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Abstract

Background: Environmental factors, such as weather extremes, have the potential to cause adverse effects on plant
biomass quality and quantity. Beyond adversely affecting feedstock yield and composition, which have been exten-
sively studied, environmental factors can have detrimental effects on saccharification and fermentation processes

in biofuel production. Only a few studies have evaluated the effect of these factors on biomass deconstruction into
biofuel and resulting fuel yields. This field-to-fuel evaluation of various feedstocks requires rigorous coordination of
pretreatment, enzymatic hydrolysis, and fermentation experiments. A large number of biomass samples, often in
limited quantity, are needed to thoroughly understand the effect of environmental conditions on biofuel production.
This requires greater processing and analytical throughput of industrially relevant, high solids loading hydrolysates for
fermentation, and led to the need for a laboratory-scale high solids experimentation platform.

Results: A field-to-fuel platform was developed to provide sufficient volumes of high solids loading enzymatic
hydrolysate for fermentation. AFEX pretreatment was conducted in custom pretreatment reactors, followed by high
solids enzymatic hydrolysis. To accommodate enzymatic hydrolysis of multiple samples, roller bottles were used to
overcome the bottlenecks of mixing and reduced sugar yields at high solids loading, while allowing greater sample
throughput than possible in bioreactors. The roller bottle method provided 42-47% greater liquefaction compared to
the batch shake flask method for the same solids loading. In fermentation experiments, hydrolysates from roller bot-
tles were fermented more rapidly, with greater xylose consumption, but lower final ethanol yields and CO, produc-
tion than hydrolysates generated with shake flasks. The entire platform was tested and was able to replicate patterns
of fermentation inhibition previously observed for experiments conducted in larger-scale reactors and bioreactors,
showing divergent fermentation patterns for drought and normal year switchgrass hydrolysates.

Conclusion: A pipeline of small-scale AFEX pretreatment and roller bottle enzymatic hydrolysis was able to provide
adequate quantities of hydrolysate for respirometer fermentation experiments and was able to overcome hydrolysis
bottlenecks at high solids loading by obtaining greater liquefaction compared to batch shake flask hydrolysis. Thus,

the roller bottle method can be effectively utilized to compare divergent feedstocks and diverse process conditions.

Keywords: Enzymatic hydrolysis, High solids loading, Horizontal tumbling, Fermentation, Field-to-fuel, Environmental
factors, Abiotic stressors
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factors experienced during plant growth, such as weather
extremes, have the potential to cause adverse effects on
biomass quality and quantity [2, 3]. Decreased yield due
to drought is a serious challenge to uninterrupted sup-
ply of feedstock for biofuel production [4—6]. Several
studies have focused on the effects of abiotic stressors,
such as drought, extreme temperatures, and heavy metal
and salt concentrations on feedstock yield and compo-
sition to identify ecosystems suitable for their cultiva-
tion and develop sustainable bioconversion processes
[7-9]. Although environmental factors can also affect the
deconstruction of feedstocks into biofuel and resulting
fuel yields, only a few studies have evaluated these effects
[10-12]. There are a number of challenges in conduct-
ing these field-to-fuel experiments that span the entire
biofuel production chain. First, a thorough analysis of
the environmental effect on feedstocks and subsequent
correlation to biofuel production requires samples from
multiple plots and locations, which needs a higher level of
throughput for the process than can be achieved in biore-
actors. Second, there is a limit on minimum scale for reli-
able (useful or interpretable) fermentation experiments
in order to be comparable to experiments performed in
bioreactors. This requires a minimum hydrolysate vol-
ume and moderately sized pretreatment and hydrolysis
vessels. Thus, there is a need for a platform that is able to
accommodate a larger number of samples, while generat-
ing sufficient volumes of hydrolysate in a reasonable time
frame.

Laboratory-scale enzymatic hydrolysis for screen-
ing numerous lignocellulosic materials is usually per-
formed at a substrate solid loading of 1 wt% in a vial or
up to 5 wt% in a shake flask [13]. However, high solids
loading hydrolysis (18 wt% or higher) is needed to more
accurately represent industrial conditions. Enzymatic
hydrolysis at high solids loading increases the economic
feasibility of the bioconversion process as it reduces
the operating cost for hydrolysis and fermentation and
minimizes energy requirements for other downstream
processes, such as distillation [11, 14, 15]. However, as
solids loading increases, the water available to facilitate
the diffusion of enzymes into the biomass and the diffu-
sion of sugars out into solution decreases [16—18]. Water
availability is also important to reduce the viscosity of the
slurry, thereby reducing the energy required for mixing.
Poor mixing due to low water availability is a significant
bottleneck for high solids loading operating conditions
[19-21]. Shake flasks are commonly used lab equipment
for enzymatic depolymerization of biomass, but they do
not provide sufficient shear rates to reduce viscosity at
high solids concentrations. Inadequate mixing results in
hydrolysis product build up in specific areas of the flask
and improper enzyme distribution. In a shake flask, the
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highly viscous biomass and water mixture accumulates
near the walls of the flask, which is the low shear zone of
the reaction vessel [22, 23]. In contrast to orbital shaking,
gravitational tumbling has been found to be effective in
mixing under high solids conditions [24—26]. Fed-batch,
high solids loading enzyme hydrolysis has also been stud-
ied extensively as a means to overcome mixing issues
[27-29]. In this method, the experiment is started with
a moderate amount of the biomass, and a small dose of
biomass is added at regular intervals. Fed batch opti-
mizes the inherent pseudoplastic behavior of the high
solids slurry by improving the water availability for enzy-
matic hydrolysis [30, 31]. However, fed-batch loading
also increases the likelihood of contamination if not con-
ducted in a controlled manner.

The objective of this project was to develop a labora-
tory-scale high solids field-to-fuel platform to evaluate
fermentation performance of diverse feedstocks. Cus-
tom pretreatment reactors were designed to process suf-
ficient AFEX treated biomass to generate the volume of
high solids hydrolysate required for fermentation [32].
Enzymatic hydrolysis was conducted using gravitational
tumbling in a static incubator to ensure proper mixing
under high solids loading conditions and compared to
the conventional method using shake flasks. Enzymatic
hydrolysis parameters, including solids loading, buffer
concentration, and pH, were optimized to achieve the
highest volumes of hydrolysate and sugar conversion. The
hydrolysates were fermented using Saccharomyces cer-
evisiae or Zymomonas mobilis with a system that meas-
ures real-time CO, production in order to determine
fermentation rate without extensive manual sampling
and culture depletion. The fermentation performance of
the platform was validated using two switchgrass sam-
ples that previously have shown divergent fermentation
performance when processed at a larger scale for all
steps——pretreatment, hydrolysis, and fermentation. This
field-to-fuel platform can be used to rapidly identify the
effects of environmental conditions, genetic background,
or other parameters that influence feedstock quality, on
microbial fuel production under industrially relevant
enzymatic hydrolysis and fermentation conditions.

Results

Feedstocks and pretreatment

Correlating environmental field conditions to effects
on feedstock deconstruction and fuel production will
require analysis of a large number of samples that con-
trol for multiple variables (e.g., local temperature and
precipitation, soil type, and field location). This study
used a variety of potential herbaceous bioenergy feed-
stocks (corn stover, switchgrass, sorghum, restored prai-
rie, and miscanthus), to demonstrate the broad utility
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activity, but in a suitable range for Z. mobilis fermenta-
tions, which meant that less pH adjustment was required
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following enzymatic hydrolysis. Although the hydrolysate
pH was not strongly affected by buffer concentration and
pH, both of these properties affected carbohydrate con-
version and the fermentability of the hydrolysates (Fig. 1),
with the glucose conversion consistently higher for a
buffer pH of 3.0 than 4.5. The highest glucose conversion
was attained for the buffer concentration of 0.15 M and
pH of 3.0 (Fig. 1A).

Since the addition of phosphate buffer could have
downstream effects on the fermentation microbes, we
next sought to determine the effect of buffer concentra-
tion and pH added during enzymatic hydrolysis on sub-
sequent microbial fermentation. First, the high solids
loading hydrolysates were adjusted to pH 5.8 +0.1, which
was suitable for fermentation by both S. cerevisiae and Z.
mobilis. Engineered S. cerevisiae and Z. mobilis strains
were then inoculated into sealed serum bottles contain-
ing various hydrolysates, grown at 30 °C for two days,
and sampled for final ethanol and sugar concentrations.
The ethanol concentrations at the end of fermentation
were not dependent on buffer concentration, which for
the same buffer pH were very similar (Fig. 2A). In con-
trast, ethanol concentrations were consistently higher
for a buffer pH of 3.0 than 4.5 for both S. cerevisiae and
Z. mobilis (Fig. 2A). For Z. mobilis, this appears to be
entirely related to increased sugar concentrations in
the hydrolysates, as the ethanol yields were very similar
across all buffers (Fig. 2B). In contrast, the ethanol yields
obtained for S. cerevisiae were slightly higher for the
hydrolysate generated using the pH 4.5 buffer (Fig. 2B),
indicating that though less ethanol was produced
(Fig. 2A), the yeast was more efficient than Z. mobilis at
converting sugars to ethanol.

Sugar yields decline with increasing solids loading due

to low water availability for liquefaction

Enzymatic hydrolysis was carried out on AFEX pre-
treated corn stover at 6% and 9% glucan loading (19%
and 28% w/w solids loading, respectively) in roller bot-
tles to evaluate the effect of solids loading on hydrolysate
characteristics and optimum processing conditions. For
the same buffer concentrations and buffer pH, 6% glucan
loading showed more consistent liquefaction (Fig. 3A),
and higher glucose and xylose conversions compared
to 9% glucan loading (Fig. 3B and 3C). The glucose and
xylose conversion were about 36% higher for 6% glu-
can loading compared to 9% glucan loading. The high-
est sugar conversions were obtained using the 0.2 M, pH
3.0 buffer for both solids loadings, with the exception
of the 6% glucan hydrolysate, where glucose conversion
was highest for the 0.15 M, pH 3.0 buffer (Fig. 3). An
additional 5 mL was recovered from 6% glucan load-
ing hydrolysates compared to the higher solids loading,
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though the volume did not vary significantly for the same
solid loading across the reported centrifugation times.
The 9% glucan loading samples were unable to be fully
filtered by the dual stage filtration (0.5 um pre-filtration
followed by 0.22 pm sterile filtration) for centrifugation
times less than 2 h, which is the reason for the difference
in centrifugation times between the two solids loadings
(Fig. 3A).

Enzymatic hydrolysis in roller bottles led to greater
liquefaction and higher sugar yields compared to shake
flasks

In order to validate the roller bottle enzymatic hydroly-
sis method, it was compared to enzymatic hydrolysis in
shake flasks for a variety of herbaceous feedstocks (corn
stover, switchgrass, sorghum, miscanthus, and native
prairie). Roller bottle and shake flask experiments were
conducted using the same conditions used previously at
6% glucan loading (15-22% w/w solids loading, depend-
ing on the feedstock). However, shake flasks had a greater
working volume (50 mL in shake flask experiments com-
pared to 35 mL for roller bottle experiments). In spite
of this, the final hydrolysate volumes for the shake flask
and roller bottle experiments were similar (Fig. 4A)
and the extent of liquefaction, which is the ratio of final
hydrolysate volume and working volume (Fig. 4B), was
42-47% higher for the roller bottle method for all feed-
stocks tested. A previously developed scalable roller bot-
tle method for 20% (w/w) solids loading concluded that
gravitational tumbling overcame the important bottle-
necks of improper mixing and high viscosity when com-
pared to the shake flask method with intermittent hand
mixing [25], which agrees with our results.

As expected from the greater extent of liquefaction,
the glucose and xylose yields for the hydrolysates from
the roller bottle method were ~25-50% higher than the
shake flask method for all the AFEX pretreated feed-
stocks (Fig. 5A and B), though the hydrolysate sugar
concentrations were similar for both methods (Fig. 5C
and D). This indicates that although both methods seem
to provide hydrolysate of similar quality from the same
feedstock for fermentation, the roller bottle system facili-
tates greater conversion in the same amount of time
and because of this generates greater usable hydrolysate
volumes.

We next compared the diverse hydrolysates generated
by the roller bottle and shake flask hydrolysis in micro-
bial fermentation experiments. Standard flask fermenta-
tions with yeast or bacteria typically require 10-20 mL of
medium because a significant amount of culture volume
is depleted from cell density (e.g., ODg,, measurements)
and extracellular metabolite (e.g., ethanol titer as deter-
mined by HPLC-RID) sampling. Since we had obtained
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only 20-25 mL of hydrolysate from both roller bottle and
shake flask protocols, we investigated alternative methods
of fermentation that utilize low (5 mL or less) volumes of
hydrolysates, which will allow the remaining volume to
be used for additional studies. Since CO, is formed as a
byproduct during the anaerobic fermentation of glucose
to ethanol (C;H,,0¢— 2 C,H;OH+2CO,+ 2ATP), oth-
ers have monitored fermentative CO, production from
the vessel headspace as a proxy for ethanol production
[38, 39]. We developed a protocol that employs a com-
mercial respirometer system that measures and records
CO, production in real time. Serum bottles containing
5 mL of paired hydrolysates generated from roller bottles
or shake flasks were inoculated with yeast S. cerevisiae or
bacteria Z. mobilis. The serum bottles were connected to
a commercially available respirometer system that meas-
ures CO, production by tracking disruption of a laser
beam by bubbles released from the flasks. CO, produc-
tion was measured for approximately 48 h, at the end of
which time final cell density and extracellular metabolite
samples were taken for analysis. The data from the paired
samples were subtracted to give an idea of general trends
in fermentation performance between the two experi-
mental methods. Interestingly, only the shake flask exper-
iments had significantly inhibited fermentations that did
not achieve maximum CO, production by the end of
the ~40 h fermentation period (Fig. 6). This is indicated
by the positive data points for the roller bottle glucose
consumption (Fig. 7). These values were high because
the shake flask experiments for these paired samples had
incomplete glucose consumption after ~ 40 h, while for all
other experiments, 100% of the glucose was consumed
(Additional file 1: Table S2 and S3).

In general, xylose consumption and final OD tended to
be higher in fermentations with roller bottle hydrolysates,
while process ethanol yield (amount of ethanol pro-
duced with respect to the theoretical maximum based on
hydrolysate composition), maximum CO, volume, and
time to maximum rate of CO, production were higher
for shake flask experiments. The time to maximum rate
of CO, production gives an indication of delay in fermen-
tation, with longer times for the shake flask experiments
indicating slower and more inhibited fermentations. The
few samples that did not follow these trends (the positive
values in the respective plots in Fig. 7) were generally for
the severely inhibited shake flask fermentations.
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The field-to-fuel platform successfully replicates
fermentation results observed in larger-scale experiments
Because hydrolysate composition is related to fermenta-
tion performance, we determined correlations between
key fermentation results and hydrolysate sugars, alco-
hols, and organic acids (Fig. 8 and Additional file 1: Fig-
ure S2). For the most part, the compounds quantified in
the hydrolysates were not correlated with key fermenta-
tion metrics, for either S. cerevisiae (Fig. 8) or Z. mobilis
(Additional file 1: Figure S2) fermentations. Fermentation
data tended to cluster together, and hydrolysate compo-
sition data tended to cluster together in the correlation
plots. For the hydrolysate composition data, acetate, glu-
cose, glycerol, and succinate concentrations were posi-
tively correlated across all feedstocks. The fermentation
data showed strong positive correlations between glucose
consumption (titer and percentage basis), process etha-
nol yield (amount of ethanol generated compared to the
theoretical maximum), total ethanol produced, final cell
density, maximum CO, volume, and maximum rate of
CO, production.

Because the respirometer system measures CO, vol-
ume as a proxy for ethanol yield, the strong correlation
between the two values lends support for the utility of
the method. When the two values are plotted, there is a
strong positive correlation between the maximum CO,
volume and ethanol yield (p <0.01, R?=0.84 or 0.87);
however, for productive fermentations, there is a large
amount of scatter for the correlation between max CO,
volume and ethanol concentration for the 6% glucan
loading hydrolysates (Fig. 9). In spite of this, unusually
low final CO, volumes corresponded very closely with

low ethanol concentrations in the fermentation media
(Fig. 9), indicating that CO, is an adequate surrogate for
ethanol production when used to identify severely inhib-
ited fermentations.

We also used the pipeline to process two feedstocks,
switchgrass grown in a drought year (2012) and switch-
grass grown in a year with normal precipitation (2010),
which had previously shown strongly divergent yeast
fermentation performance. These materials were pre-
treated in the custom AFEX reactors, hydrolyzed in the
roller bottle system at 7% glucan loading (the same load-
ing as previously published [11]), and conducted fermen-
tation in the respirometer. Based on these experiments,
switchgrass grown in a drought year (2012) was signifi-
cantly more inhibitory to yeast fermentation compared
to switchgrass grown in a normal year (2010) (Fig. 10).
Although not all fermentations showed the complete
inhibition of growth in the drought year switchgrass that
was previously observed [11], all of the drought year sam-
ples had either significantly reduced or delayed CO, pro-
duction compared to their paired fermentation sample
from the year with normal precipitation.

Discussion

Feedstocks across multiple plots and locations need to be
studied to correlate the effects of environmental factors
on biofuel production. The high throughput required for
such studies led to the need for a field-to-fuel research
pipeline, combining pretreatment, enzymatic hydrolysis,
and fermentation. For biomass pretreatment, we previ-
ously designed and constructed a customized system that
can AFEX pretreat as little as 25 g of biomass [32]. The
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ability to process biomass in smaller quantities under
process conditions that are similar to the previously used
Parr reactor system [11] makes the custom reactor suit-
able for the field-to-fuel research pipeline. The glucose
and xylose concentrations after enzymatic hydrolysis for
the AFEX pretreated biomass using the customized sys-
tem are comparable to the results obtained for the bio-
mass processed in the 5-gallon Parr reactor system [12,
32]. The 2010 and 2012 harvested switchgrass that were
used for the final validation (Fig. 10) were pretreated in
these custom AFEX reactors.

While several methods for enzymatic hydrolysis have
been developed, they are less amenable for high solids
loading with limited biomass quantity. High viscosity,
product inhibition, low water availability, accumulation
of oligosaccharides, and inhibition of enzyme adsorption

are some of the most important reasons for low sugar
conversion during enzymatic hydrolysis of lignocellulosic
biomass at high solids loading, especially in stirred tank
reactors and laboratory-scale shake flask reactors [22, 23,
40]. Horizontal bioreactors have achieved faster liquefac-
tion through effective mixing of substrate and enzymes,
which was evident through the drastic decrease in viscos-
ity at high solids loading when compared to shake flask
[41, 42]. A 2 L horizontal bioreactor designed for high
solids loadings has shown enhanced biomass liquefac-
tion and glucose yields up to 97.99% for 25% and 30%
w/v solids loading, which is comparable to our results
94.6% glucose yield obtained for the roller bottle method
at 6% glucan loading [24]. Lower efficiency enzymatic
hydrolysis leads to lower volumes of hydrolysate and final
products after microbial fermentation [43]. Liquefaction
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during high solids enzymatic saccharification has been
a predominant method to evaluate the deconstruction
of lignocellulosic biomass. Horizontal mixing in the
roller bottle method has been shown to overcome the
liquefaction problem in shake flasks at high solids load-
ing, increasing sugar conversion and liquefaction, while
generating hydrolysates with similar sugar composition.
A previously studied 1.7 L horizontal rotating reactor at
25% w/w solids loading for steam pretreated corn stover
was able to provide 20% higher saccharification when
compared to a vertical stirred tank reactor [26]. In our
study, liquefaction was about 45% higher for the roller
bottle method than the shake flask method, consistently
producing higher volumes of fermentable hydrolysates
from AFEX pretreated biomass. One alternative route
for improved hydrolysis performance in shake flasks is
to load samples in fed batch. However, our process fol-
lows a strict protocol to maintain aseptic conditions and
prevent microbial contamination, as has been observed
to be an issue in other studies [44]. Fed-batch addition of
biomass is incompatible with these methods, and for this
reason, we were not able to use a fed-batch approach.

The effect of solids loading on enzymatic hydrolysis
on the hydrolysate composition was compared for corn
stover at 6% and 9% glucan loading (19% and 28% w/w
solids loading) during process optimization. Our results
(Fig. 3A and B) are consistent with a previous work on
dilute acid pretreated corn stover loaded at 5%, 10%, and
15% w/w solids loading, where the highest glucan con-
version was observed for 5% solids loading [30]. Simi-
larly, for an increase in solids loading from 2 to 5% for
steam pretreated softwood resulted in a 16% decreasing
of carbohydrate conversion [45]. Glucose conversions
are known to decrease with increasing solids loading
[14]. This is attributed to both end product inhibition of
enzymes and accumulation of oligosaccharides at high
solids loading [28, 40]. We observed that liquefaction
and sugar release were higher for 6% glucan loading com-
pared to 9% glucan loading. The availability of initial free
liquid at the beginning of the enzymatic hydrolysis could
account for the better liquefaction at 6% glucan loading.
For 9% glucan loading, the water added to the pretreated
biomass was absorbed completely by the biomass and
consequently, no initial free liquid was available, which
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Fig. 7 Max CO, volume is correlated with the final volume of
ethanol produced during fermentation for both S. cerevisiae Y945
and Z mobilis ZM2032. Samples are 6% glucan loading hydrolysates
produced using the roller bottle and shake flasks from all five grass
feedstocks that had been pretreated in the 5-gallon reactor (2008
corn stover, 2010 and 2012 switchgrass, and 2014 miscanthus, native
prairie, and sorghum)

may have caused slower deconstruction of the pretreated
biomass, as seen elsewhere [16, 17].

A major goal of our platform (Fig. 11) is to rapidly com-
pare environmentally challenged feedstock samples to
determine the impact on fermentation compared to the
general population, and use this to identify contributing
biomass environmental, agronomic, or genetic factors.
While ethanol is the desired product, it is challenging to
monitor ethanol concentrations at informative time reso-
lution from low culture volumes. Using CO, production
as a surrogate for ethanol production is one way to moni-
tor fermentation progress real time, while avoiding issues
with sampling and disturbing the fermentation process.
Our research pipeline showed some correlation between
final ethanol titer and maximum CO, production in fer-
mentations of multiple feedstocks, and accurately rep-
resents differences in growth and fermentation across
paired samples, particularly when inhibitory hydrolysates
are compared (e.g., 2012 drought versus 2010 normal
year switchgrass). When comparing the fermentability of
hydrolysates generated using the roller bottle and shake
flask methods, in general, the shake flask hydrolysates
were more inhibited based on the longer time required
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to reach exponential CO, production and lower final cell
density, and some samples were unable to fully utilize
all of the glucose by the end of the ~40 h fermentation
period. Though slower, the fermentations using the shake
flask hydrolysates tended to have greater CO, and ethanol
production compared to their paired roller bottle hydro-
lysates. Interestingly, the xylose consumption was also
lower in the shake flask hydrolysates, which is opposite
the trend observed for diverse feedstocks, where greater
xylose consumption tends to correlate with a higher pro-
cess ethanol yield [12, 46]. The process ethanol yield for
diverse feedstocks were similar with a few exceptions for
the roller bottle hydrolysates, which is the same trend as
observed in the previous study, in which the hydrolysates
were generated in a 3 L Applikon ez-control bioreactor
system (Applikon Biotechnology, Foster City, CA, USA)
[12]. Ultimately, by using our small-scale pretreatment,
roller bottle enzymatic hydrolysis at optimal conditions,
and monitoring CO, production during fermentation,
we were able to replicate the results previously observed
[11] showing significant, replicated inhibition of drought
year switchgrass with respect to the control switch-
grass. Inhibitory hydrolysates could be targeted for more
detailed analysis, such as chemical genomics studies [47,
48] or scaled-up experiments in bioreactors. Therefore,
the field-to-fuel research pipeline can be used to com-
pare multiple samples from across the field for statistical
confidence.

Conclusion

This study has demonstrated that the roller bottle sys-
tem is able to better overcome the major bottlenecks of
poor mixing, inadequate availability of water, and viscous
nature of pretreated biomass compared to the shake flask
method, for a variety of grass-based AFEX-pretreated
feedstocks [15]. When the entire field-to-fuel platform
was used, combining moderate-scale pretreatment, roller
bottle enzymatic hydrolysis, and respirometer fermenta-
tion, we were able to replicate the fermentation differ-
ences from limited volumes of hydrolysates from 2012
switchgrass grown in a drought year compared to 2010
switchgrass grown under normal precipitation. This
method can be utilized to compare an array of feedstocks
and different process conditions.

Materials and methods

Biomass growth, harvest, and processing

The biomass samples used for the experiments in this
study (corn stover, switchgrass, sorghum, restored prai-
rie, and miscanthus) were cultivated at the DOE-Great
Lakes Bioenergy Research Center’s (GLBRC) Biofuel
Cropping Systems Experiments (BCSE) located at the
Arlington Agricultural Research Station in southcentral
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Wisconsin, USA (ARL, 43° 17" 45" N, 89°22' 48" W,
315 m a.s.]) and the W.K. Kellogg Biological Station in
southwest Michigan, USA (KBS, 42° 23’ 47" N, 85° 22/
26" W, 288 m a.s.l) [49, 50]. The mean annual tempera-
ture and precipitation were 6.9 °C and 869 mm, respec-
tively. The soil type is Plano silt loam, which is fine-silty,
mixed, super-active, mesic Typic Argiudoll, well drained.
Mollisol developed over glacial till and formed under tall-
grass prairie. Switchgrass (SG) was sourced from ARL-
346 in both 2010 and 2012. Sorghum (SOR), Miscanthus
(MSC), and Restored Prairie (RP) were sourced from

ARL-AUX TRIAL, ARLG6R5, and ARLG5R4 in 2014.
Corn stover (CS) was sourced from ARL570 in 2008.
Field plots (28 m x 40 m) were harvested and chopped
into a wagon. When the wagons were unloaded, a rep-
resentative 25 kg sample was collected. The harvested
plant materials were dried in a 60 °C oven, milled using
a Christy Turner mill (Christy Turner Ltd. Suffolk, UK),
and then mixed by hand to ensure homogeneity before
being packaged in sealed plastic bags until use. The
composition testing conducted previously across mul-
tiple bags and feedstocks have not shown significant
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difference in biomass composition, the data for which
have not been published. We used corn stover samples
for the optimization of the high solids loading roller bot-
tle enzymatic hydrolysis method. The switchgrass (SG),
sorghum (SOR), miscanthus (MSC), and restored prairie
(RP) samples, which are mentioned above, were used to
confirm the effectiveness of the method on a variety of
grass feedstocks.

Cell wall and bulk chemical composition of biomass
The samples were milled before the analysis using a
Cyclotec™ mill (Foss, Denmark), equipped with a 2 mm
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screen. The composition of the bulk biomass (Addi-
tional file 1: Table S1) was determined using the stand-
ard method described by the NREL laboratory analytical
procedures for composition analysis of biomass [51]. All
composition experiments were performed in triplicate.

Ammonia fiber expansion (AFEX) pretreatment
The corn stover, switchgrass, sorghum, restored prairie,
and miscanthus samples were pretreated using ammonia
fiber expansion (AFEX) pretreatment. The pretreatment
experiments were carried out in a 3.8 L high-pressure
Parr reactor (Parr Instrument Co. Moline, IL, USA),
which was placed inside a walk-in fume hood. Dry bio-
mass mixed with water (0.6 g H,O/g dry biomass) was
loaded into the Parr reactor and sealed. The sealed reac-
tor was charged with nitrogen to 60 psi. The reactor
was then preheated to suitable temperatures according
to the type of biomass. Liquid ammonia, at a loading of
2 g NH;/g dry biomass, was added to the biomass using
a LEWA EK, metering pump (Leonberg, Germany)
[11]. After ammonia loading, the reactor temperature
was increased to the set point within 5 min and then
maintained at the set point temperature for the 30 min
residence time. At the completion of the reaction, the
ammonia was vented out from the reactor inside the
walk-in fume hood. The pretreated biomass was then
dried in a custom fume-vented drying box. The dried
AFEX pretreated biomass (<12% moisture content on
a total weight basis) was packed into sterilized bags and
stored at room temperature until it was used [44].

The 2010 and 2012 harvested switchgrass that were
used for the field-to-fuel process validation studies were
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Fig. 10 Saccharomyces cerevisiae grown in drought year (2012) switchgrass hydrolysates showed significantly reduced or delayed CO, production
compared to when it was grown in 2010 switchgrass hydrolysates from a year with normal precipitation. Each graph represents a separate batch of
hydrolysate and each column represents paired replicates that were fermented in the same respirometer experiment
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pretreated in custom AFEX reactors, as described previ-
ously [32]. In brief, 25 g of untreated biomass (dry weight
basis) was mixed with water (0.6 g H,O per g dry bio-
mass) and loaded into the custom pretreatment reactors.
The reactor was preheated to 60 °C, and then ammonia
was added using a high-pressure ammonia syringe pump
(Harvard Apparatus 70-3311) equipped with a 100 mL
stainless steel syringe to achieve a loading of 2 g NH,
per g dry biomass. The reactor was heated to 120 °C and
maintained at the set point until 30 min after ammonia
addition, at which point the reactor was vented, cooled,
and unloaded. The pretreated biomass was dried in a cus-
tom drying box and stored in plastic bags at room tem-
perature until used.

High solids roller bottle enzymatic hydrolysis

High solids roller bottle enzymatic hydrolysis experi-
ments were optimized using AFEX pretreated corn
stover at 6% and 9% glucan loading (g glucan/mL) by
adjusting the following conditions: (1) phosphate buffer
pH, (2) phosphate buffer concentration, and (3) cen-
trifugation time. All hydrolysate samples were loaded in
85 mL Nalgene Oak Ridge centrifuge tubes, with a final
working volume of 35 mL. The biomass was autoclaved
at 121 °C for 20 min to prevent microbial contamination.
After the autoclave step, a designated volume of phos-
phate buffer (0.05 M, 0.1 M, 1.5 M or 2.0 M; and pH 3.0
or pH 4.5), consisting of monobasic and dibasic potas-
sium phosphate, enzymes, and makeup water to account
for the amount lost during autoclaving, was added to the
centrifuge tubes inside a laminar flow hood. The centri-
fuge tubes were then sealed with caps, which had been
sterilized with 10 vol% bleach solution prior to the exper-
iment. Novozyme 22257 cellulase and Novozyme 22244
hemicellulase (Novozymes, Franklinton, NC, USA) were
desalted using a disposable desalting column (Dispos-
able PD-10 Desalting Columns, Cytiva, VWR Catalog.

No. 95017-001) and analyzed for protein content using
the Pierce” BCA Protein Assay Kit (Pierce Biotechnol-
ogy). Enzymes were loaded at 28 mg protein/g glucan,
consisting of 70% cellulase and 30% hemicellulase (v/v).
The sealed centrifuge tubes were placed on a laboratory-
scale bottle roller (Low Profile Roller, IBI Scientific, Low
Profile Roller Lab Start-Up Kit) at 20 rpm inside a static
incubator (VWR symphony ", 414004-626, Low temp./
BOD Incubator) set at 50 °C. A single static roller can
accommodate up to 10 centrifuge tubes. After 72 h of
enzymatic hydrolysis, the samples were centrifuged for
various times at 12,000 rpm (18,500xg) and 4 °C in a
benchtop laboratory-scale centrifuge (Eppendorf Bench-
top 5804R Centrifuge). At a constant rotation speed of
12,000 rpm (18,500xg), 6% glucan loading hydrolysates
(0.1 M phosphate, pH 3.0) were centrifuged for 1 h, 2 h,
or 5 h. The 9% glucan loading hydrolysates were centri-
fuged at 12,000 rpm (18,500xg) for 2 h, 3 h, or 5 h. The
final pH of the supernatant was recorded for all the sam-
ples and then adjusted to a suitable pH for fermentation
by either Saccharomyces cerevisiae or Zymomonas mobi-
lis, 5.84+0.1, using 12 M HCl or 10 M NaOH. The pH-
adjusted hydrolysates were pre-filtered through 0.5 pm
glass fiber filter paper (Metrigard®, 47 mm, Pall, VWR
Catalog. No. 28150-371) in a 4.7-cm-diameter Buch-
ner funnel. This filtrate was then sterile filtered using
a 0.22 pm, 50 mL Autofil sterile filtration system. The
hydrolysate samples were collected in sterile polypro-
pylene centrifuge tubes and stored at 4 °C until shipped
on ice for subsequent fermentation experiments and
characterization.

The effectiveness of the method was then tested on
6% glucan loading AFEX treated switchgrass from two
different years of harvest (2010 and 2012), and sor-
ghum, miscanthus, and restored prairie harvested in
2014 based on the optimized parameters for phosphate
buffer pH (3.0) and phosphate buffer concentration
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(0.1 M). Centrifugation time of 1 h was sufficient for corn
stover harvested in 2008, whereas 3 h centrifugation was
required for the other feedstocks for proper solid-liquid
separation. Therefore, the centrifugation time for the final
method was 3 h. For the field-to-fuel validation studies,
2010 and 2012 switchgrass pretreated in the smaller-scale
custom reactors were processed using the same method,
but at 7% glucan loading to match the conditions used in
previous studies [11, 44]. All other hydrolysis conditions
were identical.

High solids loading enzymatic hydrolysis-shake flask
method

The roller bottle enzymatic hydrolysis method was com-
pared to the conventional shake flask method in batch
mode. The experiments were conducted at 6% glucan
loading, with 0.1 M phosphate buffer at pH 3.0 for 72 h
on AFEX pretreated corn stover (CS), sorghum (SOR),
switchgrass (SG), miscanthus (MSC), and restored prai-
rie (RP). The working volume for the flask method was
50 mL, as opposed to the 35 mL used in the roller bottle
system. AFEX pretreated samples were added to previ-
ously autoclaved 100 mL Erlenmeyer flasks. The biomass
was autoclaved at 121 °C for 20 min to prevent micro-
bial contamination and match the roller bottle method.
After the autoclave step, a designated volume of 0.1 M
phosphate buffer (pH 3.0) consisting of monobasic and
dibasic potassium phosphate, enzymes (28 mg protein
per g glucan—70% cellulase and 30% hemicellulase),
and makeup water to account for the amount lost dur-
ing autoclaving was added to the Erlenmeyer flasks inside
a laminar flow hood. The Erlenmeyer flasks were then
sealed with 27-mm-diameter rubber stoppers, which
had been autoclaved prior to the experiment. The sealed
Erlenmeyer flasks were placed inside a shaker incubator
(New Brunswick™ Excella® E25) at 150 rpm set at 50 °C.
After 72 h of enzymatic hydrolysis, the samples were cen-
trifuged in 85 mL Nalgene Oak Ridge centrifuge tubes
for 3 h at 12,000 rpm (18,500xg) and 4 °C in a bench-
top laboratory-scale centrifuge (Eppendorf Benchtop
5804R Centrifuge). The final pH of the supernatant was
recorded for all the samples. The pH was then adjusted
to the optimum pH for fermentation by either Saccharo-
myces cerevisiae or Zymomonas mobilis, 5.8 0.1, using
12 M HCI or 10 M NaOH to ensure adequate pH for

Page 14 of 17

fermentation. The pH-adjusted hydrolysates were pre-fil-
tered through 0.5 um glass fiber filter paper (Metrigard®,
47 mm, Pall, VWR Catalog. No. 28150-371,) in a 4.7-cm-
diameter Buchner funnel. This filtrate was then sterile
filtered using a 0.22 um, 50 mL Autofil sterile filtration
system. The hydrolysate samples were collected in ster-
ile polypropylene centrifuge tubes and stored at 4 °C until
shipped on ice for subsequent fermentation experiments
and characterization. The composition of glucose, xylose,
and other hydrolysate end products (Additional file 1:
Figure S1) was analyzed using HPLC-RID as described
previously [52].

Fermentation

For the fermentation experiments, 5 mL of each hydro-
lysate was pipetted into sterile serum bottles and
degassed overnight in an anaerobic chamber. A cul-
ture of either Z. mobilis ZM2032 [53] or S. cerevisiae
GLBRCY945 [54] was grown overnight and diluted into
anaerobic media the day of the experiment. Once the
cultures reached logarithmic growth, they were centri-
fuged, and cell pellets were resuspended with synthetic
medium [44], and inoculated into 60 mL Wheaton
serum bottles. The serum bottles were capped with air-
tight Chemglass Life Sciences Blue Butyl, 20 mm rubber
caps and placed on a 120 rpm shaker in a 30 °C environ-
mental growth chamber. The cultures were attached to
respirometer cartridges using BD PrecisionGlide 23GX1
(0.6 mm x 25 mm) sterile needles inserted into the serum
bottle caps. The respirometer (AER-800; Challenge Tech-
nology; Springdale, AR, USA) measured the volume
of gas produced by the growing culture. Each experi-
ment was run for 48 h, unless stated otherwise. Super-
natants from post-fermentation cultures were analyzed
by high-performance liquid chromatography (HPLC)
and refractive index detection (RID) for sugar and
ethanol concentrations [52]. Final cell density (ODg)
measurements were made with a Beckman DU720
spectrophotometer.

Calculations

Extent of liquefaction

The extent of hydrolysate liquefaction was calculated
as the volume of liquid recovered by centrifugation and
filtration as a proportion of the hydrolysis working vol-
ume (total volume of solids, liquid, etc. in the vessel) [43],

Extent of liquefaction =

Volume of supernatant following centrifugation andfiltration

Initial working volume of the sample
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Glucan conversion

Glucan conversion (g glucose released per g glucose in untreated dry biomass)

glucose measured by HPLC (%) 162.14
= X
1000 x glucan loading% 180.16

where MW
MW

glucose = (180«16 g/mol) and
glucan — (162.14 g/mol)

Glucose yield

Glucose yield was calculated as described previously [55]

Glucose yield (mg glucose released per g glucose in untreated dry biomass)
_ glucose measured by HPLC (%) 162.14
= 71000 x glucanloading% . 180.16

a

where MW =(180.16 g/mol)

glucose —

and MW, =(162.14 g/mol) and V, is the available

glucan —

volume of the hydrolysate.

Xylan conversion

Xylan conversion (g xylosereleased per g xylose in untreated dry biomass)

_ xylose measured by HPLC (%) %glucan content per g untreated biomass =~ 132

1000 x glucan loading% %xylan content per g untreated biomass * 150
where MW, ... =(150 g/mol) and MW,y,,=(132 g/
mol).
Xylose yield

Xylose yield was calculated as follows:

Xyloseyield (mg xylose released pergxylose in untreated dry biomass)
__ xylose measured by HPLC (8)  %glucan content per g untreated biomass 132

X X — XV,
1000 x glucan loading% %xylan content perg untreated biomass ~ 150 “

where MW

xylose
and V/, is the extent of liquefaction.

= (150 g/mol) and MW

xylan

= (132 g/mol)

Ethanol yield
Ethanol yield was calculated as follows [56]

ethanolmeasuredbyHPLC ( %)

(glucose(£) + xylose(£))consumed x 0.51 x100%

Ethanolyield (% oftheoretical) =
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where the theoretical maximum yield of ethanol from both
glucose and xylose is 0.51 g ethanol produced per g sugar
consumed.
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CS: Corn stover; SOR: Sorghum; MSC: Miscanthus; NP: Native prairie; SG: Switch-
grass; AFEX: Ammonia fiber expansion.

Supplementary Information

The online version contains supplementary material available at https://doi.org/
10.1186/513068-021-02033-6.

Additional file 1: Table S1. Untreated feedstock composition for different
types of cellulosic biomass. Figure S1. Roller Bottle and shake flask hydro-
lysate composition. Figure S2. Clustered correlation matrix for Z. mobilis
2032 fermentation data and hydrolysate composition. Table S2. Summary
of Saccharomyces cerevisiae Y945 fermentation results. Table S3. Summary
of Zymomonas mobilis 2032 fermentation results.

Acknowledgements

The authors gratefully acknowledge Novozymes generous support for provid-
ing the enzymes used during enzymatic hydrolysis. They thank J. Sustachek,

A. Miller, Z. Andersen, B. Faust, and J. Tesmer for collection and processing of
biomass; C. Donald Jr, J. Cassidy, and L. Hooker-Moericke for conducting AFEX
pretreatment; M. Kreuger, M. Shabani, and C. Gunawan for biomass composition
analysis; M. McGee and the GLBRC Metabolomics Core Facility for HPLC analysis
of enzymatic hydrolysis and fermentation products; M. Tremaine, J. Serate, D.
Xie, and Y. Zhang for technical support with fermentation; and M. Wisniewski for
advice on graphical representation.

Authors’ contributions

RGO and TKS led, designed, and coordinated the overall project, with significant
contributions from MC, KK, LJ, and EB. KK, L, and MC performed enzymatic
hydrolysis experiments. DJB performed respirometer fermentation experiments.
SC contributed to the shake flask experiments. MC and RGO analyzed data and
ran statistical analyses. MC wrote the manuscript with input from all the authors.
RGO, TKS, and KT edited and revised the manuscript. All authors read and
approved the final manuscript.

Funding
This work was funded by the DOE Great Lakes Bioenergy Research Center (DOE
BER Office of Science DE-FC02-07ER64494).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'DOE Great Lakes Bioenergy Research Center, Michigan Technological University,
Houghton, MI, USA. 2Department of Chemical Engineering, Michigan Techno-
logical University, Houghton, M, USA. >DOE Great Lakes Bioenergy Research
Center, Univ. of Wisconsin-Madison, Madison, USA. *DOE Great Lakes Bioenergy
Research Center, Michigan State University, East Lansing, MI, USA.

Page 16 of 17

Received: 14 June 2021 Accepted: 30 August 2021
Published online: 10 September 2021

References

1. Liao JC, MiL, Pontrelli S, Luo S. Fuelling the future: microbial engineer-
ing for the production of sustainable biofuels. Nat Rev Microbiol.
2016;14(5):288-304.

2. Darby HM, Lauer JG. Harvest date and hybrid influence on corn forage
yield, quality, and preservation. Agron J. 2002,94(3):559-66.

3. Sanaullah M, Chabbi A, Girardin C, Durand J-L, Poirier M, Rumpel C. Effects
of drought and elevated temperature on biochemical composition of for-
age plants and their impact on carbon storage in grassland soil. Plant Soil.
2013,374(1-2):767-78.

4. Emerson R, Hoover A, Ray A, Lacey J, Cortez M, Payne C, Karlen D, Birrell S,
Laird D, Kallenbach R. Drought effects on composition and yield for corn
stover, mixed grasses, and miscanthus as bioenergy feedstocks. Biofuels.
2014;,5(3):275-91.

5. Langholtz M, Webb E, Preston BL, Turhollow A, Breuer N, Eaton L, King AW,
Sokhansanj S, Nair SS, Downing M. Climate risk management for the U.S.
cellulosic biofuels supply chain. Clim Risk Manag. 2014;3:96-115.

6. Stone KC, Hunt PG, Cantrell KB, Ro KS. The potential impacts of biomass
feedstock production on water resource availability. Bioresour Technol.
2010;101(6):2014-25.

7. Chapotin SM, Wolt JD. Genetically modified crops for the bioec-
onomy: meeting public and regulatory expectations. Transgenic Res.
2007;16(6):675-88.

8. Chaves MM, Maroco JP, Pereira JS. Understanding plant responses
to drought—from genes to the whole plant. Funct Plant Biol.
2003;30(3):239-64.

9. Oliver RJ, Finch JW, Taylor G. Second generation bioenergy crops and
climate change: a review of the effects of elevated atmospheric CO2
and drought on water use and the implications for yield. Gcb Bioenergy.
2009;1(2):97-114.

10. Hoover A, Emerson R, Ray A, Stevens D, Morgan S, Cortez M, Kallenbach R,
Sousek M, Farris R, Daubaras D. Impact of drought on chemical com-
position and sugar yields from dilute-acid pretreatment and enzymatic
hydrolysis of miscanthus, a tall fescue mixture, and switchgrass. Front
Energy Res. 2018;6:54.

11. Ong RG, Higbee A, Bottoms S, Dickinson Q, Xie D, Smith SA, Serate J,
Pohlmann E, Jones AD, Coon JJ, et al. Inhibition of microbial biofuel pro-
duction in drought-stressed switchgrass hydrolysate. Biotechnol Biofuels.
2016,9:237.

12. Zhang, Oates LG, Serate J, Xie D, Pohlmann E, Bukhman YV, Karlen SD,
Young MK, Higbee A, Eilert D, et al. Diverse lignocellulosic feedstocks can
achieve high field-scale ethanol yields while providing flexibility for the
biorefinery and landscape-level environmental benefits. GCB Bioenergy.
2018;10(11):825-40.

13. Modenbach AA, Nokes SE. Enzymatic hydrolysis of biomass at high-solids
loadings—a review. Biomass Bioenerg. 2013;56:526-44.

14. Jorgensen H, Vibe-Pedersen J, Larsen J, Felby C. Liquefaction of lignocel-
lulose at high-solids concentrations. Biotechnol Bioeng. 2007;96(5):862-70.

15. Lu M, LiJ, Han L, Xiao W. High-solids enzymatic hydrolysis of ball-milled
corn stover with reduced slurry viscosity and improved sugar yields. Bio-
technol Biofuels. 2020;13:77.

16. Roberts KM, Lavenson DM, Tozzi EJ, McCarthy MJ, Jeoh T. The effects of
water interactions in cellulose suspensions on mass transfer and saccharifi-
cation efficiency at high solids loadings. Cellulose. 2011;18(3):759-73.

17. Selig MJ, Hsieh CWC, Thygesen LG, Himmel ME, Felby C, Decker SR.
Considering water availability and the effect of solute concentration on
high solids saccharification of lignocellulosic biomass. Biotechnol Prog.
2012;28(6):1478-90.

18. Athmanathan A, Fallahi P, Lash T, Trupia S. A demonstration of the consist-
ency of maize stover pretreatment by soaking in aqueous ammonia from
bench to pilot-scale. BioEnergy Res. 2018;12(1):68-80.

19. Agrawal R, Bhadana B, Mathur AS, Kumar R, Gupta RP, Satlewal A. Improved
enzymatic hydrolysis of pilot scale pretreated rice straw at high total solids
loading. Front Energy Res. 2018,6:115.

20. Robertson GP, Hamilton SK, Barham BL, Dale BE, Izaurralde RC, Jackson
RD, Landis DA, Swinton SM, Thelen KD, Tiedje JM. Cellulosic biofuel


https://doi.org/10.1186/s13068-021-02033-6
https://doi.org/10.1186/s13068-021-02033-6

Chandrasekar et al. Biotechnol Biofuels

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2021) 14:179

contributions to a sustainable energy future: choices and outcomes. Sci-
ence. 2017;356(6345):eaal2324.

Viamajala S, McMillan JD, Schell DJ, Elander RT. Rheology of corn stover
slurries at high solids concentrations—effects of saccharification and parti-
cle size. Bioresour Technol. 2009;100(2):925-34.

Doran PM. Mixing. Bioprocess engineering principles. 2nd ed. Cambridge:
Academic Press; 2013. p. 255-332.

Zhang X, Qin W, Paice MG, Saddler JN. High consistency enzymatic hydroly-
sis of hardwood substrates. Bioresour Technol. 2009;100(23):5890-7.

Pino MS, Rodriguez-Jasso RM, Michelin M, Ruiz HA. Enhancement and
modeling of enzymatic hydrolysis on cellulose from agave bagasse
hydrothermally pretreated in a horizontal bioreactor. Carbohyd Polym.
2019;211:349-59.

Roche CM, Dibble CJ, Stickel JJ. Laboratory-scale method for enzymatic
saccharification of lignocellulosic biomass at high-solids loadings. Biotech-
nol Biofuels. 2009;2(1):28.

Du J, Zhang F, LiY, Zhang H, Liang J, Zheng H, Huang H. Enzymatic
liquefaction and saccharification of pretreated corn stover at high-solids
concentrations in a horizontal rotating bioreactor. Bioprocess Biosyst Eng.
2014;37(2):173-81.

Bals BD, Gunawan C, Moore J, Teymouri F, Dale BE. Enzymatic hydrolysis

of pelletized AFEX-treated corn stover at high solid loadings. Biotechnol
Bioeng. 2014;111(2):264-71.

Hodge DB, Karim MN, Schell DJ, McMillan JD. Model-based fed-batch

for high-solids enzymatic cellulose hydrolysis. Appl Biochem Biotechnol.
2009;152(1):88-107.

Jung YH, Park HM, Kim DH, Yang J, Kim KH. Fed-batch enzymatic saccharifi-
cation of high solids pretreated lignocellulose for obtaining high titers and
high yields of glucose. Appl Biochem Biotechnol. 2017;182(3):1108-20.
Geng W, JinY, Jameel H, Park S. Strategies to achieve high-solids enzy-
matic hydrolysis of dilute-acid pretreated corn stover. Bioresour Technol.
2015;187:43-8.

Tai C, Keshwani DR, Voltan DS, Kuhar PS, Engel AJ. Optimal control strategy
for fed-batch enzymatic hydrolysis of lignocellulosic biomass based on
epidemic modeling. Biotechnol Bioeng. 2015;112(7):1376-82.

Chundawat SPS, Pal RK, Zhao C, Campbell T, Teymouri F, Videto J, Nielson
C, Wieferich B, Sousa L, Dale BE, et al. Ammonia fiber expansion (afex)
pretreatment of lignocellulosic biomass. J Vis Exp. 2020;158:e57488.

Kirsch C, Surendran S, Smirnova . Pressure effects on lignocellulose-
degrading enzymes. Chem Eng Technol. 2016;39(4):786-90.

Qu X-S, Hu B-B, Zhu M-J. Enhanced saccharification of cellulose and
sugarcane bagasse by Clostridium thermocellum cultures with Triton

X-100 and B-glucosidase/Cellic®CTec2 supplementation. RSC Adv.
2017;7(35):21360-5.

Rodrigues AC, Haven MO, Lindedam J, Felby C, Gama M. Celluclast and
Cellic(R) CTec2: Saccharification/fermentation of wheat straw, solid-liquid
partition and potential of enzyme recycling by alkaline washing. Enzyme
Microb Technol. 2015;79-80:70-7.

ZhangY, Serate J, Xie D, Gajbhiye S, Kulzer P, Sanford G, Russell JD, McGee
M, Foster C, Coon JJ, et al. Production of hydrolysates from unmilled AFEX-
pretreated switchgrass and comparative fermentation with Zymomonas
mobilis. Bioresour Technol Rep. 2020;11:100517.

Jin M, Lau MW, Balan V, Dale BE. Two-step SSCF to convert AFEX-treated
switchgrass to ethanol using commercial enzymes and Saccharomyces
cerevisiae 424A(LNH-ST). Bioresour Technol. 2010;101(21):8171-8.

Daoud |, Searle B. On-line monitoring of brewery fermentation by measure-
ment of CO2 evolution rate. J Inst Brew. 1990,96(5):297-302.

El Haloui N, Picque D, Corrieu G. Alcoholic fermentation in winemaking:
on-line measurement of density and carbon dioxide evolution. J Food Eng.
1988;8(1):17-30.

Xue S, Uppugundla N, Bowman MJ, Cavalier D, Da Costa Sousa L, Dale BE,
Balan V. Sugar loss and enzyme inhibition due to oligosaccharide accumu-
lation during high solids-loading enzymatic hydrolysis. Biotechnol Biofuels.
2015;8:195.

Ghorbanian M, Russ DC, Berson RE. Mixing analysis of PCS slurries

in a horizontal scraped surface bioreactor. Bioprocess Biosyst Eng.
2014;37(10):2113-9.

Liguori R, Ventorino V, Pepe O, Faraco V. Bioreactors for lignocellulose
conversion into fermentable sugars for production of high added value
products. Appl Microbiol Biotechnol. 2016;100(2):597-611.

43.

44,

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

Page 17 of 17

loelovich M, Morag E. Study of enzymatic hydrolysis of pretreated biomass
at increased solids loading. BioResources. 2012;7(4):4672-82.

Serate J, Xie D, Pohlmann E, Donald C Jr, Shabani M, Hinchman L, Higbee
A, McGee M, La Reau A, Klinger GE, et al. Controlling microbial contamina-
tion during hydrolysis of AFEX-pretreated corn stover and switchgrass:
effects on hydrolysate composition, microbial response and fermentation.
Biotechnol Biofuels. 2015;8:180.

. Tengborg C, Galbe M, Zacchi G. Influence of enzyme loading and physical

parameters on the enzymatic hydrolysis of steam-pretreated softwood.
Biotechnol Prog. 2001;17(1):110-7.

Ong RG, Shinde S, da Costa Sousa L, Sanford GR. Pre-senescence harvest
of switchgrass inhibits xylose utilization by engineered yeast. Front Energy
Res. 2018,6:52.

Dickinson Q, Bottoms S, Hinchman L, Mcllwain S, Li S, Myers CL, Boone C,
Coon JJ, Hebert A, Sato TK, et al. Mechanism of imidazolium ionic liquids
toxicity in Saccharomyces cerevisiae and rational engineering of a tolerant,
xylose-fermenting strain. Microb Cell Fact. 2016;15:17.

Piotrowski JS, Simpkins SW, Li SC, Deshpande R, Mcllwain SJ, Ong IM,
Myers CL, Boone C, Andersen RJ: Chemical genomic profiling via barcode
sequencing to predict compound mode of action. In: Chemical biology.
Springer; 2015: 299-318.

Sanford GR, Oates LG, Roley SS, Duncan DS, Jackson RD, Robertson GP,
Thelen KD. Biomass production a stronger driver of cellulosic ethanol yield
than biomass quality. Agron J. 2017;109(5):1911-22.

Sanford GR, Oates LG, Jasrotia P, Thelen KD, Robertson GP, Jackson RD. Com-
parative productivity of alternative cellulosic bioenergy cropping systems
in the North Central USA. Agr Ecosyst Environ. 2016;216:344-55.

. Sluiter JB, Ruiz RO, Scarlata CJ, Sluiter AD, Templeton DW. Compositional

analysis of lignocellulosic feedstocks. 1. Review and description of meth-
ods. J Agric Food Chem. 2010;58(16):9043-53.

Schwalbach MS, Keating DH, Tremaine M, Marner WD, Zhang Y, Bothfeld
W, Higbee A, Grass JA, Cotten C, Reed JL, et al. Complex physiology and
compound stress responses during fermentation of alkali-pretreated corn
stover hydrolysate by an Escherichia coli ethanologen. Appl Environ Micro-
biol. 2012;78(9):3442-57.

Yang S, Vera JM, Grass J, Savvakis G, Moskvin OV, Yang Y, Mcllwain SJ, Lyu Y,
Zinonos |, Hebert AS, et al. Complete genome sequence and the expres-
sion pattern of plasmids of the model ethanologen Zymomonas mobilis
ZM4 and its xylose-utilizing derivatives 8b and 2032. Biotechnol Biofuels.
2018;11:125.

Sato TK, Tremaine M, Parreiras LS, Hebert AS, Myers KS, Higbee AJ, Sardi M,
Mcllwain SJ, Ong IM, Breuer RJ, et al. Directed evolution reveals unexpected
epistatic interactions that alter metabolic regulation and enable anaerobic
xylose use by Saccharomyces cerevisiae. PLoS Genet. 2016;12(10):21006372.
Ramachandriya KD, Wilkins M, Atiyeh HK, Dunford NT, Hiziroglu S. Effect of
high dry solids loading on enzymatic hydrolysis of acid bisulfite pretreated
eastern redcedar. Bioresour Technol. 2013;147:168-76.

Mohagheghi A, Ruth M, Schell DJ. Conditioning hemicellulose hydrolysates
for fermentation: effects of overliming pH on sugar and ethanol yields.
Process Biochem. 2006;41(8):1806-11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A high solids field-to-fuel research pipeline to identify interactions between feedstocks and biofuel production
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Feedstocks and pretreatment
	Enzymatic hydrolysis buffer pH and concentration influence sugar release and fermentability of the hydrolysates
	Sugar yields decline with increasing solids loading due to low water availability for liquefaction
	Enzymatic hydrolysis in roller bottles led to greater liquefaction and higher sugar yields compared to shake flasks
	The field-to-fuel platform successfully replicates fermentation results observed in larger-scale experiments

	Discussion
	Conclusion
	Materials and methods
	Biomass growth, harvest, and processing
	Cell wall and bulk chemical composition of biomass
	Ammonia fiber expansion (AFEX) pretreatment
	High solids roller bottle enzymatic hydrolysis
	High solids loading enzymatic hydrolysis–shake flask method
	Fermentation
	Calculations
	Extent of liquefaction
	Glucan conversion
	Glucose yield
	Xylan conversion
	Xylose yield
	Ethanol yield


	Acknowledgements
	References




