Li et al. Biotechnol Biofuels (2019) 12:214
https://doi.org/10.1186/513068-019-1559-8

Biotechnology for Biofuels

RESEARCH Open Access

Engineered Thermoanaerobacterium

®

Check for
updates

aotearoense with nfnAB knockout for improved
hydrogen production from lignocellulose

hydrolysates

Yang Li", Jialei Hu', Chunyun Qu', Lili Chen', Xiaolong Guo', Hongxin Fu' and Jufang Wang'?"

Abstract

hydrolysate

Background: Asarenewable and clean energy carrier, the production of biohydrogen from low-value feedstock
such as lignocellulose has increasingly garnered interest. The NADH-dependent reduced ferredoxin:NADP* oxidore-
ductase (NfnAB) complex catalyzes electron transfer between reduced ferredoxin and NAD(P)*, which is critical for
production of NAD(P)H-dependent products such as hydrogen and ethanol. In this study, the effects on end-product
formation of deletion of nfnAB from Thermoanaerobacterium aotearoense SCUT27 were investigated.

Results: Compared with the parental strain, the NADH/NAD™ ratio in the AnfnAB mutant was increased. The con-
centration of hydrogen and ethanol produced increased by (41.1+2.37)% (p<0.01) and (13.24 £ 1.12)% (p < 0.01),
respectively, while the lactic acid concentration decreased by (11.884+0.96)% (p < 0.01) when the AnfnAB mutant used
glucose as sole carbon source. No obvious inhibition effect was observed for either SCUT27 or SCUT27//nfnAB when
six types of lignocellulose hydrolysate pretreated with dilute acid were used for hydrogen production. Notably, the
SCUT27/MnfnAB mutant produced 190.63-209.31 mmol/L hydrogen, with a yield of 1.66—1.77 mol/mol and productiv-
ity of 12.71-13.95 mmol/L h from nonsterilized rice straw and corn cob hydrolysates pretreated with dilute acid.

Conclusions: The T. aotearoense SCUT27/AnfnAB mutant showed higher hydrogen yield and productivity compared
with those of the parental strain. Hence, we demonstrate that deletion of nfnAB from T. aotearoense SCUT27 is an
effective approach to improve hydrogen production by redirecting the electron flux, and SCUT27/AnfnAB is a promis-
ing candidate strain for efficient biohydrogen production from lignocellulosic hydrolysates.
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Background

Fossil fuels such as natural gas, coal and petroleum
have dominated the energy supply for long time. In
2017, renewable energy sources accounted for<3% of
the worldwide primary energy supply, while fossil fuels
accounted for>80% [1]. The use of carbon-based non-
renewable fossil fuels causes serious environmental
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problems. To address these problems, many efforts have
been made to explore and produce renewable and envi-
ronmental-friendly energy [2, 3], especially biofuels (e.g.,
hydrogen, bioethanol and methane).

Biofuels can be produced from biomass via biological
or thermochemical processes and they generally exist
in liquid (biodiesel and bioethanol) or gaseous form
(biohydrogen and biomethane) [4]. The production of
biofuels using corn, wheat and sugarcane results in a
substantial increase of food prices, and nonfood ligno-
cellulosic resource could be an alternative to solve this
problem [5, 6]. As clean energy carriers, hydrogen has
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the potential to replace traditional fuels because of its
high energy capacity and environmental friendliness [7,
8]. In 2018, the main sources for hydrogen were natural
gas (approximate 48%), oil (30%) and coal (18%), while
only 1.0% of hydrogen was derived from the conversion
of biomass by microorganisms [9-11]. There are four
hydrogen-producing methods using organisms, includ-
ing the microbial electrolysis cell [12], biophotolysis [13],
photofermentation [14], and dark fermentation [15-17].
Dark fermentation has been a research focus because
of its wide substrate range, simple operation and easy
industrialization, but it still suffers from major techni-
cal problems such as high substrate cost and low hydro-
gen yield [8, 18]. Theoretically, as shown in Egs. 1 and 2,
4 and 2 mol H, could be produced from 1 mol glucose
when the volatile fatty acids are acetic acid and butyric
acid, respectively.

CeH120¢ + 2 H)O — 2 CH3COOH + 2COy + 4 Hy
(1)

CeH1206 + 2 H,O — CH3CH;CH;COOH
+ 2COy2+ 2Hy

Glucose (usually produced from grains) is the most
used feedstock for hydrogen production, which greatly
decreases the economic viability of this process. There-
fore, the employment of low-value feedstock is becom-
ing a focus. Lignocellulose is the most abundant organic
component in the biosphere, with an annual production
of 1-5 x 10'® kg [19]. However, the incineration of ligno-
cellulose resources such as corn stalks and wheat straw is
the main disposal approach, which causes serious envi-
ronment issues (global warming and air pollution) and
wastes resources (10.75—11.25 billion tons per year) [20].
As cellulose and hemicellulose in lignocellulose can be
hydrolyzed to glucose and xylose, lignocellulosic biomass
(e.g., sugarcane bagasse [SCB], corn cob, corn stalk, and
wheat straw) has the potential to be used for hydrogen
production [15, 21, 22].

To improve the hydrogen yield from dark fermenta-
tion, many studies on process engineering and metabolic
engineering of hydrogen-producing organisms have been
carried out [16, 22—-26]. Thermophilic hydrogen produc-
ers are considered ideal hydrogen-producing factories, as
higher temperature is beneficial for hydrogen production
[27, 28]; for example, thermophilic hydrogen production
has higher hydrolysis and reaction rates, lower viscosity
and energy consumption, and lower risk of contamina-
tion [29].

As shown in our previous studies, Thermoanaerobacte-
rium aotearoense SCUT27 shows great potential for con-
version of low-value feedstocks to biohydrogen [22]. The
ldh deletion mutant of SCUT27 could produce 2.28 mol
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H, from 1 mol xylose in 125-mL serum bottles, and vari-
ous sugars (mannose, cellobiose, glucose, trehalose, malt-
ose, arabinose, galactose, lactose, fructose, and others.)
could be used as carbon sources [22]. The hydrogen pro-
duction reached 1.86 mol H,/mol total sugar when SCB
hydrolysate was used as the carbon source, and glucose
and xylose in the hydrolysate could be used simultane-
ously without obvious carbon catabolic repression [6].

Electron carriers such as ferredoxin and NAD(P)
H play an important role in biohydrogen produc-
tion during dark fermentation. The NADH-dependent
reduced ferredoxin:NADP" oxidoreductase (NfnAB)
complex containing two subunits was first discovered
in Clostridium kiluyveri, and transfers electrons from
reduced ferredoxin and NADH to NADP* (Fd%;+2
NADP*+NADH+H*—Fd +2  NADPH-+NAD™)
[30]. Hydrogen production in Thermoanaerobacterium
is NADH-dependent, and blocking pathways compet-
ing for NADH or altering the intracellular NADH level
could affect hydrogen production [17, 31, 32]. Deletion
of nfuAB blocks direct NADPH production from NADH,
which facilitates the accumulation of NADH-dependent
products (i.e., hydrogen, lactic acid and ethanol) (Fig. 1).

Deletion of nfuAB had different effects on hydrogen
and ethanol formation in different strains of T. saccha-
rolyticum, which may be attributed to the cofactor (i.e.,
NADH or NADPH) specificity of alcohol dehydrogenase.
For example, hydrogen production was increased by
46% and 900% after nfnAB was deleted from strains JW/
SL-YS485 and M1442, respectively, while little effect was
observed in strain M0353 [26]. To the best of our knowl-
edge, the cofactor specificity of alcohol dehydrogenase
and the role of nfuAB in end-product formation by T.
aotearoense have never been reported so far.

In this work, the effect of nfuAB deletion on end-
product formation in hydrogen-producing strain T.
aotearoense SCUT27 was investigated. Then, six types
of lignocellulose hydrolysate were selected and evaluated
as low-value feedstocks for hydrogen production. Finally,
the feasibility of hydrogen production from nonsterilized
lignocellulose hydrolysates was investigated.

Results and discussion

Hydrogen production using various substrates

and intracellular NADH/NAD" ratio of AnfnAB mutants

To evaluate the effect of deletion of nfuAB on end-
product formation, batch fermentation was first
performed in serum bottles with glucose, xylose or
glucose/xylose mixture as the substrate. In general,
when SCUT27/AnfnAB and its parental strain SCUT27
were inoculated into fresh MTC medium (10 g/L total
sugar), no obvious difference was observed in sugar use
and acetic acid formation (Fig. 2, Table 1, Additional
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fermentation of T. aotearoense SCUT27 and SCUT27/MnfnAB
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Fig. 1 Metabolic pathway in Thermoanaerobacterium aotearoense SCUT27. Key enzymes and genes in the pathway: lactate dehydrogenase
(Idh, accession no.V518_0188); pyruvate formate lyase (pfl, accession no.V518_2608); pyruvate:ferredoxin oxidoreductase (pfor, accession
no.V518_2353); [NiFe]-hydrogenase (ech, accession no.V518_1955-1960); [FeFe]-hydrogenase (hfs, accession no.V518_1526); bifurcating
[FeFe]-hydrogenase, (hyd, accession no.V518_0972-0976); NADH-dependent reduced ferredoxin:NADP* oxidoreductase, (nfnAB, accession
no.V518_0931-0932); phosphate acetyltransferase (pta, accession no.V518_1312); acetate kinase, (ack, accession no.V518_1
acetaldehyde-CoA/alcohol dehydrogenase, (adhk, accession no.V518_0444); alcohol dehydrogenase, (adhA, accession no.V518_0933); alcohol
dehydrogenase, (adhB, accession no.V518_1046). Although PFL has been found in T. aotearoense SCUT27, no formate was detected during the

311); bifunctional

file 1: Tables S1, S2). The deletion of nfuAB resulted in
an increase of ethanol production from (8.19+0.66) %
to (14.28+£1.25)% (p<0.01) and a decrease of lactic
acid production from (9.63+0.74)% to (14.62+1.12)%
(p<0.05). Hydrogen production by SCUT27/AnfnAB
using glucose, xylose and glucose/xylose mixture
as substrates increased by (41.1£2.37)% (p<0.01),
(43.84+3.18)% (p<0.01) and (38.7+2.65)% (p<0.01),
respectively, compared with SCUT27. It should be
noted that both SCUT27 and SCUT27/AnfuAB could
use glucose and xylose simultaneously during sugar
fermentation, although glucose was consumed at a
faster rate. Figure 2 shows that the maximum glucose
consumption rate of SCUT27 and SCUT27/AnfuAB
were (660.71 £40.29)% (p <0.01) and (679.31 +52.18)%
(p<0.01) higher than those of xylose, respectively. To
evaluate the effect of pH on metabolite distribution,
CaCO; was selected for pH control in serum bottles.
As shown in Additional file 1: Table S3, CaCOj, had lit-
tle effect on the product distribution in SCUT27 and
SCUT27/AnfuAB, but it increased sugar use because of
a buffering effect.

In T aotearoense SCUT27, NADH is consumed by
the production of lactic acid, ethanol and hydrogen [22].
Deletion of nfuAB from SCUT27 led to a significant

increase in hydrogen production. To explain this phe-
nomenon, cells were collected at a 3-h interval from 6
to 18 h after inoculation, then the NADH/NAD™ ratio
in strains SCUT27 and SCUT27/AnfnAB was deter-
mined. As shown in Fig. 3, there was a rapid decrease in
the NADH/NAD™ ratio from 6 to 12 h, then the NADH/
NAD™ ratio remained stable beyond 12 h in both strains.
However, SCUT27/AnfuAB displayed a much higher
NADH/NAD™ ratio than the parental strain. For exam-
ple, at 6 h after inoculation, the NADH/NAD™ ratio in
SCUT27/AnfuAB was (21.87+2.16)% (p<0.01) higher
than that in SCUT27 strain (Fig. 3). The elevated NADH/
NAD™ ratio disturbed the balance of reducing equiva-
lents, and more NADH was used for hydrogen forma-
tion. This result was in accordance with a 46% increase of
hydrogen production after nfuAB gene deletion in T sac-
charolyticum strain JW/SL-YS485 [26]. Similarly, down-
regulation of ferredoxin—-NADP™' reductase in green
alga Chlamydomonas reinhardtii increased the elec-
tron supply to the hydrogenases, resulting in a 2.5-fold
higher hydrogen production rate [33]. In another study,
when a fusion gene encoding ferredoxin—hydrogenase
was expressed in C. reinhardtii, the hydrogen produc-
tion rate of the mutant was 4.5-fold higher than that of
the wild type [34]. Furthermore, our study demonstrated
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Fig. 2 Batch fermentation of SCUT27 and SCUT27/AnfnAB with glucose, xylose or glucose/xylose mixture (2:1) as substrate. Error bars indicate
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for the first time that T. aotearoense SCUT27 primarily
uses NADH-dependent aldehyde dehydrogenase/alcohol
dehydrogenase for ethanol production, as the decrease of
NADPH caused by deletion of nfuAB did not significantly
affect the formation of ethanol (Table 1). The carbon and
electron recoveries of SCUT27 and SCUT27/AnfuAB
using glucose, xylose and glucose/xylose mixture
as carbon source were between (91.5944.92)% and
(98.21+£6.75)%, consistent with the reports of Li and
Zhou [22, 35].

Hydrogen production from lignocellulose hydrolysates

in serum bottles

Thermochemical pretreatment of lignocellulose mate-
rials has been widely used since it is capable of achiev-
ing high solubilization and it is a low-cost process [36].
Both acidic and alkaline solutions are used for the

pretreatment of lignocellulose materials. When alka-
line-pretreated Miscanthus hydrolysate was used as the
carbon source, the co-culture of Caldicellulosiruptor
saccharolyticus and Thermotoga neapolitana produced
3.2-3.3 mol H,/mol hexose [37]. Many kinds of agricul-
tural residues have been pretreated using dilute acid for
biohydrogen production, and dilute acid pretreatment
is more successful than other pretreat methods and can
improve the hydrolysis of hemicelluloses [38, 39]. Com-
parison of acid- and alkaline-pretreated grass for hydro-
gen production indicates that acid pretreatment was
better than alkaline pretreatment for hydrogen produc-
tion [40]. When thermal NH;-pretreated rice straw and
thermal dilute H,SO,-pretreated rice straw were used as
substrates, the hydrogen production rates of Thermotoga
neapolitana were 57.64 £ 3.12 and 89.02+5.14 mL H,/L/
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Fig. 3 NADH/NAD™ ratio in SCUT27 and SCUT27/MfnAB. Error bars

indicate standard error of the mean (n = 3). NADH/NAD™ ratio: 6 h**,
9 h** 12 h*

day [38]. Therefore, thermal acid pretreatment was used
in this study.

Six types of lignocellulose hydrolysate were selected
to evaluate their potential application for hydrogen
production in serum bottles. The compositions of the
hydrolysates after pretreatment are listed in Addi-
tional file 1: Tables S4, S5. As expected, compared
with SCUT27, strain SCUT27/AnfnAB produced more
hydrogen (34.8-43.8)% (p<0.01) with higher produc-
tivity and vyield (Table 2, Figs. 4 and 5 and Additional
file 1: Tables S6-S17). Considering the various ligno-
cellulose hydrolysates, the highest hydrogen yields,
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1.214+0.05 mol/mol and 1.65+0.09 mol/mol for
SCUT27 and SCUT27/AnfuAB, respectively, were
obtained when dilute acid-pretreated corn cob hydro-
lysate was used as carbon source (Fig. 4c, d), consistent
with the results obtained using glucose/xylose mix-
ture (Table 1). In addition, when dilute acid-pretreated
rice straw hydrolysate was used as carbon source, the
hydrogen yields of SCUT27 and SCUT27/AnfuAB
reached 1.16 +0.06 mol/mol and 1.48 £0.11 mol/mol,
respectively (Fig. 4a, b). However, the hydrogen con-
centration, productivity and yields were much lower
when using other hydrolysates (Figs. 4e, f, 5). When
dilute acid-pretreated corn straw hydrolysate was
used, the fermentation period extended to 15 h, while
the fermentation finished in 9-12 h for other hydro-
lysates (Fig. 4e, f), indicating the relatively high toxic-
ity of corn straw hydrolysate toward T. aotearoense
SCUT27. As shown in Additional file 1: Table S5, the
concentrations of inhibitors in corn straw hydrolysate
were much higher than in other hydrolysates, resulting
in the longer fermentation period and decreased hydro-
gen productivity (Table 2). It should be noted that the
glucose:xylose ratio in the hydrolysates ranged from
1:1.5 to 1:6.04 (Additional file 1: Table S5). As higher
xylose ratio in the hydrolysates may lead to lower
hydrogen yield (Table 1), the relatively high hydro-
gen yield obtained in this study may result from other
sugars in the hydrolysates (Additional file 1: Table S4).
Based on the results above, corn cob and rice straw
hydrolysates were selected for further research.

Table 2 Comparison of sugar consumption and product formation by strains SCUT27 and SCUT27/AnfnAB using dilute
acid pretreated substrate in serum bottles with 20 mM/L CaCO;,

Strain Dilute acid Sugar uptake Hydrogen Hydrogen Hydrogen Lactic acid Acetic acid Ethanol
pretreated (mmol/L) concentration  productivity yield (mol/ production production  production
substrate (mmol/L) (mmol/L h) mol) (mmol/L) (mmol/L) (mmol/L)

SCUT27 Rice straw 37454182 43384263 361+£022 1.16£0.06 3044+1.56 1517+£1.17 354239
Corn cob 41294225 4947 +2.57 4124021 1.21+£0.05 31.89+2 2033£216 38484283
Corn straw 4456 £2.11 39.79+£2.11 265+£0.14 0.9140.06 33.11+£1.78 1733£183 40654239
Wheat straw 47.72+£256 38354223 320+0.19 0.81+£0.05 351142 194217  4543+£239
Soybean straw  39.02+1.95 33694203 2.81+0.17 0.84+0.07 28+1.33 15+£1.67 38484261
Sorghum 40.82+237 39.59+1.87 363+0.16 0.99+0.04 314+1.56 144+25 3891261

straw

SCUT27/AMnfnAB  Rice straw 41514+£2.13%  62394345** 52040.29** 148+0.11**  2867+£1.78% 1533+£15 43.26£261%
Corn cob 42334259 69.76 £278%  581+£023*  165+009* 2767+£122* 2033+15 44.78 £3.26%*
Corn straw 43984184 5433 +£2.15% 3.621+0.14** 125£007%  29444+156* 17831167 4739£261*
Wheat straw ~ 483542.67 5426+283**  4524+024**  1.16+£0.05** 31£1.67% 1867+£267  51.964239%
Soybean straw  42.38+223%  46.354285* 3.86+0.24** 1.09£007**  26114+£2.11*  1483+£133  41.5243.04*
Sorghum 41694251 5337£297**  4454£025%  1.28+£009** 2689+1.89** 13834167  4565+3.04**

straw

Asterisks indicate significant differences between SCUT27 and SCUT27/AnfnAB (**p < 0.01; *p < 0.05; t test). Biomass was not measured due to the addition of CaCO,.

mol/mol means mol H,/mol consumed sugar (mainly glucose and xylose)
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Fig. 4 Fermentation kinetics of SCUT27 and SCUT27/AnfnAB in serum bottles using lignocellulose hydrolysate as carbon source. a Fermentation of
rice straw hydrolysate by SCUT27. b Fermentation of rice straw hydrolysate by SCUT27/AnfnAB. ¢ Fermentation of corn cob hydrolysate by SCUT27.
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Hydrogen production from nonsterilized lignocellulose
hydrolysates in pH-controlled bioreactor

As thermophilic strains have the advantage of lower
risk of contamination, hydrogen production by
SCUT27/AnfnAB from sterilized (as the control) and
nonsterilized hydrolysates of corn cob and rice straw
was evaluated in a pH-controlled bioreactor. The

fermentation using undiluted hydrolysates was per-
formed at pH 6.0, because the pH value in serum bottles
decreased from the initial 6.8 to~5.0 and thus stopped
the fermentation due to pH limitation. As shown in Fig. 6
and Additional file 1: Tables S18-S21, all the fermenta-
tion processes were finished within 15 h, and no obvious
difference in cell density, sugar consumption, or product
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formation was observed between the fermentation with
sterilized and nonsterilized hydrolysates. 16S rDNA
sequence analysis showed that there was no bacterial
contamination during the fermentation, indicating that
it is feasible to produce hydrogen in a nonsterilized fer-
mentation using strains SCUT27 and SCUT27/AnfnAB.
In addition, glucose and xylose were totally consumed,

which is necessary for efficient hydrogen production
from lignocellulosic hydrolysates [41, 42]. For example,
the concentration, yield and productivity of hydrogen
produced by SCUT27/AnfuAB reached 209.31 mmol/L,
1.77 mol/mol consumed sugar and 13.95 mmol/L h from
rice straw hydrolysate, and 195.71 mmol/L, 1.71 mol/
mol consumed sugar and 13.04 mmol/L h from corn cob
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fermentation using sterilized rice straw hydrolysate as substrate. b Hydrogen fermentation using nonsterilized rice straw hydrolysate as substrate.
c Hydrogen fermentation using sterilized corn cob hydrolysate as substrate. d Hydrogen fermentation using nonsterilized corn cob hydrolysate as
substrate

hydrolysate during the fermentation. These values were
slightly higher than those using glucose, xylose or mixed
sugar as substrate (from 1.37£0.08 to 1.70£0.12 mol/
mol consumed sugar) (Table 1), probably due to the pres-
ence of other carbon sources other than glucose and
xylose in the hydrolysates.

The hydrogen yield and productivity obtained in this
study were comparable to or better than those in recent
studies of thermophilic hydrogen production from
low-value feedstock. For example, Lai et al., reported a
hydrogen yield of 1.86 mol/mol consumed sugar using T.
aotearoense SCUT27/Aldh from SCB hydrolysate, which
was slightly higher than the values obtained in this study
(1.68—1.79 mol/mol consumed sugar), but the hydro-
gen productivity (12.43 mmol/L h) of T. aotearoense
SCUT27/Aldh was lower than that of SCUT27/AnfnAB
[43]. In addition, the newly isolated strain 7. thermosac-
charolyticum MJ1 showed a hydrogen yield of 2.52 mol/
mol consumed sugar from SCB, but the relatively low
hydrogen productivity of 6.55 mmol/L h restricted

large-scale production of hydrogen by this strain [21].
The results obtained in the present study indicate that the
engineered strain SCUT27/AnfuAB was able to directly
use dilute acid-pretreated lignocellulose hydrolysates for
hydrogen production with high productivity, yield and
substrate use ratio, suggesting that it has great potential
to produce hydrogen from nonsterilized lignocellulose
hydrolysates.

Conclusions

The effect of nfuAB deletion from 7. aotearoense
SCUT27 on end-product formation was investigated.
Deletion of nfnAB increased the NADH/NAD™ ratio and
changed the product distribution, resulting in a signifi-
cant increase (41.1+2.37)% (p<0.01) in hydrogen pro-
duction when glucose was the sole carbon source. Our
results demonstrate that strain SCUT27/AnfuAB was
able to use both glucose and xylose in six types of dilute
acid-pretreated biomass hydrolysate for hydrogen pro-
duction. Furthermore, the possibility of nonsterilized
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fermentation was verified using corn cob and rice straw
hydrolysates. Taken together, these characteristics make
T. aotearoense SCUT27/AnfnAB a promising target strain
to produce hydrogen from lignocellulose hydrolysates.

Methods

Strains and cultivation media

The strictly anaerobic bacterium 7. aotearoense SCUT27
was isolated in Guangdong Province, China [22], and
stored in anaerobic tubes at — 80 °C with 25% glycerol
as protective agent. Cells were grown in modified MTC
medium [22]. The medium contained (per liter): 2.0 g
citric acid tripotassium salt, 5.0 g urea, 1.0 g cysteine—
HCI monohydrate, 1.25 g citric acid monohydrate, 1.5 g
ammonium chloride, 0.1 g ferrous chloride tetrahydrate,
1.0 g sodium sulfate, 1.0 g yeast extract, 1.0 g magnesium
chloride hexahydrate, 1.0 g potassium phosphate, 0.2 g
calcium chloride, 2.5 g sodium bicarbonate, 0.02 g pyri-
doxamine dihydrochloride, 0.004 g p-aminobenzoic acid,
0.002 g p-biotin, 0.002 g cobalamin, and 0.004 g thiamine
chloride. For hydrogen production in a 5-L bioreactor,
the 1.0 g/L yeast extract in MTC medium was replaced
by 5.0 g/L yeast extract and 2.0 g/L peptone. The effect
of yeast extract concentration in the hydrolysate on
hydrogen production was negligible (Additional file 1:
Table S22). The carbon sources used were glucose, xylose,
glucose/xylose mixture or lignocellulosic hydrolysate.
Serum bottles were vacuumed and filled with nitrogen

Table 3 Strains, plasmids and primers used in this study
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three times to guarantee anaerobic conditions, while
the bioreactor was sparged with nitrogen for~30 min
to reach anaerobiosis. Serum bottle and the bioreactor
(containing medium) were sterilized by autoclaving at
121 °C for 30 min. For mutant selection, transformants
were grown in modified DSMZ 640 medium [22] with
2.0% agar, in which cellobiose was replaced by xylose.
Escherichia coli DH5a was used for DNA manipulation
and grown in Luria—Bertani medium with 100.0 pg/mL
ampicillin.

Gene cloning and vector construction

The strains, vectors and primers used in this study are
listed in Table 3. The genomic DNA of strain SCUT27
was extracted using TIANamp Bacteria DNA Kit
(TIANGEN).

Bacterial plasmid DNA was purified using a TIANprep
Mini Plasmid Kit (TTANGEN). The kanamycin resist-
ance gene encoding 3'5’-aminoglycoside phosphotrans-
ferase type IIl (aph, Genebank accession no. V01547)
was amplified from plasmid pPuKAd stored in our labo-
ratory using primers aph-F and aph-R, in which BamHI
and EcoRI sites were added at the 3’-end and the 5'-end,
respectively. The purified PCR products were digested
with BamHI and EcoRI and then ligated into pBlue-
script IT SK (+) (Stratagene, CA, USA) digested with the
same enzymes, yielding pBlue-aph. To disrupt the genes
encoding NfnA (accession no. V518_0931) and NfnB

Description Reference or source
Strain
T. aotearoense SCUT27 Wild-type Our lab
T. aotearoense SCUT27//nfnAB nfnAB deletion mutant of SCUT27 This study
E. coli DH5a Used for plasmid screening and propagation TianGen
Plasmid
pBluescript Il SK+ Standard cloning vector Stratagene
pPukAd As the template for kanamycin resistance gene amplification [44]
pBlunAB Disrupts nfnAB with kanamycin resistance gene This study
Primer Sequence (5’-3')
nfnA-F GGTACCCCTTGCAGGCATTTCTTCC
nfnA-R GAATTCGAAGGTTGCCCTGTTCACG
nfnB-F GGATCCCCAACTGTGACTCTGCATC
nfnB-R GAGCTCAGAAGAAGCAATTGAATCC
aph-F GGATCCGATAAACCCAGCGAACC
aph-R GAATTCATCGATACAAATTCCTCGTAGG
M13-F CGCCAGGGTTTTCCCAGTCACGAC
M13-R AGCGGATAACAATTTCACACAGGA
probe-F TTTGCTCGGAAGAGTATGAA
probe-R GCCACTTACTTTGCCATCT
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(accession no. V518_0932) in the host chromosome, parts
of both genes were replaced by the aph gene. Fragments
of nfuA (810 bp) and nfuB (676 bp) were amplified using
primers nfnA-F/nfuA-R and nfuB-F/nfuB-R, respectively,
using SCUT27 genomic DNA as the template. The nfud
fragment was digested with Sacl and BamHI. The digests
were ligated into plasmid pBlue-aph digested with the
same enzymes to obtain pBlue-aph-nfuA. The nfuB frag-
ment was ligated into pBlue-aph-nfuA. The final vector
pBlunAB was verified by DNA sequence analysis.

Electro-transformation and transformant screening
pBlunAB was transformed into T. aotearoense SCUT27
cells using electroporation, as described previously
[45]. The electric-shocked cells were transferred into
1.0 mL of fresh MTC medium and cultivated at 55 °C
and 150 rpm for 4 h. The target gene was thus disrupted
by homologous recombination [46]. Putative transfor-
mants were verified by cultivation on solid DSMZ 640
medium containing kanamycin (50 pg/mL) at 55 °C for
3 days. Genomic DNA was extracted from transformant
monoclones and wild-type strain. Transformants were
confirmed using PCR with primers nfuA-F and nfuB-R
(Additional file 1: Fig. S1A); a 1.8-kb fragment was ampli-
fied from the parental strain SCUT27, while a 3.0-kb
fragment was amplified from the nfnAB-deletion recom-
binants. The obtained knockout mutant of T. aotearoense
SCUT27 was named SCUT27/AnfuAB. Finally, to further
verify nfuAB deletion, Southern blotting analysis was car-
ried out using primers Pro-F and Pro-R amplified from
kanamycin resistance gene (Additional file 1: Fig. S1B);
a 2.0-kb fragment was derived from the nfnAB deletion
mutants, while no bands were observed for the paren-
tal strain, owing to the absence of binding sites in the
genomic DNAs of SCUT27.

NADH/NAD" ratio

The NADH/NAD?' ratios in wild-type T. aotearoense
SCUT27 and the AnfuAB mutant were detected using
the Amplite”™ Colorimetric NADT/NADH Ratio Assay
Kit following the manufacturer’s instructions (Amplite,
USA). As the ODy, value of the sample would reflect
the cell density, the biomass was controlled at 2.0 (bio-
mass =0.46 g/L x ODg, x volume). Cells of T. aotear-
oense SCUT27 and SCUT27/AnfuAB were collected at
3-h intervals from 6 to 18 h after inoculation by centrifu-
gation for 15 min at 1.0 x 10*xg and 0 °C. Then 100 mL
of lysis buffer were added to the sample and it was incu-
bated at room temperature for 15 min. After centrifuga-
tion at 3000 rpm for 5 min, the supernatant was collected
as a test sample. The following steps were performed in
clear-bottomed 96-cell microplates. For NAD™ extrac-
tion assay, 25 pL of NAD" extraction solution was added
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into the wells containing the test sample. After incuba-
tion at room temperature for 15 min, 25 pL of NADH
neutralization solution were added to the well. For total
NAD* and NADH assay, NAD"/NADH control solu-
tion was used instead of NAD™ extraction solution and
NADH neutralization solution. After that, 75 pL of
NADH reaction mixture were added into each well con-
taining test sample to make the total volume 150 pL/well.
The samples were incubated in the dark room at room
temperature for 1 h, followed by measuring the absorb-
ance at 460 nm. Phosphate-buffered saline was used as a
blank control. Determinations were carried out in tripli-
cate and all the data were the average of three independ-
ent experiments.

Hydrogen production from different substrates in serum
bottles

In this study, dilute sulfuric acid was chosen for pretreat-
ment of the six lignocellulosic biomasses. The acid con-
centration, temperature and duration of pretreatment
were determined depending on our former experiments.
The low-value lignocellulose materials (rice straw, corn
cob, corn straw, wheat straw, soybean straw, and sor-
ghum straw) used in this study were purchased in Lian-
yungang City, Jiangsu Province, China. They were milled
to 1-2 mm and dried at 65 °C for 24 h before tests. Acid
hydrolysis of the feedstock was then performed. The
samples were pretreated in dilute sulfuric acid (2.0%,
w/v) at 121 °C for 60 min. The hydrolysis was performed
in 1-L conical flasks with a solid to liquid ratio of 1:10 (g
dry weight to mL). Then the solid residue was removed
by centrifugation (10,000xg, 15 min). The pH of the
supernatant was adjusted to 7.0 with Ca(OH), and the
precipitate formed was removed by centrifugation. Then,
vacuum filtration was used to remove solid particles from
the supernatant. Soluble sugars (glucose and xylose) and
by-products (furfural, 5-methylfurfural, vanillin, etc.)
were analyzed using high-performance liquid chroma-
tography (HPLC).

Batch fermentation was performed in MTC
medium with 10 g/L glucose, xylose, mixed sugar
(glucose:xylose=2:1), or lignocellulose  hydro-
lysate as the carbon source. Since the optimum sugar
concentration for hydrogen production by strain
SCUT27 was 10 g/L in serum bottles [22], the hydro-
lysates were diluted accordingly before inoculation.
Then, the fermentation performance of SCUT27 and
SCUT27/AnfuAB using these hydrolysates was evalu-
ated. First, SCUT27 and SCUT27/AnfuAB were trans-
ferred into 50-mL sterile medium and cultivated at
150 rpm and 55 °C for 12 h. Then, batch fermentation
was carried out in serum bottles at 55 °C and 150 rpm,
with 5% (v/v) inoculum. For hydrogen production from
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lignocellulose hydrolysates, 20 mM CaCO; was also
added to the serum bottle. Samples were collected at
3-h intervals until the end of the fermentation, and the
hydrogen production, residual sugar and other meta-
bolic products in the broth were determined. All treat-
ments were carried out in 125-mL serum bottles with
a nitrogen gas headspace. The determinations were
carried out in triplicate and the data are the average of
three independent experiments.

Hydrogen production from sterilized and nonsterilized
lignocellulose hydrolysates in 5-L bioreactor
Hydrogen fermentation from sterilized and nonsterilized
dilute acid-pretreated rice straw and corn cob hydro-
lysates by SCUT27/AnfuAB were carried out in a 5-L
fermentor (BIOSTA A plus, Sartorius Stedim Biotech,
Germany) with a working volume of 1 L. The bioreac-
tor was equipped with a stirrer, heating element, and
temperature and pH sensors. Seed culture (0.1 L) was
transferred into 0.9 L hydrolysate containing the nutri-
ents from modified MTC medium other than the carbon
source. The fermentation was performed in anaerobic
conditions at 150 rpm and 55 °C. The pH was kept at 6.0
by addition of 5 M of NaOH. The gas phase was collected
in a 30-L aluminum foil gasbag (John Long biotech, Bei-
jing, China). Every 3 h, the volume of gas in the gasbag
was determined by water displacement. Culture (5 mL)
was collected at 3-h intervals, and the residual sugar and
products in the supernatant were analyzed using HPLC.
After fermentation, samples were taken from the bio-
reactor, cells were collected, and the genomic DNAs of
the obtained microorganisms were extracted using the
TIANamp Bacteria DNA Kit. Then the extracted genomic
DNAs were used as template for 16S rDNA amplification.
The fragments obtained were verified by DNA sequence
analysis.

Analytical methods

Cell density was determined by measuring turbidity at
600 nm using a spectrophotometer (PERSEE T6, Beijing,
China). When hydrolysates were used as carbon source
for hydrogen production in serum bottles, the cell density
was not monitored due to the interference from CaCOs,.
Soluble sugars and metabolites in the medium were
measured using a high-performance liquid chromatog-
raphy (HPLC) (Waters 2695, Waters, US) equipped with
an Amines HPX-87H column (Bio-Rad, Hercules, CA,
USA). The column temperature was 60 °C, and 5.0 mM
H,SO, was used as mobile phase at a flow rate of 0.6 mL/
min. The concentrations of by-products produced during
the hydrolysis of lignocellulose were analyzed by HPLC
equipped with an Agilent HC-C18 column (Agilent,
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USA). The column temperature was 25 °C, with 10% (v/v)
acetonitrile as the mobile phase at a flow of 1.0 mL/min.
Hydrogen concentration was determined by measuring
the hydrogen percentage in the headspace or gas stored
in the aluminum foil gasbag by gas chromatography (GC;
Fuli 9790, Fuli, China) equipped with a flame ionization
detector, a thermal conductivity detector, and a TDX-01
column. The column temperature was 60 °C. Nitrogen
was used as the carrier gas with a flow rate of 35 mL/min
and 10-20 mL sample (including H,, CO, and N,) was
injected into the GC, but only 1.0 mL sample was col-
lected automatically for detection. The percentages of
H, and CO, in the sample were calculated according to
the corresponding peak areas and standard curves. The
standard curves for H, and CO, were obtained as follows:
H, or CO, was serially diluted to concentrations of 5%,
10%, 20%, 30%, 40% and 50% with N,. The diluted gas
samples were injected into the GC and the peak areas of
each sample were detected. Then the percentage H,, CO,
and N, could be obtained from the following equations:

Wh, = —1.37 + Ap, x 653 x 1079, (3)
Weo, = 7.02 + Aco, x 9.71 x 1072, (4)
Wi, = 100 — Wy, — Wco,, (5)

where A and W are the peak area and the percentage of
the corresponding gas.

The initial N, quantity (nn,) in the serum bot-
tle headspace gas was evaluated as 4.31 mmol
(mn,=pVv/IRT, p=0.14 Pa, v=75 mL, T=298.15 K,
R=8.314 m® Pa/K mol).

H, quantity (#y,, mmol) in the serum bottles was
deduced as:

MH, = NN, X RH,/N, = nN, X Wh,/ W, (6)
where Ry,/N, is the molar ratio of H, to N, in the
detected sample.

H, quantity (n1,, mmol) in the bioreactor was calcu-
lated as:

ny, = pVH,/RT = pWq, x Vg/RT, (7)

where V is the volume of the gas collected in the gasbag
(p=0.1 MPa, T=298.15 K, R=8.314 m® Pa/K mol).
H, yield (YH,, mol H,/mol sugar) was calculated as:

Y, = nH,/Asugar, (8)
where 7, is the amount of sugar consumed during the
fermentation, in mmol.

For hydrogen production using hydrolysates or glu-
cose/xylose mixture, the quantity of each consumed
sugar was calculated separately and summed to give total
consumed sugar.

Carbon recovery calculation was based on Li [22]:
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Ci = 0.4 sugar + 0.4 lactate + 0.6 acetate
+0.78 ethanol + 0.47 CDW, )

where C,=total carbon; sugar=glucose, xylose or glu-
cose/xylose mixture; CDW = cell dry weight. All units are
g/L.

Electron recovery calculation was based on Zhou
[35]. The general empirical formula for cell composition
was CH,N;,:0,5. Carbon contained in yeast extract
was not included in the carbon and electron recovery
calculations.

Statistical analysis

Statistical tests were performed using Statistical Pack-
age for the Social Sciences (SPSS ver. 19; IBM Corpora-
tion, USA). The data presented in the manuscript and
Additional file are the means and standard deviations
(**p <0.01; *0.01 < p < 0.05; £ test).
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org/10.1186/513068-019-1559-8.

Additional file 1: Fig. S1. Verification of nfnAB deletion mutants. (A)

PCR amplification analysis of nfnAB deletion mutants and their parental
strains. M: DL5,000 DNA ladder; lane 1 and lane 2: SCUT27/AnfnAB; lane

3 and lane 4: SCUT27. (B) Southern blots of nfnAB deletion mutant and
the parental strains. M: DNA molecular weight marker; lane 1: vector
pBIUNAB; lane 2 and lane 3: SCUT27; lane 4 and lane 5: SCUT27/MnfnAB.
Table S1. Hydrogen production and sugar use of SCUT27 with glucose,
xylose and glucose/xylose mixture. Table S2. Hydrogen production and
sugar use of SCUT27/AnfnAB with glucose, xylose and glucose/xylose
mixture. Table $3. The effect of CaCOj; addition on products distribution
(mol/mol glucose) for SCUT27 and SCUT27/AnfnAB. Table S4. Concen-
tration of arabinose, mannose and galactose in different hydrolysates.
Table S5. Composition of various dilute acid-pretreated lignocellulose
hydrolysates. Table S6. Raw data for fermentation of SCUT27 using rice
straw hydrolysate in serum bottles. Table S7. Raw data for fermentation
of SCUT27/AnfnAB using rice straw hydrolysate in serum bottles. Table S8.
Raw data for fermentation of SCUT27 using corn cob hydrolysate in serum
bottles. Table S9. Raw data for fermentation of SCUT27/AnfnAB using corn
cob hydrolysate in serum bottles. Table S10. Raw data for fermentation
of SCUT27 using corn straw hydrolysate in serum bottles. Table S11. Raw
data for fermentation of SCUT27/AnfnAB using corn straw hydrolysate in
serum bottles. Table S12. Raw data for fermentation of SCUT27 using
soybean straw hydrolysate in serum bottles. Table S13. Raw data for
fermentation of SCUT27/AnfnAB using soybean straw hydrolysate in serum
bottles. Table S14. Raw data for fermentation of SCUT27 using wheat
straw hydrolysate in serum bottles. Table S15. Raw data for fermenta-
tion of SCUT27/MnfnAB using wheat straw hydrolysate in serum bottles.
Table S16. Raw data for fermentation of SCUT27 using sorghum straw
hydrolysate in serum bottles. Table S17. Raw data for fermentation

of SCUT27/AnfnAB using sorghum straw hydrolysate in serum bottles.
Table S18. Raw data for fermentation of SCUT27/AnfnAB using sterilized
rice straw hydrolysate in 5-L bioreactor. Table S19. Raw data for fermenta-
tion of SCUT27/MnfnAB using nonsterilized rice straw hydrolysate in 5-L
bioreactor. Table $20. Raw data for fermentation of SCUT27/AnfnAB using
sterilized corn cob hydrolysate in 5-L bioreactor. Table S21. Raw data for
fermentation of SCUT27/AnfnAB using nonsterilized corn cob hydrolysate
in 5-L bioreactor. Table S22. Effect of yeast extract concentration on
sugar consumption and product distribution (mol/mol substrate) of T.
aotearoense SCUT27.
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NfnAB: NADH-dependent reduced ferredoxin:NAD™ oxidoreductase; SCB: sug-
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