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Abstract

Background: The availability and low cost of lignocellulosic biomass has caused tremendous
interest in the bioconversion of this feedstock into liquid fuels. One measure of the economic
viability of the bioconversion process is the ease with which a particular feedstock is hydrolyzed
and fermented. Because monitoring the analytes in hydrolysis and fermentation experiments is time
consuming, the objective of this study was to develop a rapid fluorescence-based method to
monitor sugar production during biomass hydrolysis, and to demonstrate its application in

monitoring corn stover hydrolysis.

Results: Hydrolytic enzymes were used in conjunction with Escherichia coli strain CA8404 (a
hexose and pentose-consuming strain), modified to produce green fluorescent protein (GFP). The
combination of hydrolytic enzymes and a sugar-consuming organism minimizes feedback inhibition
of the hydrolytic enzymes. We observed that culture growth rate as measured by change in culture
turbidity is proportional to GFP fluorescence and total growth and growth rate depends upon how
much sugar is present at inoculation. Furthermore, it was possible to monitor the course of
enzymatic hydrolysis in near real-time, though there are instrumentation challenges in doing this.

Conclusion: We found that instantaneous fluorescence is proportional to the bacterial growth
rate. As growth rate is limited by the availability of sugar, the integral of fluorescence is
proportional to the amount of sugar consumed by the microbe. We demonstrate that corn stover
varieties can be differentiated based on sugar yields in enzymatic hydrolysis reactions using post-
hydrolysis fluorescence measurements. Also, it may be possible to monitor fluorescence in real-

time during hydrolysis to compare different hydrolysis protocols.
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Background

Fermentation reactions are important for the production
of many valuable products including pharmaceuticals,
beverages, and biofuels. In lignocellulosic ethanol pro-
duction, biomass feedstocks are chemically pretreated,
hydrolyzed by cellulases and hemicellulases, and the
resulting sugars are fermented by yeast or bacteria to pro-
duce ethanol [1]. In large-scale production of biocom-
modities such as ethanol, feedstocks have a large and
often dominant impact on process economics and process
development [2]. For example, the amount of sugar avail-
able to fermentation reactions is important because in the
absence of limiting factors, substrate availability deter-
mines product yield; thus methods to measure sugar avail-
able to a fermentation reaction are potentially valuable
for selecting feedstocks.

One approach is to complete a simultaneous saccharifica-
tion and fermentation (SSF) process [3] and to assay resid-
ual sugars and inhibitory products such as glucose,
cellobiose, and acetic acid by high performance liquid
chromatography (HPLC), and ethanol concentration by
gas chromatograph (GC) or HPLC. The whole procedure
takes about 168 hours according to the SSF protocol spec-
ified by the National Renewable Energy Laboratory
(NREL) [4]. Recently, Weimer et al have developed a
higher throughput method to predict the fermentability
of cellulosic biomass to ethanol through in vitro gas pro-
duction [5]. In this procedure, fermentations are carried
out in sealed serum bottles, and the gas produced is meas-
ured as an indicator of the digestibility of the cellulosic
biomass.

In contrast to full SSF processes, many sugar detection and
quantitation methods can be employed, including chem-
ical reducing sugar assays and enzymatic assays [6,7]. All
of these methods require sampling the fermentation reac-
tion and measuring sugars in the sample. However,
because cellulases and hemicellulases are product inhib-
ited, simple approaches that only involve hydrolytic
enzymes and a sugar assay (or biosensor) yield low, non-
representative estimates of conversion potential. Deter-
mining a meaningful sugar yield requires that sugars be
removed as they are produced, as is done in SSF processes

[3]-

Once a sugar scavenger has been added to the mixture of
hydrolytic enzymes, the problem of product inhibition
has been solved, but another problem replaces it: the sug-
ars produced are consumed as they are produced, making
measurements of sugar concentrations a poor predictor of
total sugar released. For this reason, simply relying on a
sugar assay or a sugar biosensor, such as one described by
Lidgren et al [8], will not work. Therefore, our objective
was to develop a system that could be used to monitor
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glucose catabolism as an indicator of feedstock converti-
bility and to demonstrate its application to monitoring
corn stover hydrolysis in a process similar to that used for
lignocellulosic ethanol production. Such a system would
be useful for rapidly screening varieties for suitability as
biomass feedstocks in plant breeding programs and for
evaluating different hydrolytic systems. Furthermore, this
system could be used to measure sugar production in a
wide range of other experiments.

Methods

Overview

Our approach was to develop a microbial system that
reports sugar levels in a reaction that mimics the NREL
lignocellulosic ethanol production process [4]. The pres-
ence of microbes in this system overcomes the feedback
inhibition problems associated with enzyme-only meth-
ods. Escherichia coli strain CA8404 was selected as the
microbe because it carries the crp* mutation which
reduces catabolite repression and thereby allows both the
5- and 6-carbon sugars produced from corn stover hydrol-
ysis reactions to be metabolized simultaneously [9]. As
the E. coli metabolize the sugars from the hydrolysis reac-
tion, cell mass (X) changes at a rate of dX/dt. This change
in culture cell mass can be monitored by light-scattering
measurements of culture turbidity. However, certain reac-
tions, including lignocellulosic biomass hydrolysis, pro-
duce substances that interfere with light-scattering
measurements. In order to more easily monitor change in
cell culture mass, the E. coli strain CA8404 was modified
to produce a visual marker, green fluorescent protein
(GFP) [10,11]. The sharp emission peak and specific
wavelength requirement for excitation allow for a much
greater specificity of detection than does light scattering
alone. The version of GFP used in this study (S65T) has a
maximum excitation wavelength of 490 nm and a maxi-
mum emission wavelength of 510 nm [12].

Site-directed mutagenesis and transformation
Site-directed mutagenesis was conducted according to the
Stratagene product QuikChange II® Site-Directed Muta-
genesis kit in order to produce a pPNptGreen plasmid
without a functional GFP fluorophore (Stratagene, La
Jolla, CA). Approximately 300 bp into the GFP coding
sequence, DNA encoding a glutamate residue (GAA) was
changed to encode a stop codon (TAA). (Primers for
mutagenesis: Forward: GATGACGGGAACTACAA-
GACACGTGCTTAAGTCAAGTTTGAAGG; Reverse:
CCTITCAAACTTGACTITAAGCACGTGTCTITGTAGTTC-
CCGTCATC.) The new plasmid was designated pPNptO-
chre. The original pPNptGreen plasmid and the
pPNptOchre plasmid without the functional GFP fluoro-
phore were transformed separately into E. coli strain
CA8404 to produce the two strains, crp *-gfp and crp*-gfp-
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Preparation of corn stover samples

At grain maturity, cobs were removed from the corn plants
and all corn stover samples were cut at approximately six
inches above the soil by a forage chopper. Approximately
0.8 kg of sample (wet weight) at a moisture content of
about 35% was collected from each plot and samples were
dried at 55°C for one week. The material from each sam-
ple was ground by a hammermill with a 1 mm screen. We
did not evaluate the distribution of different botanical tis-
sues in the ground material; however, the ground material
appeared uniform. To minimize the effect of a non-uni-
form distribution of biological material in the sample we
used multiple subsamples in each experiment.

Product inhibition of hydrolytic enzyme mixture

To characterize the product inhibition of the enzyme
preparation Multifect® A-40 (a cellulase/hemicellulase
mixture from Genencor Intl.), we carried out hydrolysis
reactions in the presence or absence of 10 mM d-glucose
(CAS# 50-99-7, Sigma-Aldrich Inc., St. Louis, MO). Each
treatment was run with four replicates using 5 mg of a
stover sample treated with a 1:20 dilution of enzyme Mul-
tifect® A-40 in citrate-phosphate buffer (21 ml 0.1 M citric
acid and 29 ml 0.2 M sodium phosphate, in a final vol-
ume of 100 ml, pH 5.5). Hydrolysis was conducted at
60°C for 90 min. Following hydrolysis, the tubes were
centrifuged for 1.5 min. at 10,000 x g in a microcentrifuge
(Spectrafuge, Orem, UT). An aliquot of the supernatant
from the hydrolysis reaction was measured with a hexoki-
nase glucose assay kit (Sigma-Aldrich Inc., St. Louis, MO).
The absorbance was measured at 340 nm (OD,,,) using
the MRXII plate reader by DYNEX (Magellan Biosciences
Company, Chelmsford, MA). The absorbance value was
converted to glucose yield with a standard curve con-
structed by plotting OD;,, values versus glucose concen-
trations following analysis of a series of solutions with
known glucose concentrations.

Growth of liquid cultures for growth characterization
experiments

Cultures of E. coli crp*-gfp and crp*-gfp- paired by treat-
ment were grown in modified 1 x M9 minimal media
[13]. The M9 media was modified by the addition of Kan-
amycin (50 pg/ml), thiamine (0.01% w/v), and ammo-
nium chloride (5 mg/ml). Also, different carbon source
concentrations were provided to the cultures than the car-
bon source described by Sambrook and Russell [13]. d-
glucose (CAS# 50-99-7, Sigma-Aldrich Inc., St. Louis,
MO), and d-xylose (CAS# 58-86-6, Sigma-Aldrich Inc., St.
Louis, MO) solutions were made in the appropriate con-
centrations indicated in each experimental procedure
below. All sugar solutions were filter-sterilized and frozen.
Sugar mixtures were combined from separate, sterilized
glucose and xylose sugar solutions. Cultures were grown
in clear, 96-well cell culture plates (Product # 92096,
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Techno Plastic Products, Trasadingen, Switzerland) and
sealed with AirPore™ seals (Qiagen, Valencia, CA) in order
to ensure that enough oxygen was available to the cul-
tures. The plates were then securely fastened down in the
Innova 4300 incubator shaker (New Brunswick Scientific,
Edison, New Jersey), and allowed to incubate with shak-
ing at 37°C and 225 rpm. When it was time to take a
measurement, the AirPore™ seal was removed only from
the wells to be measured, and absorbance (ODg,5) meas-
urements were taken by the MRXII plate reader (Dynex -
a Magellan Biosciences Company, Chelmsford, MA). The
samples from the wells to be measured were then trans-
ferred into a black, 96-well cell culture plate (Corning
Incorporated Life Sciences, Lowell, MA), and fluorescence
measurements (excitation wavelength: 485 nm, emission
wavelength: 535 nm) were taken by the SpectraFluor Plus
plate reader (Tecan US, Research Triangle Park, NC). Note
that these wavelengths (595 nm for absorbance, 485 nm
for excitation, and 535 nm for emission) were used con-
sistently throughout the study. The AirPore™ seal was
replaced on the clear 96-well plate and returned to the
incubator. To obtain a value for GFP-specific fluorescence
for each culture pair, the fluorescence reading of the crp*-
gfp-strain was subtracted from the fluorescence reading of
the crp*-gfp strain.

Characterization of the microbial system

Growth curves with different glucose concentrations

To establish whether it was possible to use GFP to detect
differences in changes in culture cell mass in response to
sugars, cultures of E. coli crp*-gfp and crp*-gfp- were
grown in modified 1 x M9 minimal media containing 2,
4, or 8 mg/ml d-glucose. Absorbance and fluorescence
were measured every 2 h for 22 h, and the GFP-specific
fluorescence was determined.

Sensitivity and dynamic range

To determine the sensitivity and dynamic range of the
microbial system, cultures of E. coli crp *-gfp and crp*-gfp-
were grown in modified 1 x M9 minimal media contain-
ing d-glucose in concentrations ranging from 0.025 mg/
ml to 6.0 mg/ml. Absorbance and fluorescence measure-
ments were taken 20 h after inoculation, and the GFP-spe-
cific fluorescence was determined.

Glucose spiking

To determine the response time of the microbial system,
glucose was added to the reaction when the culture
reached stationary phase. Two sets of three replications of
both E. coli strains crp*-gfp and crp *-gfp- were grown in
modified 1 x M9 minimal media containing 2 mg/ml d-
glucose for 20 h. After 20 h, half of the cultures (one set)
were randomly selected to receive an addition of 8 mg/ml
d-glucose for a total of three replications each of spiked
cultures and unspiked cultures. Absorbance and fluores-
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cence were measured every 2 h, and the GFP-specific fluo-
rescence was determined.

Stopping protein production

Another way we examined the response time of the micro-
bial system was by stopping protein production when the
culture was in mid-log phase. Six replications of both E.
coli strains crp *-gfp and crp *-gfp- were grown in modified
1 x M9 minimal media, containing 20 mg/ml d-glucose.
Chloramphenicol was added to a random selection of half
of the cultures after 13 h for a total of three replications
each of cultures with chloramphenicol and without chlo-
ramphenicol. Absorbance and fluorescence were meas-
ured every hour, and the GFP-specific fluorescence was
determined.

Application of the microbial system

Post-hydrolysis monitoring

The microbial system described here, referred to as simul-
taneous saccharification and catabolism (SSC) was used
to analyze corn stover samples of five different corn varie-
ties. For each sample to be analyzed, 25.0 + 0.2 mg of
dried and ground corn stover was weighed into two sepa-
rate 14 ml sterile test tubes (BD Biosciences, San Jose, CA).
Two tubes were used to control for variations in fluores-
cence of the corn stover samples: an experimental tube to
be inoculated with crp*-gfp and a control tube to be inoc-
ulated with crp*-gfp-. The difference in the fluorescence of
these two tubes was used to determine the GFP-specific
fluorescence. Then 1150 pl of 0.5% (v/v) sulfuric acid
were added to each tube, and the tubes were incubated at
100°C for 1 h [14]. The tubes were allowed to cool for 15
min after incubation, after which 3850 ul of bacterial
media inoculum (2 x M9 media inoculated with the
appropriate bacterial culture) was added to each tube. 11
of bacterial media inoculum contained 620 ml sterile
water, 330 ml 5 x M9 salts, 6.6 ml 1 M MgSO,, 164.2 ul 1
M CaCl,, 1.7 ml thiamin at 10%, 8.3 ml kanamycin at 10
mg/ml, and 33 ml crp*-gfp or cp*-gfp liquid culture
(grown overnight at 37°Cin 1 x M9 media to an ODs45 of
~0.6). In addition, 25 pl of 1:1 GC220: Multifect® Xyla-
nase (Genencor Intl.) were added to each tube. The tubes
were allowed to incubate with shaking at 37°C and 225
rpm. Samples containing 100 pl of 0, 2, 4, 6, 8, 10, 12, 14,
16, or 18 mg/ml sugar at ratios of 37.5 xylose: 62.5 glu-
cose in place of corn stover were included as positive con-
trols. Absorbance and fluorescence were measured after
20 h of incubation by allowing the stover particles to settle
in the culture tube and transferring 100 pl of the culture
to a 96-well plate.

The GFP-specific fluorescence values were computed by
subtracting the fluorescence from crp*-gfp- cultures from
crp*-gfp cultures. These values were then analyzed by
ANOVA in order to characterize variation in the experi-
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ment. When variation was significant, a student's t-test
was performed on each pair to compare means of the sam-
ples. The coefficient of variance (CV) was also computed
in order to determine the variation in measurements for
each genotype.

Hydrolysis monitoring over time

The SSC method described above was used to analyze
stover samples from five corn varieties. Absorbance and
fluorescence were measured every 2 h for 24 h and once at
36 h.

Results

Feedback inhibition of a preparation of cellulases and
hemicellulases

Enzyme Multifect® A-40 was strongly inhibited by the rel-
atively low level of glucose (10 mM d-glucose). We
observed 10-fold or greater reductions in glucose yield
when hydrolyzing corn stover in the presence of added
glucose (data not shown). This clearly demonstrated the
need for an assay in which the hydrolysis products were
removed from the hydrolysis reaction as they were pro-
duced.

Characterization of the microbial system

The objective was to establish whether it was possible to
detect differences in changes in culture cell mass using
GFP as a reporter and to determine the relationship
between these changes in culture cell mass and GFP fluo-
rescence. Three different concentrations of glucose were
added to culture media and the absorbance and fluores-
cence of the cultures were measured over time. The
absorbance data were fit to the Gompertz equation
[15,16] which describes the normal sigmoidal growth of
bacteria over time (Figure 1a). The fluorescence data,
however, fit a Gompertz equation poorly, particularly late
in the experiment (Figure 1b), suggesting that GFP fluo-
rescence is not simply proportional to culture cell mass.
This lack of proportionality was one key conclusion of
Leveau and Lindow's modeling effort [17].

Based on the data in Figures 1a and 1b, we observed that
the fluorescence signal tracked the rate of change of the
optical density (OD), leading us to hypothesize that fluo-
rescence is proportional to the instantaneous rate of
change in cell culture mass, dX/dt (measured by monitor-
ing culture turbidity with time) of the culture. To test this
hypothesis, these data were fit to the first derivative of the
Gompertz equation (Figure 1b). Our hypothesis can be
stated thus: the integral of the fluorescence data over time
is proportional to the cell mass of the culture. This 'inte-
grated fluorescence' approach was taken in Figure 1c,
which illustrates the high correlation (R2values from 0.85
to 0.97) between the integrated fluorescence and culture
OD. To further characterize the relationship between ini-
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Growth curves with different glucose concentrations. Growth curves of E. coli crp*-gfp grown in modified | x M9 min-
imal media containing 2, 4, or 8% glucose. All points are the mean of four replications with error bars indicating the standard
error. (a) Data was fit to curves described by the Gompertz equation. R? values: 2%, 0.85; 4%, 0.91; 8%, 0.97. (b) Each replica-
tion consisted of the fluorescence of a crp*-gfp- culture subtracted from the fluorescence of a crp*-gfp culture. Data was fit to
first derivative Gompertz equation. R? values: 2%, 0.80; 4%, 0.82; 8%, 0.82. (c) Mean fluorescence values from panel b were
integrated and plotted against mean crp*-gfp absorbance values from panel a. Linear fit R2 values: 2%, 0.90; 4%, 0.93; 8%, 0.98 (n
=4).
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is the average fluorescence of four replications of crp*-gfp cultures minus the average fluorescence of four replications of crp*-
gfp- cultures. All points are the mean * s.e.
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tial sugar concentration and GFP-specific fluorescence, we
regressed GFP-specific fluorescence at 20 h, and integrated
fluorescence from 0 to 20 h, on initial glucose concentra-
tion, finding R2? values of 0.91 and 0.98 respectively. The
integrated fluorescence was the better predictor of initial
sugar concentration. The 20 h GFP-specific fluorescence
predicted sugar concentration fairly well (R2 of 0.91), so
this value would be useful in a high-throughput screening
method where it may not be realistic to take measure-
ments throughout the reaction. The absorbance and fluo-
rescence data from the growth curves (Figure 1) suggest
single time-point measurements could be made at any
point between 16 and 22 hours of growth with similar
results. The 20 h value may be indicative of the amount of
sugar being metabolized at the 20 h sampling time, and
may therefore be sensitive to factors such as enzyme load
and biomass recalcitrance. Other sampling times need to
be explored to find the most informative time, especially
if different hydrolytic conditions and feedstocks are used.

The sensitivity and dynamic range of our microbial assay
were estimated in order to determine whether the microbe
is useful in a corn stover hydrolysis assay. Several different
concentrations of glucose were added to culture media,
and the absorbance and fluorescence were measured 20 h
after inoculation. As shown in Figure 2b, the sensitivity of
the microbial assay was 0.4 mg glucose/ml solution, and
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the dynamic range was from 0.4 mg to 1.0 mg glucose/ml
solution, which should be sufficient for monitoring stover
hydrolysis. This dynamic range could be greatly increased
by using multiple fluorescence measurements to compute
an integrated fluorescence value, but we did not do this in
these experiments because our purpose was to examine
single time-point measurements for monitoring large
numbers of samples.

We conducted two experiments to determine the response
time of the microbial system to either a flux in sugar con-
centration or a sudden limitation in sugar during a
hydrolysis reaction. The first objective was to determine
how quickly the microbe responded to adding glucose to
a reaction where glucose was limiting. To test this, after
growing several cultures on 2 mg/ml glucose to stationary
phase, we spiked half the cultures with 8 mg/ml sugar
then monitored the response of the microbe. This spiking
caused the absorbance and fluorescence to increase (Fig-
ure 3). As observed previously, the fluorescence level
changed in proportion to the change in the cell mass with
time, dX/dt. Within 2 h the effect of glucose addition was
evident and fluorescence reached a maximum after 4 h.
Because we conducted a time-course experiment, we were
also able to calculate the integrated fluorescence. By plot-
ting the glucose concentrations (2 mg/ml and 10 mg/ml)
against the fluorescence units from either GFP-specific flu-
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Response to the addition of glucose. E. coli strains crp*-gfp and crp*-gfp- grown in modified | x M9 minimal media contain-
ing 2% glucose for 20 h. 8% glucose was added after 20 h to the indicated cultures. (a) Each time point is the average absorb-
ance of three replications. (b) Each time point is the average fluorescence of three replications of crp*-gfp cultures minus the
average fluorescence of three replications of crp*-gfp- cultures. All points are the mean £ s.e.
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orescence or integrated fluorescence at 18 h, the R2 values
were 0.86 and 0.99 respectively (data not shown), con-
firming our hypothesis that integrated fluorescence values
are the most accurate predictors of sugar concentration.

In addition to determining how quickly the microbe can
respond to an increase in sugar concentration, it is impor-
tant to establish the response time to a sudden limitation
in sugar. We reasoned that the response to a sudden limi-
tation in sugar would be limited by the rate of decay of
existing GFP, so we sought to determine this parameter by
halting protein production in mid-log phase and deter-
mining the effect on cell density and GFP-fluorescence.
This was accomplished by the addition of chlorampheni-
col (a bacterial translation inhibitor) to the bacterial cul-
tures and measuring absorbance and fluorescence over
time. Absorbance measurements showed that the bacteria
entered stationary phase 1 h after addition of chloram-
phenicol, and the fluorescence decreased proportionally
to the decrease in rate of growth (Figure 4). Within 1 h,
GFP fluorescence decreased dramatically, reaching a min-
imum after 4 h.
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Application of the microbial system

Post-hydrolysis monitoring is important to show the
applicability of the microbial system to screening corn
stover samples for their suitability for hydrolysis. The SSC
bioassay described here is a high-throughput screening
method that can differentiate corn stover samples based
on their sugar yield from hydrolysis. The corn stover sam-
ples chosen for this experiment were five near-isogenic
lines, four of which were near-isogenic for a different
brown midrib allele: W64A x A619 (wild type), WG64A x
A619 bm1, W64A x A619 bm2, W64A x A619 bm3, and
WG64A x A619 bm4. The brown midrib mutations either
alter the composition or reduce the amount of lignin in
the corn stover, making the stover more conducive to
hydrolysis [18]. We hypothesized that the brown midrib
lines would yield more sugar upon hydrolysis than the
line without the brown midrib phenotype when perform-
ing endpoint hydrolysis on this set of corn stover samples.
There was a significant difference in the mean GFP-spe-
cific fluorescence values for all four brown midrib mutants
when compared with the near-isogenic line without the
brown midrib mutation (Table 1). The brown midrib lines
containing alleles bm1, bm2, and bm3 had significantly
higher mean GFP-specific fluorescence values than the

&
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-] ° .
> ¢
3 :
o 20 :
3 :
0 .
2 :
E &
T 10
O% T T T T
0 5 10 15 20

Time (hours)

Response to the addition of chloramphenicol. E. coli strains crp*-gfp and crp*-gfp- grown in modified | X M9 minimal
media, containing 20% d-glucose, with or without chloramphenicol. Chloramphenicol added at |3 h. (a) Each time point for
hours 0 to 12 is the average absorbance of six replications. Each time point for hours 13 to 23 is the average absorbance of
three replications. (b) Each time point for hours 0 to 12 is the average fluorescence of six replications of crp*-gfp cultures
minus the average fluorescence of six replications of crp*-gfp- cultures. Each time point for hours 13 to 23 is the average fluo-
rescence of three replications of crp*-gfp cultures minus the average fluorescence of three replications of crp*-gfp- cultures. All

points are the mean * s.e.
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Table I: Endpoint hydrolysis of corn stover

http://www.biotechnologyforbiofuels.com/content/1/1/17

Corn Stover Mean GFP-specific fluorescence (U*10-4) CV%b Grouping®
W64A x A619 73 25.1 C
W64A x A619 bml| 19.8 19.1 A
W64A x A619 bm2 19.6 14.4 A
W64A x A619 bm3 21.7 13.8 A
W64A x A619 bm4 15.1 20.6 B

aMean GFP-specific fluorescence is the mean of the fluorescence from crp*gfp- subtracted from crp*-gfp (n = 6).

b CV% is the standard deviation divided by the mean *100 (n = 6).
¢ Levels not connected by same letter are significantly different, p < 0.05.

line containing the bm4 allele. It is important to note that
none of the stover samples were completely hydrolyzed to
available sugars. This was done intentionally in order to
allow us to differentiate samples.

For some applications, it may be important to monitor
the products of a hydrolysis reaction with our microbial
system over time. For example, this may be useful for opti-
mizing mixtures of hydrolytic enzymes. The near-isogenic
hybrids W64A x A619 and W64A x A619 bm1 were ana-
lyzed using SSC and the culture OD and fluorescence were
measured over time. Our hypotheses, based on the previ-
ous growth curve observations, were that instantaneous
GFP-specific fluorescence would be proportional to the
sugar catabolism rate (and therefore to the change in cell
culture mass, dX/dt), and that the integral of fluorescence
would therefore be proportional to the culture cell mass,
X, which in turn is proportional to the amount of sugar
consumed by the microbe. It was expected that the inte-
grated fluorescence values would be the most accurate

(@)

predictors of sugar concentrations during SSC because
they are not based on a specific growth model but on the
total sugar catabolized by the microbe (as shown earlier
by the glucose-spiking experiment). Under this assump-
tion, there was no reason to fit a Gompertz equation or
the first derivative of the Gompertz equation to the data
because neither would be expected to accurately model
culture growth when sugars are being produced during
culture growth. The absorbance and fluorescence data are
shown in Figures 5a and 5b, respectively. The integral of
fluorescence was the best indicator of sugar concentration
in previous experiments and these values are presented in
Figure 5c. For single time-point measurements, the differ-
ence between the corn stover with more available sugars
and the corn stover with less available sugars is best deter-
mined during the time period of steady-state fluorescence
(16 to 24 h), whether the GFP-specific fluorescence value
or the integrated fluorescence value is used. However, it is
likely that the integrated fluorescence value more accu-
rately predicts the total amount of sugar catabolized by
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Real-time hydrolysis of corn stover. Simultaneous saccharification and catabolism method used to analyze corn stover
samples W64A x A619 and W64A x A619 bml. (a) Absorbance measured every 2 h for 24 h. Each point is the mean % s.e. (n
= 2). (b) Fluorescence measured 2 h for 24 h. Each point is the mean % s.e. (n = 2). (c) Mean fluorescence values integrated and

plotted over time. Each point is the mean * s.e. (n = 2).
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the microbe up to a specific time point. The W64A x A619
bm1 hybrid appeared to be over 50% more digestible
than then W64A x A619 hybrid, based upon the 20 h inte-
grated fluorescence value (230 vs. 150 Units x 104, Figure
5¢).

Discussion

Feedback inhibition of a preparation of cellulases and
hemicellulases

We have shown that Multifect® A-40, a commercially
available hydrolytic enzyme preparation, is feedback
inhibited, which means that assays involving quantitation
of hydrolysis products at the end of a reaction may not be
very useful for evaluating sources of biomass.

Characterization of the microbial system

We elected to develop a fluorescent reporter system to aid
in characterizing culture growth. In such a system, it is
important to consider that inner filter effects [19] can
influence the observed fluorescence of a culture system.
These effects can be classified into two sources. First, they
can be fluorescent components of the culture with emis-
sion spectra that overlap the emission spectrum of the
analyte of interest. In analysis of corn stover, we control
these effects by subtracting the fluorescence value of a
control sample that is identical to the test sample, except
the GFP gene has been disabled by mutation. The second
source of inner filter effects is components of the culture
that are non-fluorescent and interfere with the excitation
and/or emission light. In our experiments, the ground
corn stover particles or the bacterial cells themselves could
contribute to this effect. We minimize the effect of the
stover particles by allowing them to settle prior to transfer-
ring a portion of the culture to a microtiter plate for anal-
ysis. The approximate impact of bacterial cells themselves
is reflected in the culture turbidity. It is probably not
appropriate to compare samples that differ widely in cul-
ture turbidity based on their fluorescence values. We did
not observe extreme differences in turbidity of the sam-
ples we analyzed; however, if observed, these differences
in turbidity may form the basis of another method of
interpreting the assay.

Based on modeling by Leveau and Lindow [17] we
expected to see the fluorescence levels of the liquid cul-
tures decrease over time. This was the case as shown in Fig-
ure 1 by the growth curves with different glucose
concentrations. GFP fluorescence can be limited by car-
bon as well as by nitrogen and oxygen [20], but we have
determined through experimentation that nitrogen and
oxygen are not limiting (data not shown). One possible
explanation for the observed decrease in fluorescence in
the later stages of growth is GFP protein denaturation.
This would be problematic if experimental treatments
influenced the rate of denaturation, and necessitate cau-

http://www.biotechnologyforbiofuels.com/content/1/1/17

tion when comparing treatments likely to have an impact
on GFP denaturation. Differences in GFP spectral proper-
ties have been characterized under conditions of varying
pH, temperature, ionic strength and protein concentra-
tion [21]. These spectral changes were reversible, leading
the authors to conclude that the GFP chromophore is con-
formationally flexible. In the experiments presented here,
factors known to influence GFP stability were not varied
within an experiment and therefore different rates of GFP
denaturation probably had minimal influence on the out-
come. It is possible that GFP is being actively degraded for
use as a carbon source; however, it is not clear if or how
this possibility impacts the relationship between fluores-
cence and growth rate. We used the Gompertz equation to
describe the trend of cell growth over time and the first
derivative of the Gompertz equation to describe the trend
of fluorescence over time. This showed that the rate of
change in cell culture mass with time, dX/dt (described by
the first derivative of the Gompertz equation) was propor-
tional to fluorescence at any point in time. We also
showed that a higher amount of sugar in solution will
cause the cells to stay in the log growth phase, and there-
fore have higher fluorescence, for a longer period of time
than when sugar levels are lower. (This is assuming these
sugar solutions are within the dynamic range of the micro-
bial assay.) These data support our revised hypothesis that
instantaneous fluorescence is proportional to the sugar
catabolism rate. Based on the growth curves with different
glucose concentrations, it is best to measure fluorescence
between 16 and 22 h of growth when the E. coli are lim-
ited in carbon and the rate of growth is most different. As
we observed a high correlation (R2 of 0.98) between sugar
concentrations and integrated fluorescence at 20 h, we
hypothesize that the integral of fluorescence is propor-
tional to the amount of sugar consumed by the microbe.
We verified this in the glucose spiking experiment.

The sensitivity and dynamic range of the microbial assay
allows for the detection of sugar in the hydrolysis reac-
tions performed. We were able to observe significant dif-
ferences between the amounts of sugar produced in the
corn stover hydrolysis reactions with only 25 mg of sam-
ple. The amount of sugar produced by the hydrolysis reac-
tion is within the dynamic range of the microbial assay.

Application of the microbial system

The data presented in this paper establish a clear relation-
ship between fluorescence and culture growth rate. To
meet the objective of using this system to monitor sugars
present in biomass and/or produced in hydrolytic reac-
tions, we must assume that culture cell mass is propor-
tional to the amount of sugar available to the culture.
While this was the case in cultures containing purified
sugars, this may not be the case when the sugars are pro-
vided from biomass. Compounds present in biomass or
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released by its hydrolysis that support or inhibit microbial
growth would interfere with this assay. Further experi-
ments to quantify the magnitude of growth promotion or
inhibition effects of biomass would increase the utility of
this assay.

Our data suggest that post hydrolysis monitoring (that is,
measuring fluorescence levels at the end of the hydrolysis
reaction) is feasible. Our evaluation of low lignin brown
midrib mutants using this approach showed that they
yield a significantly higher amount of available sugars per
unit mass than a genotype with wild-type lignin levels.
This result is consistent with the large body of data sug-
gesting the low lignin genotypes of both corn and sor-
ghum are more readily hydrolyzed and digestible than
their normal lignin counterparts [22-27].

In the real-time corn stover hydrolysis, shown in Figures
5a and 5b, during the first 16 h, the fluorescence appears
to be proportional to the change in cell culture mass with
time, dX/dt. After 16 h, the fluorescence appears to be pro-
portional to the cell density. If the values of the absorb-
ance and fluorescence are predicted between 24 and 36 h
and the integral of the fluorescence versus absorbance is
plotted, there is a clear deviation from a linear trend at an
ODg,; of ~0.5 where the predicted values cause the slope
to increase dramatically (data not shown). This deviation
is most likely due to a new and steady supply of sugar to
the bacteria provided by the hydrolytic enzymes. Based on
the data shown in Figure 5, we predict that this constant
supply of sugar is due to the equilibrium between sugar
consumption by the bacteria and sugar production by the
hydrolytic enzymes, which is controlled by feedback inhi-
bition of the hydrolytic enzymes in high sugar concentra-
tions. This constant supply of sugar leads to a constant
change cell culture mass with time, which in turn leads to
constant levels of GFP fluorescence. This explains why
these data do not fit a Gompertz equation, which assumes
required nutrients are in excess.

From the data presented here, we have hypothesized that
during growth the level of sugars starts high and decreases
during the course of the reaction until the sugar levels
limit growth. In contrast, when the sugar required for the
growth of the microbe is provided by a hydrolysis reaction
such as in the SSC method, we hypothesize that a certain
amount of sugar is present in solution thereby inhibiting
enzymatic hydrolysis of the corn stover until the microbes
can deplete the sugars enough for the enzymes to regain
function. From the point in time when the enzymes
regain function, the hydrolysis proceeds in equilibrium
with bacterial growth until the feedstock becomes
depleted and the hydrolysis reaction slows. For example,
a stover sample more conducive to hydrolysis would
allow for sugar to be released by the enzyme into solution

http://www.biotechnologyforbiofuels.com/content/1/1/17

more rapidly, therefore supporting a higher steady-state
level of GFP. This would give a higher amount of steady-
state fluorescence. A sample less conducive to hydrolysis
would release the sugars more slowly causing lower
steady-state GFP levels.

It may be possible to develop a method that predicts the
suitability of biomass for enzymatic hydrolysis using the
microbial system described here. This would involve
using the microbial system to monitor a small-scale ver-
sion of the hydrolytic process of interest. The small-scale
method should be designed to emulate the large-scale
process as closely as possible. For example, as described
here, the results of our process will be influenced by the
presence of soluble sugars. If the hydrolytic process of
interest does not capture the soluble sugars from the bio-
mass, then it may be appropriate to wash the biomass
prior to hydrolysis in the small-scale system.

Conclusion

We characterized growth of an E. coli strain designed to
report sugar levels in lignocellulosic biomass hydrolysis
reactions. The sugar-sensing system described here over-
comes product inhibition of hydrolytic enzymes by
removing the sugars from solution as the culture grows.
This allows the enzymes to hydrolyze the biomass further
and gives us the ability to differentiate samples based on
their suitability for hydrolysis. Because the microbe
expresses GFP constitutively, it allows the use of fluores-
cence as a measure of sugar concentration when the solu-
tion is too turbid to measure absorbance accurately or
when other compounds interfere with this culture density
measurement.

We found that instantaneous fluorescence is proportional
to the change in culture cell mass with time, dX/dt, based
on growth curves with different glucose concentrations.
We hypothesized that the integral of fluorescence is pro-
portional to the amount of sugar consumed by the
microbe, and we verified this in a glucose-spiking experi-
ment. By using our fluorescence-based method to moni-
tor sugars released from hydrolysis reactions with corn
stover samples, we found that post-hydrolysis monitoring
could be used as a high-throughput screening method to
determine available sugars and, in turn, to predict ethanol
production potential in different feedstocks. Also, it may
be possible to use the real-time hydrolysis of corn stover
method to compare different hydrolytic enzymes by using
the same feedstock and monitoring the release of sugars
by measuring fluorescence during the course of the reac-
tion.
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