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Abstract

Background: The autotransporter (AT) system can potentially be used in the secretion of saccharolytic enzymes for
the production of lignocellulosic biofuels and chemicals using Escherichia coli. Although ATs share similar structural
characteristics, their capacity for secreting heterologous proteins widely varies. Additionally, the saccharolytic
enzyme selected to be secreted should match the cell growth or cell fermentation conditions of E. coli.

Results: In the search for an AT that suits the physiological performance of the homo-ethanologenic E. coli strain
MS04, an expression plasmid based on the AT antigen 43 (Ag43) from E. coli was developed. The β-glucosidase BglC
from the thermophile bacterium Thermobifida fusca was displayed on the outer membrane of the E. coli strain
MS04 using the Ag43 system (MS04/pAg43BglC). This strain was used to hydrolyze and ferment 40 g/L of cellobiose
in mineral media to produce 16.65 g/L of ethanol in 48 h at a yield of 81% of the theoretical maximum. Knowing
that BglC shows its highest activity at 50°C and retains more than 70% of its activity at pH 6, therefore E. coli MS04/
pAg43BglC was used to ferment crystalline cellulose (Avicel) in a simultaneous saccharification and fermentation
(SSF) process using a commercial cocktail of cellulases (endo and exo) at pH 6 and at a relatively high temperature
for E. coli (45°C). As much as 22 g/L of ethanol was produced in 48 h.

Conclusions: The Ag43-BglC system can be used in E. coli strains without commercial β-glucosidases, reducing the
quantities of commercial enzymes needed for the SSF process. Furthermore, the present work shows that E. coli
cells are able to ferment sugars at 45°C during the SSF process using 40 g/L of Avicel, reducing the gap between
the working conditions of the commercial saccharolytic enzymes and ethanologenic E. coli.

Keywords: Ethanologenic Escherichia coli, Simultaneous saccharification and fermentation, Cellulose,
Autotransporter Ag43, Thermobifida fusca β-glucosidase, Ethanol
Background
The approaching exhaustion of abundant, inexpensive
oil and the pollution produced by burning fossil fuels
are both factors that are driving research to explore en-
vironmentally friendly renewable fuels [1]. Different
sugar sources can be transformed by fermentation pro-
cesses into liquid biofuels, such as bioethanol, that can
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be used, after distillation and dehydration, in current in-
ternal combustion engines [1]. Lignocellulose, the most
abundant biopolymer on earth, represents a source of
fermentable sugars that does not compete with the pro-
duction of foodstuffs. The transformation of lignocellu-
lose into ethanol fuel consists of several steps: 1)
pretreatment of the biomass to reduce the crystallinity
of the cellulose, to eliminate a fraction of the lignin and
to hydrolyze part of the sugars contained in the hemicel-
lulosic fraction, 2) enzymatic hydrolysis of the pretreated
material to depolymerize most of the cellulosic fraction,
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3) fermentation of the released mixture of sugars, and
4) ethanol purification [2]. To simplify the production
process and reduce costs, enzymatic hydrolysis and fer-
mentation can be performed in a single reactor (simul-
taneous saccharification and fermentation (SSF)). The
SSF process reduces the number of reactors needed and
avoids the end product inhibition of cellulases [3].
The hydrolysis of lignocellulose produces a wide var-

iety of fermentable sugars, such as hexoses, pentoses
and uronic acids, and a capable microorganism is re-
quired to ferment all of these sugars. Escherichia coli has
this ability, and has been metabolically engineered to
create homo-ethanologenic version of this bacterial
strain [4-7]. Although it is possible to perform the SSF
process with pretreated lignocellulose using E. coli, the
major drawback is that commercial enzymes and E. coli
are incompatible in terms of their working conditions.
While commercial enzymatic cocktails work at pH 5 and
50°C [8], E. coli grows at pH 7 and 37°C. As a conse-
quence, a balance in the pH and temperature must be
found. In a recent report, our research group showed
the ability of the ethanologenic E. coli strain MS04 [5] to
ferment pretreated corn stover in a SSF process that oc-
curred at 37°C and pH 6 [9], reducing the gap between
the saccharification conditions of commercial saccharo-
lytic enzymes and the fermentation conditions of E. coli.
Although ethanologenic E. coli MS04 showed good com-
patibility and performance with the commercial cocktail
of cellulases, it is necessary to reduce the amount of ex-
ternally added enzymes during the SSF process [10]. To
achieve this reduction, E. coli must be engineered to se-
crete saccharolytic enzymes. In this regard, the cell surface
display of enzymes involved in the depolymerization of
low-cost polysaccharides is attracting much attention [10].
One option for cell surface display in E. coli is the type

V secretion system, also known as the autotransporter
(AT) system. ATs are multidomain proteins consisting of
a signal peptide (SP), a passenger protein and a trans-
location unit (TU). The TU consists of a linker region
and a β-barrel [11,12]. The linker region anchors the
passenger protein to the cell surface. However, some
ATs process the linker region after the passenger protein
is translocated across the outer membrane, releasing the
passenger protein into the milieu; it can also remain
strongly associated with the TU [11,12]. To display a
heterologous protein with the AT system, the DNA se-
quence of the native passenger protein is replaced by the
heterologous sequence [11]. The relative simplicity of
the AT system makes it potentially useful for the secre-
tion of saccharolytic enzymes in E. coli strains engi-
neered for the production of biocommodities [10].
Nevertheless, there are only a few reports that show that
the secretion of saccharolytic enzymes is possible using
the AT system with this bacterium [13,14]. Although the
ATs share similar structural characteristics, their cap-
acity for secreting heterologous proteins varies widely
depending on the genetic background of the E. coli
strain that is used [15-18]. Additionally, the performance
of the cell surface display can be affected by the compos-
ition of the media, the presence of proteases, the
temperature and the cultivation technique used, among
other factors [15]. As a consequence, it is important to
find an AT that can be adapted to specific conditions.
Gram-negative bacteria have seven specialized protein
secretion systems (types I to VI and the chaperone–
usher pathway) that allow secreted proteins to travel
through the inner and outer membrane [12]. Autotran-
sporters are a superfamily of proteins that use the type V
secretion pathway for the delivery of proteins to the sur-
face of Gram-negative bacteria [12]. A bioinformatics
study performed by Wells et al. in 2010 [19], with
twenty-eight Escherichia coli genomes, revealed that E.
coli has 215 autotransporter-encoding sequences.
In this work, in the search for an AT that suits the

genetic background and physiological performance of
the ethanologenic E. coli MS04 strain, we constructed an
expression plasmid based on the AT antigen 43 (Ag43)
from E. coli [20]. To facilitate the cloning of any gene
encoding a saccharolytic enzyme, we introduced a mul-
tiple cloning site between the SP and the TU of Ag43.
The β-glucosidase BglC from the thermophile bacterium
Thermobifida fusca [21], an enzyme that possesses a
high robustness when secreted in E. coli [13,22-24], was
displayed using the Ag43 system. Taking advantage of
the fact that BglC shows its highest activity at 50°C and
retains more than 70% of its activity at pH 6 [21], E. coli
MS04 expressing the Ag43-BglC system was used to fer-
ment crystalline cellulose (Avicel) in an SSF process with
a commercial cocktail of cellulases at pH 6 and at a rela-
tive high temperature for E. coli (45°C). The present
work shows that the Ag43-BglC system can be used in
ethanologenic E. coli strains to avoid the use of commer-
cial β-glucosidases, reducing the amount of commercial
enzymes used during SSF processes. Further, it shows
that ethanologenic E. coli cells can be used to ferment
sugar mixtures at 45°C.

Results
Construction of the Ag43 display system
Figure 1 shows the domain organization of Ag43 and
depicts the structure of the developed plasmids pAg43-
pol and pAg43BglC. The Ag43 domains and the relevant
restriction sites used during plasmid construction are
shown. The pTrc99A2 plasmid (Table 1), which con-
tains the IPTG-inducible trc promoter, was used as the
backbone of the Ag43-based secretion system. During
the construction of the pAg43pol plasmid, the RfluBNE
and DfluKXB primers inserted the unique restriction



Figure 1 The arrangement of the protein domains of Ag43 and an overview of the Ag43-based secretion systems developed in this
study (drawing is not to scale). The numbers designate the amino acids at the domain boundary. The restriction sites used for plasmid
construction are indicated. SP, signal peptide; TU, translocation unit; Ptrc, promoter trc; MCS, multiple cloning site; BglC, T. fusca β-glucosidase.

Table 1 E. coli strains, plasmids and primers used in this study

Strain Relevant genotype Source

E. coli DH5α RecA Promega

E. coli
MG1655

Wild type Laboratory
stock

E. coli MS04 MG1655 ΔpflB, ΔadhE, ΔfrdA, ΔxylFGH, gatC S184L, ΔmidarpA, Δreg 27.3 kb, ΔldhA, PpflB::pdcZm-adhBZm. [5,28]

E. coli BL21
(DE3)

F− ompT hsdSB (rB
− mB

−) gal dcm (DE3) Novagen

Plasmid Description Source

pTrc99A2 pTrc99A derivative modified for NdeI cloning instead of NcoI. Designed for IPTG-inducible expression of proteins under
the hybrid trp/lac promoter. Ampr.

[13]

pAIDABglC pTrc99A derivative designed for cell surface display of BglC using the autotransporter AIDA-I. Ampr. [13]

pET-22b(+) Designed for IPTG-inducible expression of proteins under the T7 promoter. Ampr. Novagen

pETflu pET-22b(+) derivative that has cloned the flu gene. This study

pAg43pol pTrc99A derivative designed for cloning heterologous sequences for protein secretion using the
autotransporter Ag43. Ampr.

This study

pAg43BglC pAg43pol derivative designed for cell surface display of BglC using the autotransporter Ag43. Ampr. This study

pNS6 pET-26b(+) derivative employed for intracellular heterologous production of BglC in E. coli. [21]
aPrimer Sequence 5′→ 3′ Source

DfluNde CTAAGGAAAAGCATATGAAACGACATCTG This study

RfluHind CAGAGAGGCGAAGCTTCTGTCAGAAGGTC This study

Pet38F (26) CGATCTCGATCCCGCGAAATTAATAC This study

RfluBNE CGGTGAATTCCGCCATGGCAGATCTGTCAGCAGCCAGCACCGGGAG This study

DfluKXB GACCGGTACCCTCGAGCTGAACGGATCCATTGACCCCACG This study
aThe restriction sites employed during plasmid construction are underlined.
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Figure 2 SDS-PAGE showing the protease accessibility of BglC
attached to the surface of the outer membrane of E. coli MS04.
PM refers to the protein marker; P106 is the protein product of
pAg43BglC without the SP and represents the sum of Ag43 TU and
BglC. The plasmid pTrc99A2 was employed as a negative control.
The (−) symbol in the pAg43BglC line means that the proteins were
from cultures grown with MS04/pTrc99A2. The (−) symbol in the
trypsin line means OMPs of cells not treated with trypsin. Note that
OmpC, which migrates together with OmpF, is not found in the
figure because during the development of strain MS04, an adaptive
evolution step to improve the consumption and growth on xylose
was developed, and a region of the genome that contains the
ompC gene was lost [5,28].
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enzyme sequences BglII, NcoI, EcoRI, KpnI, XhoI and
BamHI, creating multiple cloning sites between the SP
and the TU. The pAg43pol plasmid contains the native
Ag43 SP and the sequence that encodes amino acids
550 through 1039 of Ag43, including the TU and the
autochaperone domain [20]. Whereas some ATs de-
signed for the display of heterologous proteins replace
the native SP, such as the widely used AIDA-I system
developed by Maurer et al. [16], the pAg43pol plasmid
contains the native Ag43 SP. Some ATs, such as Ag43,
have unusually long SPs that likely slow the transloca-
tion of the ATs across the inner membrane, preventing
the accumulation of misfolded proteins in the periplas-
mic space [12]. To avoid cleavage at amino acid 552 and
keep the heterologous passenger protein attached to the
cell surface, the aspartyl protease active site present in
the Ag43 passenger protein [25] was not included. To
display BglC on the surface of E. coli MS04, the bglC
gene was cloned into pAg43pol to obtain pAg43BglC as
described in the Methods section.

Whole-cell protease treatment analysis
Proteins that are attached and exposed externally on the
cell surface of E. coli can be removed from whole cells
using proteases. After proteolytic treatment, outer mem-
brane proteins (OMPs) can be purified and analyzed
using SDS-PAGE, at which point little or no cell surface
proteins will be observed. To show that BglC is exposed
externally on the cell surface of MS04, whole cells ex-
pressing the Ag43-BglC system were treated with trypsin
as reported previously [13]. Cells carrying pTrc99A2
were used as a negative control. After their growth, the
cells were harvested and “shaved” with trypsin, and the
OMPs were subjected to purification. The calculated
molecular weight of the chimeric protein Ag43-BglC
without the SP is 106 kDa (thus, it was named P106).
Figure 2 shows a polyacrylamide gel with the OMPs
purified from both trypsin-treated and untreated cells. It
can be observed that, in contrast with the negative con-
trol, the cells carrying the pAg43BglC plasmid that were
not trypsinized possessed the protein P106. When the
cells were treated with trypsin, the protein P106 content
is drastically reduced, showing that the Ag43 system at-
taches BglC to the surface of E. coli MS04. In previous
work involving the AIDA-BglC system [13], we per-
formed both SDS-PAGE and western blot analyses of
the outer membrane proteins and, as with the Ag43-
BglC system, the SDS-PAGE clearly showed the identity
of the fusion protein.

Fermentation of glucose, cellobiose and cellulose
E. coli MS04 expressing the Ag43-BglC system was tested
for the hydrolysis and fermentation of 40 g/L glucose or
40 g/L cellobiose in mineral media. Figure 3 shows cell
growth, glucose or cellobiose consumption and ethanol
production during the fermentation processes. E. coli
MS04/pAg43BglC had a specific growth rate (μ) of
0.276 h−1 (±0.005) in glucose and 0.153 h−1 (±0.004) in
cellobiose; it consumed the glucose in 24 h and the cello-
biose in 48 h and reached a titer of ethanol of 14.94 g/L
(±0.64) with glucose and 16.65 g/L (±0.23) with cellobiose.
The obtained ethanol yields were 80% (±3.2) and 81%
(±2.6) of the theoretical maxima in glucose and cellobiose,
respectively. During the fermentation of cellobiose, the β-
glucosidase activities, either that present in the milieu or
that was cell-associated, were measured at 37°C when the
cells reached an OD600 of 1; values of 6.05 U/L (±0.88)
and 59.6 U/gDCW (±4) were obtained, respectively. The
cell-associated activity represents 79% of the total activity,
taking into account that 1 OD600 of cells is equal to 0.37
gDCW/L.
To show the compatibility of the displayed BglC with a

commercial cocktail of cellulases and the capacity of E.
coli MS04 to ferment at working conditions that can
match these cellulases, E. coli MS04 expressing the Ag43-
BglC system was tested in the SSF process with 40 g/L
crystalline cellulose (Avicel) and the cellulase cocktail Cel-
luclast (15 FPU/g Avicel of cellulases) at a temperature of
45°C and pH 6. Control experiments were performed
using E. coli MS04/pTrc99A2 with Celluclast, E. coli
MS04/pTrc99A2 with Celluclast and the β-glucosidase
cocktail NS50010 (30 U/g Avicel of β-glucosidase) and E.
coli MS04/pTrc99A2 with Celluclast and soluble T. fusca
BglC (30 U/g Avicel of β-glucosidase produced from E.



Figure 3 Fermentation kinetics of glucose (A) and cellobiose (B) with MS04/pAg43BglC. Cultures were performed at 37°C and pH 7 (n = 4).
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coli BL21 carrying plasmid pNS6, as mentioned in the
Methods section). The ethanol production during the
SSF of Avicel is shown in Figure 4. The highest titers of
ethanol (approximately 22 g/L) were reached after 48 h
of fermentation using MS04/pAg43BglC supplemented
with Celluclast and the control MS04/pTrc99A2 sup-
plemented with Celluclast and T. fusca BglC. The lowest
titers of ethanol (approximately 15 g/L) were obtained
using MS04/pTrc99A2 supplemented with Celluclast
and MS04/pTrc99A2 supplemented with Celluclast and
NS50010. It is interesting that the commercial cocktail
of β-glucosidases (NS50010) did not improve the SSF
process at the conditions tested. During the preparation
of the inoculum for the SSF, E. coli MS04/pAg43BglC
had an activity of 10.4 U/DO (measured at 45°C and
pH 7).

Discussion
The AT system has been extensively used for the heter-
ologous display of proteins in E. coli [11]; however, the
secreting capacities of heterologous proteins in ATs vary
widely depending on the genetic background of the
strain used [15-18] and the culture conditions [15].
Among ATs, Ag43 is a promising secretion system be-
cause it is able to translocate folded passenger proteins.
Additionally, the outer membrane protease OmpT does
not have a negative effect on the display of the passenger
protein [17,18]. To determine the potential of the display
system Ag43 in the genetic background of the ethanolo-
genic E. coli MS04, we constructed the expression plas-
mid pAg43pol, which contains multiple cloning sites
between the SP and the TU and allows for the easy clon-
ing of genes encoding saccharolytic enzymes or other
proteins (Figure 1).
The secretion of β-glucosidases by ethanologenic mi-

croorganisms during cellulosic biofuel production allows
the addition of commercial β-glucosidases to be avoided,
reducing production costs. It is critical to select sacchar-
olytic enzymes to be secreted by E. coli that have work-
ing conditions that match the growth conditions of the
E. coli. In addition, the selected β-glucosidases must be
expressed with enough activity to allow the growth of
the cells and the fermentation on cellobiose [13,22-24].
The β-glucosidase selected for secretion was BglC from



Figure 4 Ethanol production during the SSF process of 40 g/L
Avicel by MS04 carrying plasmid pAg43BglC or pTrc99A2.
These cultures were performed at 45°C and pH 6 (n = 3).
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T. fusca [21], an enzyme that presents a high perform-
ance compared with other β-glucosidases that have been
secreted by E. coli [22,24]. For example, of the six differ-
ent β-glucosidases studied by Tanaka et al. [24] and the
three different β-glucosidases studied by Desai et al.
[22], BglC from T. fusca was either the sole β-glucosi-
dase to allow the growth of E. coli using cellobiose as
the sole carbon source or the one that promoted the
highest growth. In the present work, we show that the
AT Ag43 is able to display BglC on the surface of the
ethanologenic E. coli strain MS04 (Figure 2) and that
the enzyme that is attached is catalytically active (E. coli
MS04 expressing the Ag43-BglC system fermented cel-
lobiose as the sole carbon source in mineral media)
(Figure 3B). Although BglC activity was observed in the
supernatant, most of it was cell associated (79%); this
result is important because in the SSF process whole-
cell biocatalysts are produced and recovered for subse-
quent hydrolysis and fermentation. The Ag43 system is
more efficient for the secretion of T. fusca β-glucosidase
BglC compared with the AIDA-I system [13]. E. coli
MS04 expressing the Ag43-BglC system had a 24%
higher cell-associated β-glucosidase activity, fermenting
40 g/L cellobiose in 48 h instead of 72 h as with the
AIDA-BglC system. When grown on cellobiose, E. coli
MS04 expressing the Ag43-BglC system had a μ that
was 21% higher than that obtained with MS04 express-
ing the AIDA-BglC system [13].
In the present report, we show the suitability of the

Ag43-BglC secretion system for SSF processes employ-
ing E. coli and commercial cellulases. In Figure 4, it is
clear that E. coli MS04 expressing the secretion system
Ag43-BglC performed better during the SSF of crystal-
line cellulose compared to cells carrying the empty
plasmid that were supplemented with commercial β-glu-
cosidases. It is important to note that the SSF process
was carried out at 45°C and pH 6, conditions that allow
for both the cellulase cocktail and BglC to perform bet-
ter. The activities of the β-glucosidases present in the
commercial cocktails are severely affected by both pH
and temperature [26,27]. These results show that com-
mercial β-glucosidases do not need to be used with the
Ag43-BglC system during SSF processes with ethanolo-
genic E. coli.

Conclusions
The selection of the right secretion system and saccharoly-
tic enzymes is crucial during the engineering of E. coli. In
the present work, we show that the AT Ag43 can be used
to successfully secrete the β-glucosidase BglC; better results
were obtained than when the previously reported AT sys-
tem AIDA-BglC was used. Additionally, most of the β-glu-
cosidase activity obtained with the Ag43-BglC system was
cell-associated, allowing the recovery of the whole-cell bio-
catalyst for subsequent SSF processes. Finally, the feasibility
of performing SSF at a relatively high temperature for E.
coli was shown using commercial cellulases and 40 g/L of
Avicel. Cells from the strain MS04/pAg43BglC were able to
produce 22 g/L of ethanol at 45°C and pH 6, reducing the
gap between the working conditions of the commercial sac-
charolytic enzymes and ethanologenic E. coli.

Methods
Strains and plasmids
The strains, plasmids and primers used in this study
are listed in Table 1. E. coli DH5α was used for plasmid
propagation during plasmid construction. Analyses of
β-glucosidase secretion and ethanol fermentation were
performed using the E. coli strain MS04 [5,28]. Stand-
ard procedures were employed for DNA isolation,
PCR, restriction-enzyme digestion, cloning, ligation,
transformations, and gel electrophoresis experiments
[29]. Polymerase chain reaction (PCR) experiments
were performed using the Elongase Enzyme Mix (Invi-
trogen, Carlsbad, CA, USA). Restriction enzymes and
ligases were purchased from Fermentas (Thermo
Fisher Scientific Inc., MA, USA). PCR and agarose-gel
products were isolated and purified using the High
Pure PCR Product Purification Kit (Roche, Mannheim,
Germany). Each plasmid construction was verified by
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its restriction pattern in an agarose gel and via sequen-
cing. Primer synthesis and DNA sequencing were per-
formed by the Core Unit of Synthesis and Sequencing
of DNA at the Biotechnology Institute-UNAM.
The flu gene sequence, which encodes Ag43, was

PCR-amplified using the DfluNde and RfluHind primers
(Table 1); genomic DNA from E. coli MG1655 was used
as the template. The PCR product was digested using
the restriction enzymes NdeI and SacI and cloned into
pET-22b(+) to obtain the pETflu plasmid. The amplifica-
tion of the sequences that codify for the SP and the TU
of Ag43 were conducted using the pETflu plasmid as a
template. The SP sequence was amplified using the
pet38F(26) and RfluBNE primers, and the TU sequence was
amplified using the DfluKXB and RfluHind primers. Follow-
ing PCR amplification, the SP sequence was digested using
NdeI and EcoRI and cloned into pTrc99A2. Next, the TU
sequence was cloned into this derivative plasmid using KpnI
and HindIII to obtain the pAg43pol plasmid (Figure 1).
Finally, the bglC gene was removed from the pAIDABglC
plasmid using BglII and SacI. This gene was then gel-
purified and cloned into pAg43pol to obtain the pAg43BglC
plasmid (Figure 1).

Whole-cell protease treatment and OMP purification
Whole-cell trypsin treatment and outer membrane pro-
teins (OMPs) purification of trypsin-treated and non-
treated cell were performed as described elsewhere [13].
The OMPs were analyzed using 12% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE). The
samples were mixed with 2X loading buffer, heated in
boiling water for 5 min, and subjected to electrophoresis.

Culture conditions
Batch fermentation of cellobiose (Sigma-Aldrich, MO,
USA) with cells expressing the pAg43BglC system were
conducted as described elsewhere [13] in mineral AM1
media [30] supplemented with 0.1 g/L of citrate (J.T.
Baker, Avantor Performance Materials, NJ, USA), 2 g/L
of sodium acetate (J.T. Baker), 100 mg/L of Carbenicillin
and 10 μM isopropyl β-D-1-thiogalactopyranoside (IPTG,
Sigma-Aldrich). Cultures were performed in 300-mL Flea-
kers mini-fermenters [31] containing 200 mL of media
without aeration at a pH of 7, a temperature of 37°C and a
speed of 150 rpm. Automatic additions of 2 N KOH pre-
served a constant pH. Prior to fermentation and the SSF
process, the cells were adapted to grow in mini-
fermenters as described previously [13]. The adapted cells
were stored in cryotubes containing glycerol (40% final) to
a final volume of 1.4 mL at −70°C.
To perform the SSF process with Avicel (PH-101,

Sigma-Aldrich), a culture tube with 3 mL of Luria Broth
(LB; 5 g/L yeast extract, 10 g/L Bacto peptone and 5 g/L
NaCl), 100 μg/mL of Carbenicillin and 10 g/L of glucose
was seeded with a cryotube containing cells of E. coli
MS04/pAg43BglC or E. coli MS04/pTrc99A2 adapted into
mini-fermenters The cells were grown at 37°C and
300 rpm for 4 h. Subsequently, the cells were inoculated
in 1 L mineral media with 50 g/L of glucose and 100 mg/L
of Carbenicillin at an initial OD600 of approximately 0.001
and grown in a 1-L fermenter (Applikon ADI 1010/ ADI
1025, Schiedam, The Netherlands) with an aeration rate of
0.1 vvm at a temperature of 37°C, a pH of 7.0 (adjusted by
the automatic addition of 2 N KOH) and a speed of
400 rpm (using one Rushton Turbine with 6 blades).
During the growth of E. coli MS04/pAg43BglC, the
temperature was maintained at 30°C when the cells
reached 0.5 OD600. In our previous work employing the
autotransporter AIDA-I [13], we found that induction
with 100 μM IPTG hindered cell growth in comparison to
when 10 μM IPTG was used. For this reason, 10 μM
IPTG was also used in mini-fermenter cultures with the
autotransporter Ag43. However, during the experiments
in 1-L fermenters, we found that when 20 μM IPTG was
used for induction the cells produced enough β-
glucosidase activity to continue the SSF process. Hence,
MS04/pAg43BglC and MS04/pTrc99A2 cells grown in
the 1-L fermenters were induced with 20 μM IPTG. Both
strains were allowed to grow until 5.5 OD600 was reached,
and then the cells were harvested by centrifugation at
4,000 × g for 10 min at room temperature (RT). Finally,
SSF was carried out in 300-mL Fleakers containing
200 mL of 50 mM ammonium phosphate buffer with
40 g/L of Avicel, 0.2% Tween 80, 100 mg/L of Carbenicil-
lin and 10 OD600 of cells. SSF was performed at 45°C,
150 rpm and pH 6 (adjusted by the automatic addition of
2 N KOH).

Preparation of soluble BglC and enzyme assays
The production of soluble BglC was carried out with E.
coli BL21 (DE3) carrying the plasmid pNS6 [21]. The cells
were grown overnight in flasks containing 50 mL of LB
with 30 μg/mL of Kanamycin at 37°C and 300 rpm. Subse-
quently, the 50 mL overnight culture was used to inocu-
late 950 mL of LB with 30 μg/mL of Kanamycin, and the
cells were grown at 37°C and 300 rpm. When the cells
reached an OD600 of 0.5, the incubation temperature was
switched to 20°C and the cells were induced with 0.5 mM
IPTG. Next, the cells were allowed to grow until an OD600

of 2 and harvested by centrifugation for 10 min at
4,000 × g and 4°C. The cells were washed twice with
20 mL of 50 mM phosphate buffer (pH 7), and the cell
pellet was resuspended in 5 mL of 50 mM phosphate
buffer (pH 7). Finally, the cells were lysed by sonication,
and the E. coli extract was recovered by centrifugation
for 30 min at 13,400 × g and 4°C. The extract was used
as the source of soluble BglC during SSF control experi-
ments with 30 U/g Avicel.
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The commercial enzymes used during the SSF process
were the cellulase cocktail Celluclast® 1.5 L (Sigma-
Aldrich) and the β-glucosidase cocktail NS50010 (kindly
provided by Novozymes, Brazil). Celluclast® 1.5 L and
NS50010 were used during SSF at a concentration of 15
FPU/g Avicel and 30 U/g Avicel, respectively. The cellu-
lase activity of Celluclast® 1.5 L was measured using a filter
paper substrate, and the β-glucosidase activity of NS50010
was measured using a p-nitrophenyl-β-d-glucopyranoside
(pNPG; Sigma) substrate. The activities of the commercial
cocktails were calculated using the protocols described by
Wood and Bhat [32].
The activity of the cell surface-attached β-glucosidase

was assayed using a pNPG substrate. During the assays,
1 mL of cells expressing the pAg43BglC system were re-
covered by centrifugation (in a microfuge at 9,300 × g
for 2 min at RT) and resuspended in 1 mL of 50 mM
phosphate buffer (pH 7). Subsequently, 100 μL of the re-
suspended cells were mixed with 630 μL of the same
buffer. Then, the cell suspension was allowed to equili-
brate to the assay temperature for 5 min. The reaction
was initiated via the addition of 100 mM pNPG (20 μL),
and, after 5 min, the reaction was terminated by adding
2 M Na2CO3 (250 μL). The absorbance (at 400 nm) was
measured after the cells were centrifuged in a microfuge
at 9,300 × g for 2 min at RT, and the enzyme activity
was calculated using the extinction coefficient for p-ni-
trophenol (18.5 mM−1) [21]. One pNPGase unit was de-
fined as the amount of BglC attached to the cells such
that the formation of pNP is catalyzed at a rate of 1 μmol
per minute.
To measure the β-glucosidase activity of soluble BglC,

20 μL of the enzyme solution was mixed with 710 μL of
50 mM phosphate buffer (pH 7) and allowed to equilibrate
to the assay temperature for 5 min. The reaction was initi-
ated via the addition of 20 μL pNPG (100 mM), and, after
10 min, the reaction was terminated by adding 250 μL
Na2CO3 (2 M). The absorbance (at 400 nm) was mea-
sured, and the enzyme activity was calculated using the
extinction coefficient for p-nitrophenol (18.5 mM−1) [21].
One pNPGase unit was defined as the amount of BglC ne-
cessary to catalyze the formation of pNP at a rate of
1 μmol per minute. To measure the β-glucosidase activity
present in the milieu of E. coli expressing the Ag43-BglC
system, 4 mL of the supernatant was passed through a cen-
trifugal filter unit (Amicon Ultra-4, Millipore Corporation,
MA, USA) with a 10 kDa molecular weight cut-off. The β-
glucosidase present in the supernatant was washed twice
through the filter unit with 4 mL of 50 mM phosphate buf-
fer (pH 7) to remove any unutilized cellobiose, which can
interfere with the interaction of BglC with pNPG. Subse-
quently, the supernatant was concentrated in the filter unit
to a volume of approximately 0.5 mL, and the activity was
measured as already described.
Analyses
Growth was analyzed spectrophotometrically as the optical
density at 600 nm (DU-70, Beckman Instruments Inc., CA,
USA) and converted to dry cell weight (DCW) per liter
using a calibration curve (1 optical density = 0.37 gDCW /L).
The samples were centrifuged, and the cell-free culture
broth was frozen until it was analyzed. The concentration
of glucose was measured with an enzymatic analyzer
(Model 2700, YSI Inc., OH, USA), whereas the cellobiose
concentration was measured using the 3,5-dinitrosalicylic
acid (DNS) method as described by Miller [33]. The etha-
nol was analyzed by gas chromatography using n-butanol
as the internal standard (6850 Series GC System, Agilent,
DE, USA). The concentrations of the cell biomass, ethanol
and sugars were corrected for fermentation volume
changes caused by the addition of base during culture.
Specific growth rates (μ) were calculated as the slopes

of the linear regressions of the natural log of the cell
mass versus time during the exponential growth phase.
The ethanol yield (g ethanol/g carbon source) was esti-
mated as a percentage of the theoretical maximum, tak-
ing into account that the theoretical yields obtained with
glucose and cellobiose were 0.51 and 0.54, respectively.
All cultures and enzyme assays were carried out at least
in triplicate (the averages and standard deviations are
shown in plots and tables).
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