolized by
M. thermoacetica. Glucose started to be metabolized after
more than half of xylose was consumed, while minimal
amounts of arabinose, galactose and mannose were gradu-
ally consumed over a period of 72 h of fermentation. The
fastest xylose consumption (35 h) was observed in sugar-
cane straw and switchgrass hydrolysates, while the slowest
(50 h) was observed in forest residues hydrolysate (Fig. 2,
plots b, d). Xylose uptake commenced by M. thermoacetica
without any lag phase in three hydrolysates, while wheat
straw hydrolysate had a lag phase of 12 h. Glucose was
completely consumed within a range of 40 h (fastest in sug-
arcane straw hydrolysate) to 70 h (slowest in forest residues
hydrolysate). Low concentrations of minor sugars includ-
ing arabinose, galactose and mannose were detected in all
hydrolysates except for forest residues, which had a consid-
erable amount of these sugars (Table 1). The consumption
of minor sugars was incomplete and the lowest consump-
tions of minor sugars were observed in the following sam-
ples: arabinose in switchgrass (37 %), and galactose and
mannose in sugarcane straw (18 and 28 %, respectively).
Conversely, the highest consumptions of minor sugars were
observed in the following samples: arabinose and galactose
in wheat straw (62 and 49 %, respectively) and mannose in
switchgrass (66 %).

In fermentation of controls, a similar trend in sugars
consumption was observed (plots for controls not shown).
Xylose uptake in sugarcane straw and switchgrass controls
was the same as the corresponding hydrolysates, while in
wheat straw and forest residues controls, xylose was con-
sumed slower (60 and 65 h, respectively, data not shown).
The pattern for glucose consumption was also comparable
to hydrolysates. However, glucose in the forest residues
control was not completely utilized over the fermentation
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period of 72 h (1 g/L remained, plots not shown). The
incomplete consumption of arabinose, galactose and man-
nose in controls were different from hydrolysates. The low-
est consumptions of minor sugars were observed in the fol-
lowing controls: arabinose and galactose consumption in
forest residues control (42 and 13 %, respectively) and man-
nose in switchgrass control (12 %). The highest consump-
tions of minor sugars were observed in the following con-
trols: arabinose and mannose in sugarcane straw control (54
and 55 %, respectively) and galactose in switchgrass control
(36 %) (Data not shown).

The highest cell concentration was observed in wheat
straw hydrolysate (23 g/L), while the lowest was observed
in sugarcane straw hydrolysate (21.4 g/L) (Table 1; Fig. 2).
In purified sugars models, the highest cell concentration
was found in wheat straw control (24.5 g/L), while the low-
est cell concentration was observed in forest residues con-
trol (19 g/L). Cell concentration was higher (0.2-1.5 g/L)
in each control compared to its hydrolysate except for the
purified sugars model for forest residue (Table 1).

Acetic acid yield was calculated based on concentra-
tion of produced acid and total initial sugars (Table 1).
The highest acetic acid yield was observed in steam pre-
treated sugarcane straw hydrolysate with 71 % of theoreti-
cal yield (17.2 g/L) while the lowest yield was observed in
forest residues hydrolysate with 38 % of theoretical yield
(18.2 g/L). Acetic acid yield was higher for all hydrolysates
compared to their corresponding controls except for forest
residues control (39 %) and switchgrass control (55 %). All
conversions of lignocellulosic sugars to acetic acid were as
good as or higher than their corresponding controls.

The presence of process derived compounds from steam
explosion pretreatment was detected in all hydrolysates
(Table 1). These compounds include 5-hydroxymethylfur-
fural (HMF) from degradation of hexoses, furfural (FF)
from degradation of pentoses, and phenolics from degra-
dation of lignin [1, 4, 5, 21]. The highest concentration of
process derived compounds was observed in switchgrass
hydrolysate, with values of: HMF 0.4 g/L, FF 0.1 g/L and
phenolics 2.9 g/L. In all hydrolysates, M. thermoacetica
did metabolize HMF and FF in the first 12 h of fermen-
tation. However, the bacterial strain did not consume phe-
nolic compounds. Furthermore, total phenolics and furans
did not inhibit microbial growth or acetic acid production
since acetic acid yield in all hydrolysates was as good as or
higher than their corresponding controls.

In our preliminary experiments, it was observed that M.
thermoacetica was not able to consume arabinose, galac-
tose and mannose in a fermentation of a single sugar,
with attempts resulting in a cluster of dead cells (data not
shown). The effect of minor sugars on acetic acid yield
was investigated in two separate flask fermentations, using
mixed sugars with equal concentrations (Table 2). In one
fermentation, inoculant was pre-grown on the same mix-
ture of sugars, while in the second fermentation, inoculant
was pre-grown on a 1:1 ratio of glucose to xylose. Table 2
shows that M. thermoacetica could completely metabolize
xylose and glucose while the consumption of other sugars
was incomplete (<40 %), resulting in a very low acetic acid
yield (30 % of theoretical yield).

Thus far there have not been any studies regard-
ing fermentation of mixed lignocellulosic sugars by M.

Table 1 Process variables during 72 h of pH-controlled batch fermentation of hydrolysates and their purified sugars model: concentration of
HMEF, FF, total phenolics, initial sugars, maximum cell concentration, and acetic acid yield

Hydro- FF (g/L) HMF Total Initial sugar® (g/L)/residual sugar® (g/L) Max. cell  Acetic Acetic acid
lysate (H), (g/L) phenolics - - concen- acid yield (%)
purified (¢/L) Xyl/resid- Glu/resid- Ar2.1/ Ga!/ Ma.n/ tration® produced

ual Xyl ual Xlu residual ~ residual  residual
P) (g/L) (g/L)

Ara Gal Man

WS-H 0.01 0.01 2.8 20.3/0 2.8/0 3.1/1.9 0.6/0.3 0/0 23.0 16.9 63.1
WS-P 0 0 0 20.0/0 3.0/0 2.6/1.6 0.5/0.4 0/0 24.5 14.2 54.4
FR-H 0.01 0.01 2.5 20.0/0 8.9/0 3.8/2.3 7.1/5.4 9.2/6.6 22.3 18.2 37.6
FR-P 0 0 0 19.7/0 9.1/1.1 3.9/2.6 6.9/6.4 9.3/8.0 19.3 19.0 38.8
SG-H 0.4 0.1 2.9 19.7/0 2.9/0 2.6/1.7 0.7/0.6 0.3/0.1 223 14.1 53.8
SG-P 0 0 0 20.5/0 2.1/0 1.6/0.8 0.4/0.3 0.1/0.1 22.4 13.5 55.0
SCS-H 0.01 0.01 2.8 20.2/0 1.7/0 2.0/1.3 0.4/0.3 1.0/0.8 21.4 17.2 70.7
SCS-pP 0 0 0 20.1/0 1.8/0 1.6/0.7 0.3/0.2 0.01/0 22.6 15.2 64.1

Results are reported with standard deviation (n = 3) <2 %

WS, wheat straw; FR, forest residues; SG, switchgrass; SCS, sugarcane straw

* Xyl, xylose; Glu, glucose; Ara, arabinose; Gal, galactose; Man, mannose

® Residual is remained sugar in the fermentation medium at the end of fermentation

¢ Max., maximum; Max. cell concentration calculated based on dry cells
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thermoacetica. In a study by Balasubramanian and cowork-
ers [3], fermentation of mixed purified sugars, with an aver-
age concentration of 5 g/L for each sugar (including xylose,
glucose, fructose, arabinose, galactose and mannose), was
investigated. In the experiment, Balasubramanian’s group
used M. thermoacetica’s inoculant with a very low cell
concentration (~2 %, v/v) and observed fermentation over a
period of over 135 h. Xylose and glucose were completely
consumed in 110 h of fermentation [3]. By contrast, in our
experiments, glucose and xylose were completely utilized
in 50 h of fermentation. Incomplete consumption of minor
sugars (arabinose, galactose and mannose) was observed in
both studies.

Acetic acid yield (%)
based on total sugars

27.0
32.0

Acetic acid produced

(g/L)
6.0

4.7

Effect of glucose to xylose ratio on acetic acid yield

A possible explanation for incomplete metabolism of sug-
ars to acetic acid may be the glucose to xylose ratio in
lignocellulosic hydrolysates. We observed low acetic acid
yield (38 % of theoretical yield) in forest residues hydro-
lysate with high glucose to xylose ratio (9:20 ratio). By
contrast, high acetic acid yield (71 % of theoretical yield)
was observes in sugarcane straw hydrolysate with low glu-
cose to xylose ratio (2:20 ratio). To better understand this
incomplete conversion, subsequent fermentation experi-
ments were carried out. Table 3 shows pH-controlled
batch fermentation results from the mixtures of glucose
and xylose with different concentrations. The concentra-
tion of glucose and xylose in fermentation number (no.)
1 corresponds to wheat straw, switchgrass and sugarcane
straw hydrolysates. Glucose and xylose concentration in
fermentation no. 3 is similar to forest residues hydrolysate.
In this set of experiments, glucose and xylose consumption
as well as acetic acid yield were monitored over periods
of 50, 75 and 96 h of fermentation. Over a 50 h period of
fermentation, the highest acetic acid yield based on total
sugars (75 % of theoretical yield) was observed in mix-
tures with a high concentration of glucose to xylose (20-3
and 20-9 g/L). In these mixtures, xylose and glucose were
completely metabolized in all cases except fermentation
no. 4, which had a residual glucose level less than 1 g/L.
In contrast, low acetic acid yield was observed in fer-
mentation no. 3 and 4 (50 and 59 % of theoretical yield,
respectively) with considerable residual glucose and xylose
(Table 3, fermentation no. 1 and 3). After 75 h of fermenta-
tion, media with a high glucose concentration (Table 3, fer-
mentation no. 2 and 4) presented a higher acetic acid yield
(75 and 77 % of theoretical yield, respectively) than fer-
mentation media with high xylose concentration (Table 3,
fermentation no. 1 and 3, 67 and 70 % of theoretical yield,
respectively). A similar trend in acetic acid yield was also
observed after 96 h of fermentation. Our results verified
that glucose to xylose ratio had a significant influence on

Max cell concentration

(g/L)
6.6
13.2

Growth condition/initial cell
concentration (g/L)
Mixture of five sugars/0.2

1:1/7

3.8/36.8
3.0/29.7

Man

3.2/100
3.6/100

Xyl

3.1/97.7
4.1/100

Glu

3.5/32.9
4.3/14.5

Gal

Initial sugar® (g/L)/Sugar consumed (%)

3.4/39.7
4.2/25.7

Ara

b Growth condition: for fermentation no. 1, cells were pre-grown on a mixture of five lignocellulosic sugars with equal concentration of each sugar (4 g/L of each sugar); for fermentation no. 2,

Table 2 Process variables during 50 h flask fermentation of mixed purified sugars: concentration of initial sugar, maximum cell concentration, and acetic acid yield
cells were pre-grown on a mixture of glucose and xylose with equal concentration (10 g/L of each sugar)

? Ara, arabinose; Gal, galactose; Glu, glucose; Xyl, xylose; Man, mannose

Results are reported with standard deviation (n = 3) <2 %

Fermentation no.
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Table 3 Process variables during pH-controlled batch fermentation of glucose and xylose mixtures, over 50, 75 and 96 h: concentration of initial sugar, residual sugars, maximum cell concen-

tration, and acetic acid yield

(5

AA yield

(%)

96 h
AA Residual sugars
(g/L)

AA vyield

(%)

Residual sugars

75h
AAvyield AA
(g/L)

(%)

Residual sugars

50
conc. (g/L
(g/L) A

Max cell

Total sug-
ars (g/L)

Initial sugars

(g/L)

Fermenta-
tion no

Springer

produced
(g/lL)

produced
(g/lL)

(g/L)

produced
(g/lL)

Glucose Xylose Glucose Xylose

Glucose Xylose

Glucose Xylose

69.4

15.8

69.4

13.6 2.8 2.1 59.9 15.8

20.8

19.5 22.7

32
20.6

74.6

17.6

74.6

17.6

74.6

17.6

20.0

23.7

3.1

73.3

20.6

66.7

18.7

19.4 28.1 24.5 14.0 6.5 1.3 50.0
0.8

8.7
19.4

77.1

223

77.1

22.3

75.1

21.7

21.9

28.9

9.5

Results are reported with standard deviation (n = 3) <2 %

Conc., concentration; AA, acetic acid

duration of sugars uptake, causing lag phase behavior in M.
thermoacetica.

The lag phase behavior in M. thermoacetica was also
confirmed by bacterial cell growth profile during 96 h of
fermentation. For example, in fermentations no. 2 and 4,
where glucose was the major sugar, maximum cell concen-
tration was achieved rapidly (39 and 36 h of fermentation,
respectively) (Fig. 3). On the contrary, in fermentations
no. 1 and 3, where xylose was the major sugar, obtaining
maximum cell concentration took a longer time (55 and
59 h of fermentation, respectively) (Fig. 3). This behavior
is believed to be due to the presence of carbon catabolite
repression (CCR), which is common among microorgan-
isms, such as Clostridium acetobutylicum [22, 28, 34]. CCR
is a regulatory mechanism by which consumption of pre-
ferred carbon source, usually glucose, suppresses the con-
sumption of secondary carbon sources [18, 34, 36]. CCR is
a complex metabolic performance and substantially differs
among microorganisms [34] which may reduce the pro-
ductivity of the overall fermentation process [22]. There-
fore the likelihood of CCR behavior in M. thermoacetica
is not unusual. M. thermoacetica, exhibits the opposite of
CCR behavior in a sense that xylose is the preferred carbon
source. In our fermentations including (i) hydrolysates and
their controls, (ii) different mixtures of glucose and xylose,
and (iii) mixture of five sugars, the glucose uptake was
clearly repressed by xylose which emphasizes the potential
presence of CCR mechanism in M. thermoacetica.

This lag phase behavior was specifically notable in for-
est residues hydrolysate (Fig. 2, plot b; Table 1), in which
acetic acid yield was adversely affected by glucose to
xylose ratio and high concentration of minor sugars. Thus,
incomplete conversion of sugars was observed. Further-
more, bacterial pre-growth on a 1:1 ratio of glucose to
xylose may also have a direct effect on acetic acid yield.

259
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Fig. 3 Bacterial cell growth during 96 h of pH-controlled batch fer-
mentation of glucose and xylose mixtures. The error bars indicate
standard deviation
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Brumm observed a 20 % lower acetic acid yield in fermen-
tation of xylose utilizing culture grown on an equivalent
amount of fructose or glucose compared to culture pre-
grown on xylose [11].

A previous study by Sugaya and coworkers [35] depict-
ing the performance of M. thermoacetica reported 13 g/L
of acetic acid (65 % of theoretical yield) from 20 g/L puri-
fied glucose over 89 h of pH-controlled batch fermentation.
The authors utilized the same strain of M. thermoacetica
(ATCC 39073) pre-grown on glucose (fermentation started
with 0.25 g/L of cell biomass) [35]. By contrast, Balasu-
bramanian and co-workers [3] were able to attain 15 g/L
of acetic acid (76 % of theoretical acetic acid yield) from
pH-controlled batch fermentation of 20 g/L purified xylose
over 100 h of fermentation. Balasubramanian and cowork-
ers [3] used M. thermoacetica (ATCC 49707) pre-grown on
xylose (fermentation started with ~2 % dry cell concentra-
tion). It is important to note that M. thermoacetica utilized
in our research had a higher performance when compared
with the above studies. In our experiments, the highest ace-
tic acid production over 72 h of pH-controlled batch fer-
mentation was 70 % of theoretical yield in sugarcane straw
hydrolysate, which includes five lignocellulosic sugars,
phenolics and furan (Table 1).

To obtain optimal acetic acid yield, it is imperative to
have lignocellulosic hydrolysate with a favorable balance
of glucose to xylose and low concentration of minor sugars.
The sugar ratio in sugarcane straw hydrolysate is a reliable
example for obtaining acetic acid yield above 70 % of theo-
retical yield. Hence, steam explosion pretreatment design
needs to be customized to extract xylose and glucose in a
step-wise manner. In the initial step, it is important to col-
lect as much xylose in the liquid stream (hydrolysate) as
possible, while maintaining a low severity factor. The sec-
ond step is to steam explode the solid stream to collect glu-
cose in the water-soluble stream. The choice of lignocellu-
losic feedstock is also an important factor that affects acetic
acid yield. Hardwoods and agricultural residues have great
potential for the production of acetic acid. Softwoods are
not a good option due to their high content of galactoglu-
comannan [26]. M. thermoacetica has proven to be a robust
strain in the production of acetic acid from lignocellulosic
sugars when the optimum concentrations of glucose and
xylose are utilized.

Conclusions

For the first time, it was presented that M. thermoacetica
(ATCC 39073) can effectively ferment xylose and glu-
cose content in water-soluble fractions of steam exploded
lignocellulosic biomass (including wheat straw, forest
residues, switchgrass, and sugarcane straw) to acetic acid.

In all fermentations, xylose was the major, and the first,
sugar being consumed. Xylose consumption was faster in
switchgrass and sugarcane straw hydrolysates (35 h) than
wheat straw and forest residues hydrolysates (40 and 45 h,
respectively). Glucose uptake was influenced by xylose, as
glucose was metabolized when the majority of xylose was
consumed. M. thermoacetica consumed less than 50 % of
arabinose, galactose and mannose within 72 h of fermenta-
tion in a mixture of sugars. The highest cell biomass was
observed in wheat straw hydrolysate (23 g/L), and the low-
est in sugarcane straw hydrolysate (21.4 g/L). The highest
acetic acid production based on total sugars was obtained
from sugarcane straw with 71 % of theoretical yield, com-
pared to 64 % in its control. The lowest acetic acid yield
based on total sugar was observed in forest residues with
39 % of theoretical yield. Bacterial growth and acetic
acid production were not influenced by process derived
compounds (total phenolics up to 3 g/L and furans up to
0.5 g/L) as acetic acid yield in hydrolysates was as good
as or better than fermentation of the corresponding purified
sugars models. The variation observed in acetic acid yield
among hydrolysates is due to incomplete metabolism of
sugars, leading to a lag phase behavior in M. thermoacet-
ica. This behavior originates from glucose to xylose ratio
and the presence of arabinose, galactose and mannose. For
efficient bioconversion of sugars to acetic acid, it is impera-
tive to have an appropriate balance of lignocellulosic sug-
ars in the hydrolysate. Hence, the choice of lignocellulosic
biomass and steam pretreatment design are fundamental
steps for the industrial application of this process.
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