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Abstract

as efficient technique to isolate the products of interest.

Background: Ethyl acetate (C,H3O,) and hydrogen (H,) are industrially relevant compounds that preferably are pro-
duced via sustainable, non-petrochemical production processes. Both compounds are volatile and can be produced
by Escherichia coli before. However, relatively low yields for hydrogen are obtained and a mix of by-products renders
the sole production of hydrogen by micro-organisms unfeasible. High yields for ethyl acetate have been achieved, but
accumulation of formate remained an undesired but inevitable obstacle. Coupling ethyl acetate production to the
conversion of formate into H, may offer an interesting solution to both drawbacks. Ethyl acetate production requires
equimolar amounts of ethanol and acetyl-CoA, which enables a redox neutral fermentation, without the need for
production of by-products, other than hydrogen and CO,.

Results: We engineered Escherichia coli towards improved conversion of formate into H, and CO, by inactivating
the formate hydrogen lyase repressor (hycA), both uptake hydrogenases (hyaAB, hybBC) and/or overexpressing the
hydrogen formate lyase activator (fh/A), in an acetate kinase (ackA) and lactate dehydrogenase (/dhA)-deficient back-
ground strain. Initially 10 strains, with increasing number of modifications were evaluated in anaerobic serum bottles
with respect to growth. Four reference strains AldhAAackA, AldhAAackA p3-fhiA, AldhAAackAAhycAAhyaABAhybBC and
AldhAAackAAhycAAhyaABAhybBC p3-fhiA were further equipped with a plasmid carrying the heterologous ethanol
acyltransferase (Eat1) from Wickerhamomyces anomalus and analyzed with respect to their ethyl acetate and hydro-
gen co-production capacity. Anaerobic co-production of hydrogen and ethyl acetate via Eat1 was achieved in 1.5-L
pH-controlled bioreactors. The cultivation was performed at 30 °C in modified M9 medium with glucose as the sole
carbon source. Anaerobic conditions and gas stripping were established by supplying N, gas.

Conclusions: We showed that the engineered strains co-produced ethyl acetate and hydrogen to yields exceeding
70% of the pathway maximum for ethyl acetate and hydrogen, and propose in situ product removal via gas stripping
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Background

Esters are a diverse group of compounds important not
only for the food industry, but also for various industrial
purposes [8]. Ethyl acetate is among the most relevant
esters with respect to industrial use. It is considered
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relatively environmentally friendly and thus a popu-
lar solvent used in paints and adhesives, and other
applications.

Yeasts are natural producers of a variety of esters,
including ethyl acetate. Efforts have been made to
understand and direct ester production and compo-
sition, focusing on bulk producers of ethyl acetate,
including Kluyveromyces marxianus (K. marxianus)
and Wickerhamomyces anomalus (W. anomalus) (7,
15, 26]. Especially K. marxianus has been exploited
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and optimized with respect to efficient ethyl acetate
production. In fermentations on whey-based medium
a yield of 0.265 gyl acetate/&sugarr COTresponding to 50%
of the maximum yield, was reached in a 70-L reac-
tor, demonstrating the scalability of the system [13].
Recently, we have shown that a heterologous expres-
sion system in Escherichia coli (E. coli) can compete
with natural producers in terms of ethyl acetate yields
[3]. A streamlined E. coli strain harboring a truncated
ethanol acetyltransferase (eatl) gene from W. anomalus
reached 72% of the maximum pathway yield on glucose
under anoxic conditions. This is the highest reported
yield to date.

In contrast to yeasts that use pyruvate decarboxylase
to convert pyruvate to acetaldehyde, E. coli uses pyru-
vate formate lyase to produce acetyl-CoA during anaero-
bic conditions [3]. This ultimately results in a redox and
carbon balanced pathway under anoxic conditions, con-
tributing to the overall efficiency of the process as less
carbon is lost to biomass or respiration [33]. However, as
E. coli uses pyruvate formate lyase, one mole of formate
is coproduced with every conversion of pyruvate into
acetyl-CoA, coproducing two moles of formate per gen-
erated mole of ethyl acetate (Fig. 1).

Formate is accumulating during the fermentation pro-
cess, acidifying the medium and causing inhibiting effects
on the E. coli cells. While the acidification of the medium
can be prevented by pH-control of the reactor, buildup
of formate to inhibiting concentrations may neverthe-
less negatively affect performance of the system. Formate
concentrations below 100 mM already severely hamper
E. coli growth, and concentrations of 50 mM have been
reported to cause growth inhibition of 50% [37]. One way
E. coli counteracts these negative side-effects of formate,
is by converting it to CO, and H, by a membrane-bound
formate hydrogen lyase (Fhl) after formate concentra-
tions exceed a certain threshold [20].

Hydrogen is considered an attractive, environmentally
friendly energy carrier, but 95% of the current produc-
tion is still derived from non-renewable resources [1, 22].
In order to benefit from hydrogen as future fuel also its
production needs to rely on sustainable methods paving
the path for green or bio-hydrogen [4, 10, 28]. Regarding
microbial hydrogen production attention has been paid
to increasing yields and productivity by means of genetic
engineering, with a strong focus on E. coli. While E. coli
primarily secretes formate and naturally is a poor hydro-
gen producer, the complexity and transcriptional regula-
tion of the Fhl complex with the involvement of around
15 genes is well understood [2, 25, 39]. Due to its anno-
tated genome and well established genetic engineering
tools, several targets and strategies for improving hydro-
gen production have been identified [18].
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Fig. 1 Schematic representation of anaerobic ethyl acetate
production from glucose in E. coli via the Embden-Meyerhof-
Parnas (EMP) pathway with hydrogen co-production. Lactate

and acetate formation is limited by ack and Idh inactivation.
Heterologous alcohol acetyltransferase Eat1 generates ethyl
acetate from ethanol and acetyl-CoA. Hydrogen co-production is
achieved via formate hydrogen lyase (Fhl). Ack acetate kinase, DHAP
dihydroxyacetone phosphate, eat! ethanol acetyltransferase, FBR
fructose 1,6-bisphosphate, F6P fructose 6-phosphate, G6P glucose
6-phosphate, PEP phosphoenolpyruvate, GAP glyceraldehyde
3-phosphate, pta phosphate acetyltransferase

Several studies used formate as substrate for the pro-
duction of bio-hydrogen from E. coli [24, 35]. Inac-
tivating the Fhl repressor hycA was among the first
modifications to promote Fhl activity, thus enhancing
hydrogen production [24]. Combining /ycA deactiva-
tion and overexpression of the formate hydrogen lyase
transcriptional activator (FhlA) further improved strain
performance [35]. In addition, Maeda and colleagues
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studied the effect of various modifications concerning
hydrogen production and uptake, extensively [16]. They
found that besides inactivating h#ycA and overexpress-
ing fhlA, inactivation of hydrogen uptake by knocking
out hydrogenase 1 (hyaB) and 2 (hybC) further ben-
efitted hydrogen production. Moreover, inactivating
hycA hyaB hybC together with inactivating the formate
transporter focA did not impact growth of E. coli under
aerobic conditions, while leading to an almost fivefold
increased hydrogen production capacity with respect to
wild-type E. coli [17].

However, to date microbial hydrogen production with
sole focus on generation of bio-hydrogen is considered
rather unfeasible mainly due to the low conversion effi-
ciency and low maximum yields obtained [22]. There-
fore, coupling it to the production of another relevant
product may improve the overall feasibility of such pro-
cess as shown with the example of ethanol [12, 28, 29].
However, ethanol and hydrogen are competing for elec-
trons and maximum yields for one product will auto-
matically decrease the achievable yield for the other
product.

This study investigates in how far redox-balanced co-
production can benefit the bio-based generation of two
industrially relevant compounds with respect to yields
and rates. Here, we describe the efficient co-production
of ethyl acetate and bio-hydrogen using an engineered
E. coli strain, while restricting product accumulation by
in situ product removal.
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Results
Increasing hydrogen gas production
A series of modifications to a BW25113 AldhA AackA
(BW25113 AA) background strain were applied in order
to improve the conversion of formate into hydrogen.
Sequential inactivation of the Fhl repressor hycA, and the
uptake hydrogenases hyaAB and hybBC, were combined
with overexpression of the Fhl activator fhlA. A first
evaluation of strains took place in anaerobic serum bot-
tles with ethanol, pyruvate and formate as main fermen-
tation outputs. Due to the ackA knockout in BW25113
AA, NADH requirements for ethanol formation cannot
be balanced by co-production of acetate, but are met by
secretion of the intermediate metabolite pyruvate.
Neither the three individual knock-out events, nor a
combination thereof, did have any effect on growth rates
of the resulting strains when compared to their paren-
tal strain BW25113 AA (Fig. 2). After 72 h of cultivation,
all strains reached an ODgy, of around 0.64. Overex-
pression of thlA was achieved by introduction of the p3
promoter in front of the start codon of the native fhlA.
This modification slightly affected growth of the double-
knockout strain BW25113 Aldh Aack p3-fhiA (BW25113
AA p3-fhlA) as well as in the quintuple-knockout strain
BW25113 Aldh Aack AhycA AhybBC AhyaAB p3-fhlA
(BW25113 AAAAA p3-fhlA) (Fig. 2). Overexpression of
thlA led to a reduced ODg, after 72 h, 15% lower com-
pared to parental strains relying on native expression of
fhlA.
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Fig.2 OD,, after 72 h of cultivation under anaerobic conditions with glucose as carbon source of a BW25113 AldhA AackA background strain
containing additional KOs and/or overexpressing fhlA for improved hydrogen production. Initial OD600 was 0.2. Data and error bars indicate
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At the same time strains overexpressing fhlA consumed
about 30% less glucose, resulting in less ethanol, pyruvate
and formate production (Fig. 3a—d). Despite knocking
out ackA some acetate production could not be avoided
and reached levels around 6 mM for all strains tested
(Fig. 3e). Succinate titers reached 3.96+0.2 mM for the
parental strain BW25113 AA, but were increased by 10%
to 50% by strains with additional modifications towards
hydrogen production, likely due to increased CO, avail-
ability (Fig. 3f).

It is difficult to determine hydrogen and carbon dioxide
gas production accurately in serum bottles. The effect of
the genetic modifications on the production of both gas-
ses was therefore estimated indirectly, by subtracting the
amount of formate produced from the amount of etha-
nol plus acetate formed to obtain a calculated hydrogen
concentration (mM). For estimating CO,, fixation for
succinate synthesis was included, but not CO, produc-
tion associated with biosynthesis. This resulted in slightly
negative calculated CO, concentrations (Fig. 3g). While
for the parental strain no H, could be calculated, the
other strains generated between 2 and 8 mM (Fig. 3h).
However, variations in formate accumulation and con-
version among duplicates led to large error bars in calcu-
lated concentrations.

Ethanol yields on glucose dropped by 12% for strains
overexpressing fhlA in respect to BW25113 AA and
BW25113 AAAAA for which yields of about 0.8 mol, .01/
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moly, ., Were obtained (Fig. 4). However, succinate
yields significantly increased and doubled for BW25113
AA p3-fhlA and BW25113 AAAAA p3-fhlA (p<0.05). For
strain BW25113 AAAAA the hydrogen yield on glucose
was only 0.02 moly4sgen/MOlyycose- Both strains overex-
pressing fthlA reached a higher yield, around 0.1 and 0.25
MOl grogen/ MOy o5 TESPeECtively. However, due to varia-
tions in the replicas only BW25113 AAAAA and BW25113
AAAAA p3-thlA showed significant increase in hydrogen
yields (p <0.05).

Concluding, the effect of the subsequent inactivation
steps in strain BW25113 AAAAA remains elusive while
overexpression of fhlA supports hydrogen production.
On the other hand, overexpression causes a reduction in
biomass formation and slower glucose consumption.

Combining hydrogen gas and ethyl acetate production

After initial screening experiments and indirect perfor-
mance assessments, three strains were generated with
the purpose of co-producing hydrogen and ethyl acetate
from glucose as carbon source. Strains BW25113 Aldh
Aack p3-thlA (BW25113 AA p3-fhlA), BW25113 Aldh
Aack AhycA AhyaAB AhybBC (BW25113 AAAAA) and
BW25113 Aldh Aack AhycA AhyaAB AhybBC p3-fhlA
(BW25113 AAAAA p3-fhl) were equipped with the
plasmid that encoded the ethanol acetyltransferase,
pET26b:T7/Lacl-trEatl Wan NI13 (trEatl) and gene
expression was induced by 0.01 mM IPTG. Anaerobic
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ethyl acetate and hydrogen co-production were assessed
in pH-controlled 1.5-L bioreactors with a continuous N,
gas flow of 100 mL/min coupled to online MS measure-
ments of the off-gas. In this way stripped ethyl acetate,
as well as produced CO, and H, could be measured and
quantified.

Similar to observations during the serum bottle experi-
ments, overexpression of fhlA led to a decrease in maxi-
mum ODg, and slower glucose conversion (Fig. 5a, b).
In contrast, however, knocking out the formate hydrogen
lyase repressor and both uptake hydrogenases improved
overall fermentation performance of BW25113 AAAAA
trEatl including a reduced total fermentation time by
about 35%. Expression of Eatl and synthesis of ethyl ace-
tate in a redox-balanced way, apparently lifted the earlier
observed NADH shortage and therefore prevented pyru-
vate excretion almost completely (Additional file 2: Fig-
ure S1). Gas stripping kept overall ethyl acetate levels in
the fermentation broth well below 10 mmol and resulted
in a cumulative amount of stripped ethyl acetate near to
20 mmol (Fig. 5¢). Formation of other by-products such
as ethanol, acetate and succinate were mostly similar
among all strains and did not exceed 10 mmol per com-
pound (Fig. 5d—-f). However, BW25113 AAAAA trEatl
did accumulate more than twice as much succinate as
the remaining strains. Formate secretion was reduced
for all engineered strains, while H, and CO, accumu-
lated to 4-times higher levels than the control strain

without modifications in Fhl regulation or hydrogenases
(BW25113 AA trEatl) (Fig. 5g—i).

With respect to product yields, no significant differ-
ences in ethyl acetate yields on glucose could be found.
With yields ranging from 0.63+0.03 to 0.71+£0.04
MOl acetate/ MOlgicose @D0OUL 70% of the pathway maxi-
mum was reached (Fig. 6a). The overall carbon yield
Y carbon Was 92% or higher for all strains (Additional file 1:
Table S1). Knocking out hycA, hyaAB, hybBC, as well as
overexpressing fhlA significantly improved hydrogen
yields, reaching 50% and more of the pathway maximum.
For the strain overexpressing fhlA (BW25113 AA p3-fhiA
trEatl), the highest hydrogen yield was obtained with
1.47 £0.11 moly, gqgen/ MOy co5er cOrresponding to 73% of
the pathway maximum.

Despite that the product yield for ethyl acetate was
rather similar, productivity of ethyl acetate did differ
among the different strains. BW25113 AAAAA trEatl
showed an improved ethyl acetate production by 41%
(p=0.052), while both fhlA overexpression strains
showed a drop in productivity by 25-30%, which was
however, not statistically significant (Fig. 6b). Regard-
ing the co-production of hydrogen, all modifications led
to a significant increase in conversion of formate into
hydrogen and concomitantly CO, (p<0.05). The high-
est hydrogen productivity of 3.5 mmol/L/h was reached
by BW25113 AAAAA trEatl. Unexpectedly, overexpres-
sion of fhlA led to hydrogen production rates of only
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gas stripping. Strains based on AldhA AackA (AA) with further modifications for improved hydrogen production, from left to right: inactivation
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2 mmol/L/h regardless whether only fhlA was overex-
pressed or additional knockouts were carried out.

Discussion

The current study demonstrates how anaerobic ethyl
acetate production can be coupled to efficient hydrogen
co-production, thereby improving overall fermentation
performance of the system. With an ethyl acetate yield on
glucose close to 70% of the pathway yield E. coli can com-
pete with natural producers, like K. marxianus [13] and
performs close to earlier reported values using a trun-
cated version of W, anomalus Eatl [3].

Inactivation of the uptake hydrogenases (hyaAB and
hybBC) and the Fhl repressor (/1ycA) led to 4-times higher
hydrogen production rates relative to the control strain.
While other studies found that those modifications did
not negatively affect growth rates, here, the strain per-
formance was even slightly improved during batch reac-
tor fermentations [17]. This is likely a consequence of
reduced formate concentrations, that may impose inhibi-
tory effects to the cells [37].

Hydrogen vyields realized by modified strains ranged
from 1-1.47 moly g ogen/MOLyjcoser thus the improve-
ments are comparable to earlier reported values around
1.15-1.8 molyy4rogen/MOlgiycose [6, 16, 19, 29, 36]. Over-
expression of the Fhl activator fhlA using the p3 pro-
moter led to the highest hydrogen yields on glucose
in BW25113 AA p3-fhlA trEatl, with a product yield of
1.47  moly grogen/MOLyjcoser  Tespectively. However, for
this strain also reduced biomass formation and reduced
production rates of hydrogen and ethyl acetate were
observed. In previous research, overexpression of fhl
from a low copy number plasmid improved growth rates
and hydrogen production from formate [35]. Also on
glucose no impact of overexpression was noted using
an IPTG-inducible expression system while the plasmid
insertion itself did reduce the growth rate of the strain
and also impacted growth rates during aerobic culti-
vation on formate [16, 17]. Therefore, fine-tuning the
overexpression with different promoters or inducible
expression systems, combined with adaptation seems
necessary to keep the hydrogen overexpression strains
competitive. While the applied modifications reportedly
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product/m0|glucose after

improve hydrogen (co-)production, there are still options
to inactivate formate exporters (focA) or other formate-
consuming enzymes including formate dehydrogenase-N
(FdnG), dehydrogenase-O (FdoG), or nitrate reductase
A (NarG) that positively impacted hydrogen production
[16].

In the mentioned studies, efficient hydrogen-produc-
ing strains also carried an frdAB inactivation to elimi-
nate succinate formation, which should be considered
when optimizing further towards the maximum path-
way yield of 2 molyyrogen/MOLyycose- Especially for strain
BW25113 AAAAA trEatl the succinate yield was 2-times
higher than the parental strain and may have masked the
positive effects of hydrogen production as carbons were
diverted from the intended co-product ethyl acetate.

Complete suppression of acetate formation is challeng-
ing and inactivation of ackA or pta often leads to a reduc-
tion in acetate accumulation only [11, 32]. Inactivation
of the full ackA-pta operon, could help to lower acetate
accumulation to negligible amounts [27, 30]. Addition-
ally, acetate may originate from Eatl thiolysis or ester-
ase side-activities converting ethyl acetate or acetyl-CoA
into acetate [3, 23]. Eliminating side-activities by protein

engineering may be one way to overcome this drawback
of Eatl. Here, we applied gas stripping to remove ethyl
acetate more efficiently and reduce the residence time
in the fermentation broth. Next to product degradation,
product toxicity is another factor tackled with this strat-
egy [8, 14]. Like most products, ethyl acetate can accumu-
late to toxic concentrations, thereby imposing inhibitory
effects on the cells. For E. coli the threshold is estimated
for ethyl acetate titers above 110 mM [34]. While this
concentration was not and could not be reached under
the tested conditions, gas stripping will become more
important once the process is further upscaled. Moreo-
ver, the production of H, and CO, instead of formate,
also benefits from gas stripping and enables continuous
removal of both products of interest.

Low hydrogen yields during fermentation in expres-
sion hosts like E. coli combined with a mix of other
fermentation products is a major drawback in micro-
bial hydrogen production [18, 28]. Besides efficient
production of hydrogen, production of only one other
main fermentation product remains challenging Espe-
cially high-yield production of ethanol is often lim-
ited by NAD(P)H availability. Since NAD(P)H is only
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produced during the EMP pathway (GAP oxidation),
ethanol formation can only amount to 1 moly,,,,/mol-
glucoser With the concomitant formation of 1 mol, e/
moly, - Higher ethanol yields requires additional
NAD(P)H. Various engineering approaches have been
used to generate extra NAD(P)H; Sundara Sekar et al.
[29] employed a partial pentose phosphate pathway,
which resulted in co-production of ethanol and hydro-
gen, with limited by-products formation or loss of
growth, reaching yields for ethanol and hydrogen on
glucose of 1.4 mol,y,0/ MOy ose and 1.88 MOl grogen/
molyj, o respectively. Others made use of a pyruvate
dehydrogenase instead of the pyruvate formate lyase
yielding more NAD(P)H and reaching ethanol yields
of 1.8 molyyne/mOLyjycose [38]. The latter obviously
occurs at the expense of formate or hydrogen. Thus,
optimal co-production of hydrogen and one other
product requires a redox-balanced acetyl-CoA conver-
sion. The production of ethyl acetate as demonstrated
here enables such redox neutral acetyl-CoA conver-
sion and simultaneously co-production of hydrogen
at its theoretical maximum of 2 molygrogen/MOLgjycose-
With the co-production of ethyl acetate and hydrogen
from glucose of 0.71 mOlhy acetate/ MOlgiycose @and 1.47
moly, 4rogen/MOLgycose fOr strain BW25113 Aldh Aack
p3-fhlA pET26b:Eat Wan N13, we successfully pro-
vide a first outlook on the applicability of this strategy
towards another industrially relevant compound. Espe-
cially with respect to green hydrogen, co-production
strategies offer an elegant way to improve the economic
feasibility of a microbial production route and should
be further pursued.

Conclusion

Modification of the Fhl regulation system is an effective
way to improve hydrogen production in E. coli. Overex-
pression of the Fhl activator fhlA, but also the inactiva-
tion of the Fhl repressor sycA and hydrogenases 1 and 2
by knocking out #yaAB and hybBC improved hydrogen
production fourfold. During anaerobic fermentation of
BW25113 Aldh Aack p3-fhlA pET26b:T7/Lacl-trEatl
Wan N-13 on glucose 70% of the pathway yields for
ethyl acetate and hydrogen, 0.695 molgy ycetare/ mOl-
glucose ANd 1.44 MOl 4 o0en/ MOy coser TESPECtively, were
obtained. Cultivation of BW25113 Aldh Aack AhycA
AhyaAB AhybBC pET26b: T7/Lacl-trEatl Wan N-13
led to highest ethyl acetate and hydrogen production
rates, being 1.41- and 4-fold higher than the parental
strain that mainly accumulated formate. Coupled to
in situ product removal by gas stripping both prod-
ucts can efficiently be produced and recovered, offer-
ing attractive downstream processing opportunities
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for co-production of bio-based ethyl acetate and green
hydrogen by E. coli.

Methods

Strain and plasmid construction

All strains and plasmids used can be found in Tables 1
and 2. Generation of genomic knockouts and insertion of
p3-promoter [21] was achieved by CRISPR-Cas9 [5]. To
generate the corresponding pTarget plasmid, a sequence
containing gRNA module and the homologous sequences
of 50 bp immediately upstream the start codon and
downstream the stop codon were ordered as synthetic
gBlocks (IDT) (Additional file 1: Table S2). For insertion
of the p3-promoter sequence, the homologous sequences
were located 35 bp upstream and beginning with the
start codon for the downstream sequence. Using 2X
HiFi assembly master mix (NEB) according to manufac-
turer’s instructions plasmids were assembled and propa-
gated in competent NEB® 5-alpha cells. The pET26b:77/
Lacl-trEat]l Wan N-13 plasmid was inserted by following
instructions from the Mix&Go E. coli Transformation
Kit (ZYMO Research). PCR amplification was performed
using Q5 polymerase (NEB).

Cultivation

Strains were routinely cultured on LB medium with sup-
plementation of spectinomycin (50 pg/mL) and/or kan-
amycin (50 pug/mL) when appropriate. Preculturing of
strains was started by plating glycerol stocks stored at
—80 °C onto LB agar plates. From single colonies, over-
night cultures for transformations or experiments were
inoculated into 10 mL LB medium in a 50-mL tube and
grown at 30 °C and 250 rpm. For pre-cultures and anaer-
obic experiments, 250-mL Erlenmeyer flasks or serum
bottles were filled with 50 mL modified M9 medium con-
sisting of M9 salts (Difco, 1X), glucose (55 mM), MgSO,,
(2 mM), CaCl, * 2 H,O (0.1 mM), MOPS (100 mM) and
1X trace elements and vitamin solutions based on [31].
The serum bottles were capped and flushed with nitro-
gen gas for anoxic conditions. From overnight cultures
1-2 mL were transferred to 50 mL modified M9 medium
in 250-mL Erlenmeyer flasks and grown at 30 °C and
250 rpm. Strains for anaerobic experiments were inocu-
lated as biological duplicates at an initial ODg, of 0.2 and
incubated at 30 °C and 150 rpm [9].

Batch reactor fermentation

Batch fermentations were performed in 1.5-L bioreac-
tors (Applikon, The Netherlands) with a working vol-
ume of 0.5 L as described before [3]. Defined medium
contained glucose (55 mM), (NH,),SO, (37.8 mM),
KH,PO, (22 mM), NaCl (171 mM), kanamycin (100 pg/
mL), Na,SeO; (0.3 mg/L) and 1X trace elements
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Table 1 Strains used in this study

Strain Characteristics Source
Escherichia coli BW25113 (DE3) Wild type with integrated DE3 lysogen [32]
Escherichia coli BW25113 AackAAIdhA Disruption of lactate and acetate production (via ackA) [9]

Escherichia coli BW25113 AackAAIdhA p3-fhiA

Disruption of lactate and acetate production (via ackA) and overexpres- This study

sion of formate hydrogen lyase transcriptional activator (fhlA)

Escherichia coli BW25113 AackANIdhAAhycA Disruption of lactate and acetate production (via ackA) and inactiva- This study
tion of Fhi repressor (hycA)

Escherichia coli BW25113 AackAAldhAAhyaAB Disruption of lactate and acetate production (via ackA) and inactiva- This study
tion of uptake hydrogenase (hyaAB)

Escherichia coli BW25113 AackAAIdhAAhybBC Disruption of lactate and acetate production (via ackA) and inactiva- This study
tion of uptake hydrogenase (hybBC)

Escherichia coli BW25113 AackAAldhAAhycADNhyaAB Disruption of lactate and acetate production (via ackA) and inactiva- This study
tion of Fhi repressor (hycA) and uptake hydrogenase (hyaAB)

Escherichia coli BW25113 AackAAIdhAAhycAAhybBC Disruption of lactate and acetate production (via ackA) and inactiva- This study
tion of Fhi repressor (hycA) and uptake hydrogenase (hybBC)

Escherichia coli BW25113 AackAAldhAAhyaABAhybBC Disruption of lactate and acetate production (via ackA) and inactiva- This study
tion of uptake hydrogenases (hyaAB, hybBC)

Escherichia coli BW25113 AackAAIdhAAhycADhyaABAhybBC Disruption of lactate and acetate production (via ackA) and inactiva- This study
tion of Fhi repressor (hycA) and uptake hydrogenases (hyaAB and
hybBC)

Escherichia coli BW25113 AackAAIdhAAhycAAhyaABAhybBC p3-fhiA - Disruption of lactate and acetate production (via ackA) and inactiva- This study
tion of Fhi repressor (hycA) and uptake hydrogenases (hyaAB and
hybBC) with overexpression of Fhl activator (fhlA)

Escherichia coliT7 Express fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS NEB

A\ DE3 =\ sBamHlo AEcoRI-B int:(Lacl:PlacUV5:T7 genel) i21 Anin5

Escherichia coli NEB® 5-alpha

thuA2 A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15 gyrA96 recAl relA1  NEB

endA1l thi-1 hsdR17

Table 2 Plasmids used in this study

Plasmid Promoter Gene/protein Source
pET26b Lacl/T7 - This study
pET26b:hWan trEat1 N-13 Lacl/T7 Codon-harmonized eat1 from Wickerhamomyces anom- 9]

alus DSM 6766
pCas9 - (5]
pTlarget - [5]

plarget-hycA -
plarget-hyaAB -
plarget-hybBC -
plarget-p3 -

This study
This study
This study
This study

and vitamin solutions [31]. Eatl gene induction was
achieved by addition of 0.01 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG). Stirring at 400 rpm with
a Rushton turbine was controlled by a ADI 1012 Motor
Controller (Applikon), the target pH of 7 was main-
tained by automated addition of 3 M KOH solution
and a temperature of 30 °C was achieved by a Thermo
Circulator ADI 1018 (Applikon). Oxygen impermeable
Marprene tubing (Watson-Marlow, UK) and a gas flow
of 6 L/h N, set the framework for anaerobic conditions.

Pre-cultures were prepared as stated above and used to
inoculate the reactors to a starting ODg, of 0.4. Liq-
uid samples were taken regularly via a sampling port
to assess optical density and composition of the fer-
mentation broth. Metabolites were analyzed by high
performance liquid chromatography (HPLC) and gas
chromatography coupled to a flame ionization detec-
tor (GC). The off-gas composition was determined by
online measurements of a 8B Process Mass Spectrom-
eter (MS, Thermo Scientific™, USA).
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Calculations

During anaerobic serum bottle experiments, H, and CO,
production was estimated indirectly. Calculated H, and
CO, concentrations (C in mol/L) were derived by assum-
ing that significant production of either compound is
solely attributed to Fhl activity, thus following the stoi-
chiometric relation as shown in Eq. 1:

nCH>0Oy — nCO3y + nHjy (1)

The deficit in formate measured and formate expected
due to acetate and ethanol formation, combined with
Eq. 1 leads to Eq. 2 with C (mol/L):

Ch, = (Ccyts0H + CcrzcooH) — CcH,0, (2)

For CO, calculations, also the incorporation of CO,
during the synthesis of succinate needs to be accounted
for. Therefore, Eq. 2 is expanded to Eq. 3 for calculated
CO, concentrations (mol/L):

Cco, = (Ccyms0H + Cenzcoon) — Cey0, — Cayhig0,
®3)

In batch reactor, fermentations the off-gas composition
was analyzed via online measurements via MS. Nitrogen,
carbon dioxide, hydrogen, oxygen, ethanol and ethyl ace-
tate fractions in the gas phase were considered and the
cumulative amounts calculated as described in earlier
research [3].

Carbon vyields were estimated for all experiments
according to Eq. 4 including glucose as substrate; ethyl
acetate, ethanol, pyruvate, lactate, acetate, succinate, for-
mate and CO, as products and biomass based on a con-
version factor of 0.3232 from ODyg, to g/L dry weight [3]
and assuming a biomass composition of CH,0 5N 5

C — mol products formed

(4)

YCarbon = C — mol glucose consumed

Volumetric productivities (Qp) were calculated in
mmol/L/h by taking the slope of a linear trendline includ-
ing at least four data points. For ethyl acetate productiv-
ity, only three data points could be included (Additional
file 1: Table S2 and Additional file 3: Figure S2).

Statistical significance was assessed by using a two-
sided Student’s ¢-test assuming equal variance and
p<0.05.

Analytics

Liquid samples, including 50 mM propionic acid as inter-
nal standard, were analyzed with respect to glucose and
organic acids using an Agilent 1290 LC II system (Agi-
lent, USA), with an Agilent 1290 Infinity Binary Pump,
Agilent 1290 Infinity Autosampler, Agilent 1290 Infinity
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diode array detector operated at 210 nm, and an Agilent
1260 Infinity RI detector operated at 45 °C [3]. The HPLC
was operated with an Aminex HPX-97H (Bio-Rad, USA)
column at 60 °C and 0.008 mM H2SO4 as mobile phase
at 0.8 mL/min as flow rate.

Analysis of ethanol and ethyl acetate in the liquid phase
was carried out by an Agilent 7890B gas chromatograph
(Agilent, USA) equipped with a flame ionization detector
(GC-FID) and an Agilent 7693 autosampler [9]. Samples
were injected into a NukolTM column (30 m x 0.53 mm,
1.0 pm coating, Supelco, USA). Column temperature was
maintained at 50 °C for 2 min, then increased to 200 °C at
the rate of 50 °C/min, with a split ratio of 10. As internal
standard 2 mM 1-butanol was added.

Online measurements of volatile compounds and gases
removed from the reactor vessel by gas stripping were
performed with an 8B Process Mass Spectrometer (MS,
Thermo Scientific ", USA) [3].
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Additional file 2: Figure S1. Fermentation profile for pyruvate in pH-
controlled bioreactors with continuous gas stripping. Strains based on
AldhA AackA (A4) with further modifications for improved hydrogen
production, from left to right: inactivation of hycA, hyaAB and hybBC
(AAAAD), overexpression of fhIA (AA p3-fhiA) and a combination of knock-
outs and overexpression (AAAAA p3-fhlA) producing trEat1 Wan N-13 were
induced by 0.01 mM IPTG and cultivated under anaerobic conditions in
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minimal medium with 55 mM glucose as carbon source. Experiments
were performed as biological duplicates; error bars represent the standard
deviation. Circles — compounds in liquid broth, triangle - compounds in
off-gas.

Additional file 3: Figure S2. Product formation rates for strains co-
producing ethyl acetate and hydrogen in pH-controlled reactors under
anaerobic conditions. Rates are estimated by the slope of a linear trendline
for cumulated product (mmol) per reactor volume (0.5 L) vs. time (h) to
obtain rates in mmol/L/h. The rates and its corresponding R? value per
replicate are listed by compound in Additional file 1: Table S3.
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