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Abstract
Obtaining the highest possible yields from a batch fermentation process is desirable for a cellulosic ethanol
facility, as this leads to greater profitability by increasing distillation efficiency and reducing costs. One way to increase
yields is by increasing the percentage of solids fermented in a batch process which leads to increased fermentable
sugars available and thus increased theoretical maximum yields. One factor limiting the solids loading is that during
biomass pretreatment a number of inhibitory compounds are released. These confound the fermentation process in
a variety of ways, and as the solids concentration increases so do the concentrations of these inhibitors. There for
ea biocatalytic strain that is able to ferment high concentrations of pretreated biomass and withstand the inhibitors
present in the fermentation media is desirable. Pine wood has proven to be a particularly difficult biomass type from
which to obtain high ethanol titers when fermenting concentrations of solids much greater than 10% dry weight. We
previously described a strain of Saccharomyces cerevisiae, AJP50, which is able to ferment high concentrations
(17.5% dry wt/v) of sulfur dioxide steam exploded pine wood. Present research details the performance of four
isolates of AJP50 and their ability to produce ethanol from pretreated pine. We report ethanol yields of over 50 g/l
(91% of maximum theoretical yield) from 22.5% dry wt/v of pine fermented using a simultaneous saccharification and
fermentation process with strain GHP4 as the biocatalyst.
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Introduction
Cellulosic ethanol represents a potential replacement liquid
transportation fuel to offset the use of petroleum derived gasoline
[1,2]. Pine wood represents a potential feedstock that could be used
to generate fuel and is widely available, particularly in the northern
hemisphere [3,4]. Pine wood has been an important forestry resource
for both the lumber and pulp and paper industries; the current value
of saw timber is $25/ton while pulpwood is $10/ton [5].The quality of
the wood is considerably less important for biofuel production than
for lumber production, thus prices for an ethanol production facility
would be closer to and potentially lower than pulpwood prices [6,7].
The infrastructure and technology for the growth and harvest of this
feedstock is already in place allowing for the rapid implementation of
pine feedstocks into biofuel pipelines [8]. Pine wood is not without
disadvantages to its use as a bioethanol feedstock, one major hurdle
to overcome is the release of inhibitory compounds during the
pretreatment of the biomass which are then carried over into the
fermentation process.
During pretreatment a variety of chemical compounds are released
that can inhibit the activity of the biocatalytic organism in many ways
[9,10]. The wide variety of inhibitory compounds released is due to
the complex structure of biomass [11]; these can be sorted into three
general categories: furans, aliphatic acids, and aromatics. The effects of
furans and the aliphatic acids are better understood than the effects of
aromatics, possibly due to the greater variety of aromatic compounds
produced during pretreatment. This variety is due to the complex and
variable structure of lignin. These different compounds have been shown
to inhibit cellular metabolism [12,13], destabilize membranes [14],
cause reactive oxygen species damage [15], and acidify the cytoplasm
[16]. The presence of these inhibitors is a major factor confounding
ethanol production from high concentrations of pretreated biomass; a
barrier to an efficient biomass based ethanol fermentation production
process [17]. Fermentation of a high concentration of solids could
increase maximum ethanol yields and lower process costs by increasing
distillation efficiency. However, a high solids loading also brings with it
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high concentrations of the aforementioned inhibitory compounds, so
the development of a strain that is able to tolerate high concentrations
of inhibitory compounds, in addition to the high solids content, is
desirable in a cellulosic feedstock based process [9,18].
To overcome these challenges we developed Saccharomyces
cerevisiae strain AJP50 [19]. This strain was generated by adaptation
and directed evolution from industrial strain XR122N(North American
Bioproducts Corportation, Duluth, GA) and is able to catalyze the
fermentation of high solids of sulfur dioxide pretreated pine wood [19].
We previously described the ability of AJP50 to withstand the presence
of a number of these compounds in defined model fermentation
media and its ability to efficiently produce ethanol from 17.5% dry
wt/vol of pine. In order to address the question of the maximum
solids fermentable by our strain we developed a medium to ensure
the retention of the AJP50 phenotype during culturing and isolation;
allowing for a large inoculum to be prepared in 24 h. Isolates of AJP50
were then inoculated into various high solids pine fermentations to
determine the maximum ethanol titers which could be obtained using
a simultaneous saccharification and fermentation process.

Methods
Cell growth and maintenance
Methods used to obtain the AJP50 isolates described in this study
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have been published previously [19]. YPD media (20 g/l peptone, 10
g/l yeast extract, 20 g/l glucose) supplemented with all 13 inhibitors
(YPDI media, Table 1) was used throughout this study. In brief, AJP50
glycerol freezer stocks were first inoculated into YPDI broth at 4.0×105
cells/ml and incubated at 37°C for 24 h before being inoculated onto
YPDI agar. This was incubated at 37°C for seven days at which point
individual, isolated colonies were inoculated into YPDI broth media.
Cell culture samples were frozen at -80°C in 40% w/v glycerol and
designated GHP 1, GHP2, GHP 3, and GHP 4. YPDI broth cultures to
be used to inoculate pine fermentations and growth curve experiments
were inoculated directly from glycerol freezer stocks at 2.0×106 cells/
ml and incubated for 24 h at 37°C with 200 rpm shaking, reaching cell
densities of greater than 5.0×107 cells/ml.

Pine fermentation experiments
Pine wood chips were pretreated in a single step SO2 steam
explosion reactor [20] prior to fermentation as described previously
[19]. The name of the sample indicates pretreatment conditions; for
example pine sample 3-210-10 was pretreated with 3% (w/v) SO2 then
held at 210°C in the process reactor for 10 min. All pretreated pine
wood samples were stored at 4°C without any washing, pressing, or
other method of inhibitor abatement. Three samples were chosen for
fermentation in this study. Sample A was treatment 3-210-10, sample B
was treatment 2.5-213-5, and sample C 5-217-2.
The moisture content of the biomass was determined using an IR35 Moisture Analyzer (Denver Instrument, Denver, Colorado) and a
mass equivalent to the desired dry weight placed into baffled 125 ml
flasks and autoclaved for 20 min at 121°C (which could be considered
an additional pretreatment of the biomass performed for all samples).
Prior to cell inoculation, cellulolytic enzymes (Novozymes Inc.,
Franklinton, NC) at 15 FPUcellulase/g dry wt pretreated pine and
60 CBU cellobiase/g dry wt pretreated pine along with Tryptic Soy
Broth (TSB) media without dextrose (Difco, Detroit, MI) were added
to the flask and brought to a final volume of 50 ml with sterile water.
Cellulolytic enzymes were combined, diluted in TSB media then filter
sterilized via 2 micron filters. Hemocytometer readings from YPDI
grown cell cultures were used to estimate the number of cells/ml.
The appropriate volume of culture was removed to sterile centrifuge
bottles and centrifuged at 5,000 rpm for 15 min before inoculation into
the fermentation media at an initial concentration of 2×107 cells/ml.
Fermentations were maintained in baffled flasks at 37°C, pH 5.0, with
200 rpm shaking over the course of the experiment.
Fermentations of 22.5% dry wt/v were also performed in 150
ml total volume using small scale bioreactors [21]. Mixing was via
magnetic stir bars as opposed to the orbital shaker used for the shake
flasks. Other than the increased volume and magnetic stirring all
conditions for bioreactor fermentations were identical to those in the
shake flask fermentations.
Structural analysis of the pretreated pine wood samples has been
previously described [19]. Table 2 lists the pretreatment conditions,
percent cellulose and hemicellulose, and theoretical maximum yields

FURANS

b

ACIDS

2.000

3,4-DHBAb

0.003

Formic Acid

0.400

Furfural

1.000

3-HBAc

0.005

Lactic Acid

0.100

Furoic Acid

0.020

Vanillic Acid

0.050

Acetic Acid

2.000

Vanillin

0.020

Succinic Acid

0.030

Benzoic Acid

0.015

Levulinic Acid

0.400

HMF :hydroxymethylfurfural
DHBA: dihydroxybenzaldehyde
HBA: hydroxybenzaldehyde

a
b
c

Table 1: Concentrations (g/L) of each inhibitory compound in YPDI.

at 17.5, 20, and 22.5% dry weight solids for all pine samples used in
this study. Theoretical maximum yields were calculated as follows:
total fermentable carbohydrate (cellulose+hemicellulose)×dry weight
of pine×0.53(molecular ratio of ethanol/ polymer carbohydrate)×0.9
for conversion efficiency of 6C sugars. Samples were taken for analysis
from each fermentation at the indicated time points, and the ethanol
concentration was determined using gas chromatography as previously
described [21].

Inhibitor growth assays
Growth of the strains in model fermentation media was performed
using a Bioscreen C machine (Oy Growth Curves Ab Ltd. Helsinki,
Finland).100 well microtiter plates were used in these experiments.
Media in each well consisted of TSB media, 13 inhibitors at either the
concentration listed in Table 1 (1X) or 1.2 times this concentration
(1.2X), 2% w/v glucose, with an initial pH 5.0. Cells were counted after
24 h growth in YPDI media using a hemocytometer and 4.0×105 cells/
ml were inoculated into each well. 20 replicate wells were prepared
from each culture. The plates were incubated at 37°C without shaking
or agitation; culture optical density was measured hourly at 580 nm.

Results and Discussion
12 and 17.5% dry wt/vol fermentations
We previously described two phenotypes of Saccharomyces strain
AJP50, the ability to ferment high concentrations of pine solids, and the
ability to grow in media that contained biomass-derived fermentation
inhibitors. In order to assess the retention of the first phenotype two
sets of fermentations were performed with four clonal populations
isolated from AJP50 named strain GHP1, GHP2, GHP3, and GHP4. In
initial experiments, the isolates were inoculated at a low concentration
of cells, 4.0×105 cells/ml, into 12% dry wt/vol of sample A (Figure 1A).
All four isolates produced essentially 100% of the theoretical maximum
ethanol yield in these experiments. These four isolates were selected
for inoculation in higher solids, 17.5% dry wt/vol, fermentations of
sample A. These fermentations received a higher inoculum of 2.0×107
cells/ml, which is approximately 2 g dry wt/l, an industrially relevant
inoculum level. As in the 12% dry wt/vol fermentations, all four isolates
performed well reaching essentially 100% of the theoretical maximum
(Figure 1B).
Based on their performance at 17.5% dry weight solids we concluded

Pretreatment (%SO2-°C-Minutes) Cellulosea Hemicellulosea Total Fermentable Carbohydratesa

a

AROMATICS

HMFa

Maximum Ethanol 17.5%b

Theoretical Conc. 20%b

Sample A (3-210-10)

29.7

4.4

34.1

28.5

32.5

22.5%b
36.6

Sample B (2.5-213-5)

39.2

12.3

51.5

43.0

49.1

55.3

Sample C (5-217-2)

31.6

10.7

42.3

35.3

40.4

45.4

as percentage of dry material
dry wt/vol
Table 2: Compositional analysis and theoretical maximum ethanol titers (g/L) for pine samples used in fermentations.
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that all four isolates retained the ability to ferment high concentrations
of pine wood after culturing in YPDI media. In order to obtain higher
ethanol titers, pine sample B was selected for fermentation. This sample
contains higher concentrations of fermentable carbohydrates than

sample A; resulting in higher theoretical maximum ethanol yields (Table
2). These fermentations were performed using only isolates GHP1 and
GHP4. Both isolates were able to produce over 30 g/L of ethanol, but
neither reached the 100% maximum theoretical yield observed with
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A
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GHP2
GHP3
GHP4
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0
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Figure 1: Ethanol production observed in fermentations of pine sample A by the four GHP isolates. Panel A shows data from two replicate 12% dry wt/vol fermentations
which had good agreement. These fermentations were inoculated with 4.0×105 cells/ml. Panel B shows data from triplicate 17.5% dry wt/vol fermentations with
error bars representing one standard deviation from the mean (no standard deviation was calculated for panel A as only two replicates were performed). These
fermentations were inoculated with 2.0×107 cells/ml.
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Figure 2: Ethanol production from 17.5% dry wt/vol pine sample B by GHP1 and GHP4 when inoculated at 2.0×107 cells/ml. Data represents the average of three
replicate fermentations with error bars displaying the standard deviation from the mean.
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sample A. GHP1 reached 80% of maximum theoretical yield and GHP4
66% of maximum theoretical yield (Figure 2). Ethanol titers were not
significantly increased over what was observed from 17.5% dry wt/vol
sample A; to further increase the amount of fermentable sugars 20%
and 22.5% dry wt/vol fermentations were performed. If the percentage
of the theoretical maximum amount of ethanol obtained remained
constant, the increase in percentage dry weight fermented would allow
for higher ethanol titers.

20% dry wt/vol fermentations with GHP1 and GHP4
20% dry wt/vol fermentations were performed using pine samples
B and C. Sample C was selected because it had performed favorably
in previous experiments (data not shown) and had 42.3% fermentable
sugars. Although ethanol was produced from both pine samples at
20% dry wt/ vol, neither reached greater than 85% of the theoretical
maximum ethanol yield (Figure 3). For sample B, GHP1 reached 64%
of maximum theoretical yield, a slightly lower ethanol titer than was
observed in 17.5% dry wt/vol of the same pine sample. Isolate GHP4
was able to produce 69% of maximum theoretical yield, an increase of
3% from the 17.5% fermentations. For sample C higher percentages
of the maximum theoretical were realized but ethanol titers remained
similar to those observed in 20% dry wt/vol of sample B, reflecting

the lowered amounts of fermentable sugar. GHP1 produced 75% of
maximum theoretical yield and GHP4 82%. In order to further increase
fermentable sugars in the fermentation media 22.5% fermentations
were attempted with GHP4.

22.5% dry wt/vol fermentations
Sample B was selected for fermentations at 22.5% dry wt/vol as it
possessed the highest concentrations of fermentable carbohydrate and
therefore the greatest theoretical amounts of ethanol could be produced
from this sample. As in the 20% dry wt/vol, ethanol production was
observed in shake flask fermentations of 22.5% dry wt/vol Sample C
(Figure 4). The ethanol titer was almost identical to that observed in
20% fermentations, resulting in a decrease in the percentage of the
maximum theoretical yield from 69% to 62%. The stalling ethanol
titers as the dry weight of pine fermented increased caused concerns
that the biomass was being insufficiently mixed with the cellulolytic
enzymes; leading to incomplete sugar release from the biomass. In
order to promote more efficient mixing of the slurry a bioreactor
equipped with a magnetic stir bar was used in 150ml fermentations
of 22.5% dry wt/vol. These bioreactor fermentations outperformed the
shake flasks reaching just over 50g/l (91%of the maximum theoretical
yield) of ethanol (Figure 4). These results showed inefficient mixing

40

Ethanol (g/l)

30

20

GHP1 2.5-213-5
GHP4 2.5-213-5

10

GHP4 5-217-2
GHP1 5-217-2

0
0

24

Time (h)

72

Figure 3: Ethanol production in 20% dry wt/vol fermentations of either pine sample B (solid lines) or C (dashed lines). Data represents the average of three replicate
fermentations with error bars displaying the standard deviation from the mean.
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Figure 4: Fermentation of 22.5% dry wt/vol sample B by isolate GHP4 in either a 50 ml shake flask agitated by an orbital shaker or in a 150 ml bioreactor equipped
with a magnetic stir bar.
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Figure 5: Performance of YPDI grown GHP1 and GHP 4 in either 1X model fermentation media (A) or 1.2X (B). Data represents the average optical density of twenty
replicate cultures with error bars showing standard deviation from the mean.

may be responsible for lower than optimal ethanol yields observed in
shake flasks, and strain GHP4 is able to efficiently ferment very high
dry weights of pretreated pine with adequate mixing.

Growth in model fermentation media
To assess the inhibitor tolerances of GHP1 and GHP4 after 24 h
of grown in YPDIgrowth curves were constructed using YPDI grown
cultures of these strains. When inhibitors of identical concentration
(1X model fermentation media) to those listed in Table 1 were added
to the media, all three strains showed similar growth (Figure 5). The
inhibitor concentrations in 1x model fermentation media were based
on 12% dry wt/vol fermentations; in order to better reflect what may be
found in higher solids fermentations the concentrations of inhibitors
added into the media were increased. In media containing 1.2 times the
concentrations in Table 1, GHP1 and GHP4 reached maximal optical
density at 50h; later than what was observed at 1X concentration.
These data suggests that GHP1 and GHP4 retain the inhibitor resistant
growth phenotype of AJP50.

Conclusions
Four isolates obtained from AJP50 populations on inhibitor
supplemented media retain the desirable characteristics of the original
strain when cultured for 24 hours in YPDI media. At least two of
these strains also retain the ability to efficiently grow in defined media
containing selected compounds typically found in pine wood biomass
fermentations. Isolate GHP4 is able to produce ethanol from 22.5% dry
wt/vol of sulfur dioxide steam exploded pretreated pine wood at over
90% of the theoretical maximum, provided ample agitation of the pine
slurry.
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