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The effects of mopAB disruption in Rhodobacter capsulatus SB1003 on the nitrogenase

expression level, activity and photo-fermentative hydrogen production were studied. The

results showed that the disruption of mopAB derepressed the expression of Fe nitrogenase

and showed no negative effect on the expression of MoeFe nitrogenase. The nitrogenase

activity of YMP1 (mopAB�) was 4.22 ± 0.30 nmol acetylene/(min$mg-dcw), which was higher

than that of 2.97 ± 0.20 nmol acetylene/(min$mg-dcw) obtained from the wild type strain

SB1003. The hydrogen yields of YMP1 were enhanced by 26.7%, 39.7% and 35.3% compared

with those obtained from SB1003 under the light intensity of 2500 lux, 5000 lux and 8500 lux

respectively. The maximum hydrogen production rates of YMP1 were enhanced by 14.5%,

15.1% and 24.1% compared with those of SB1003 under the same condition. The results

suggest that expressing nitrogenase related genes could be an alternative way for

improving the hydrogen production performance of purple non-sulfur bacteria.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Purple non-sulfur bacteria (PNSB) are studied for its capa-

bility on hydrogen production from renewable resources

[1e6]. In order to enhance the photo-fermentative

hydrogen production performance of PNSB, several strate-

gies were employed to manipulate the metabolism path-

ways [7,8], including deactivating the hydrogen uptake

pathway by knocking out the hupSLC genes [9], and
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deactivating the polyhydroxybutyrate (PHB) synthesis

pathway by disrupting the phbC gene [10,11]. These strate-

gies were focused on enhancing the redistribution of

reductant to nitrogenase.

Nitrogenase is significant for photosynthetic hydrogen

generation with PNSB. The activity of nitrogenase is posi-

tively related with the hydrogen production performance of

PNSB [6,12]. The disruption of hupSL genes resulted in

enhanced nitrogenase expression level and nitrogenase ac-

tivity [13], which could be the reason of the enhanced
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hydrogen production performance of hupSL� mutant.

Disruption of ccoNOQP genes from Rhodobacter capsulatus

SB1003 also enhanced the nitrogenase expression level, and

enhanced the hydrogen production rate and hydrogen yield

clearly [4,14]. Therefore, enhancing nitrogenase expression

level could improve the hydrogen production performance.

In R. capsulatus, there is an alternative nitrogenase that is

silent in the presence of soluble molybdenum and mopAB

genes and, which are two molybdenum dependent regula-

tors inhibiting the expression of alternative nitrogenase in

the presence of molybdenum [15,16]. In this case, the

mutant with interrupted mopAB genes could express alter-

native nitrogenase and Mo-nitrogenase simultaneously in R.

capsulatus. It was reported that the alternative nitrogenase

was naturally more favorable for hydrogen production than

Mo-nitrogenase during nitrogen fixation according to the

equations showed in literature [17], in which the H2 to NH3

ratio is 9 folds compared to that obtained in equation cata-

lyzed by Mo-nitrogenase. But little is known about the

hydrogen production with alternative nitrogenase, and

applying the alternative nitrogenase for hydrogen evolution

would benefit the understanding on hydrogen generation

with PNSB and may offer some clue for genetic modification

of PNSB based on hydrogen production rate and yield. In this

study, the genes mopAB were disrupted to implement the co-

expression of Fe-nitrogenase and Mo-nitrogenase, and the

effects of mopAB disruption on hydrogen production per-

formance of the corresponding mutants under different

light intensity were studied. The limitation factors for

hydrogen production performance under different light in-

tensity were also discussed.
Table 1 e eBacterial strains and plasmids used in this study.

Geno

E. coli Strains

HB101 hsdS20, xyl5, l�, recA13, galK2, ara14,
S17-1 lpir TpR SmR recA, thi, pro, hsdR-M þ RP4

R. capsulatus

SB1003 Rif-10 RifR

YMP1 mopAB� of SB1003

YMP7 (mopAB�, nifHD�) of SB1003
YMP10 (mopAB�, anfA�) of SB1003
Plasmids

pRK2013 Helper plasmid, Kmr

pZJD29c Eliminate KpnI site in sacB gene of pZ

oriR6K, sacB,Genr

pBlu2SKP Ampr

pXCA601 Tetr

pBBR1MCS-2 Kmr

pYNB02 Kmr, lacZ

pAnfH01 lacZ fusion with anfH gene promoter

pNifH01 lacZ fusion with nifH gene promoter

pNifH1/pAnfH1 pBlu2SKP derivate containing nifHD/

pNifH2/pAnfH2 pNifH1 derivate with deletion betwe

deletion between SmaI and StuI sites

pNifH6/pAnfH6 pZJD29c derivate carrying mutated n

pMP1 pBlu2SKP derivate containing mopAB

pMP2 pMP1 derivate with deletion between

pMP3 pZJD29c derivate carrying mutated m
Material and methods

Bacterial strains and growth conditions

The bacteria including R. capsulatus and Escherichia coli strains

used in this work are listed in Table 1. R. capsulatus SB1003was

used as a wild type strain [18].

MPYE [19] and modified Sistrom's mineral media [20] were

employed to culture R. capsulatus SB1003 and its mutants.

Modified Sistrom's mineral media (MedA) was prepared by

substituting the succinate with 25 mM acetic acid and 30 mM

butyric acid. LuriaeBertani liquid medium (LB) supplemented

with proper amount of antibiotics was used to incubate E. coli

strains carrying plasmids. For pre-culture of R. capsulatus and

E. coli strains, 10 mL MPYE or LB mediumwas filled into 50 mL

sterile screwed tubes and incubated in 35 �C (for R. capsulatus

strains) or 37 �C (for E. coli strains) incubators. Antibiotics were

supplemented at the following concentrations: ampicillin

100 mg/L, kanamycin 50 mg/L, gentamycin 12 mg/L for E. coli

culture and kanamycin10 mg/L, gentamycin 12 mg/L, rifam-

picin 200 mg/L for R. capsulatus culture, respectively.
Construction of plasmids and mutants

As shown in Fig. 1(a), themopAB region of SB1003 with around

500 bp flank sequences was amplified with primers SenseP-

XbaI-(AAG TCT AGA GGC ACC GGC CTT GCG CTG GAT CTT T),

and AntisenseP-KpnI-(AAT GGT ACC TTT TCA GCA CCG CGC

CCT TGT CAT C) by PCR and the fragment was cloned into

pBlu2SKP via KpnI and XbaI sites to obtain the plasmid
type Ref.

supE44, lacY1, rpsL20(strr), leuB6 Stratagene

: 2-Tc:Mu: Km Tn7 lpir Stratagene

[18]

This study

This study

[21]

JD29a by site directed mutagenesis, [26]

Stratagene

[22]

[27]

This study

This study

[4]

anfAH This study

en BamHI sites; pAnfH2 derivate with This study

ifHD/anfA This study

This study

StuI This study

opAB This study
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Fig. 1 e Scheme for partial deletion of mopAB via BamHI sites (A), the scheme for partial deletion of nifHD via StuI sites (B),

and the scheme for partial deletion of anfA gene(C); the gel patterns showed the PCR results of the corresponding regions

before and after deletion. Lane 1e4: mopAB region from SB1003, YMP1, YMP7 and YMP10; Lane 5 and 6: nifHD region from

SB1003 and YMP7; Lane 7e8: anfA region from SB1003 and YMP10.
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pMP1(ampicillin resistance, selected in LB media plus

100 mg/L ampicillin, and the obtained plasmids were identi-

fied by restriction enzyme digestion using KpnI and XbaI). The

pMP1 was digested with BamHI restriction enzyme and the

large fragment was ligated with T4 DNA ligase to obtain pMP2,

which contained the mopAB DNA sequences with deletion

between the two BamHI sites (The deletion was confirmed by

restriction enzyme digestion using BamHI). The DNA fragment

containing BamHI deletion from pMP2 was then ligated into a

suicide plasmid pZJD29c (Gentamycin resistance) via KpnI and

XbaI sites to obtain a new plasmid pMP3. This plasmid was

primary selected with LBmedia plus 12mg/L gentamycin, and

the obtained candidates were identified with restriction en-

zymes digestion using KpnI and XbaI. The recombinant

plasmid pMP3 was constructed for the disruption of mopAB

genes.

The nifH-nifD fragment of SB1003 was amplified with the

primers SND-XbaI-(AAG TCT AGA AAC CGC CGC AAG GAC

CGG AAA ACCC), and ASND-KpnI-ASND- (AAT GGT ACC CAG

ACG GGG TTG TTG ATC GCC ATGT), and it was cloned into

pBlu2SKP with KpnI and XbaI sites to obtain new plasmid

pNifH1. The pNifH1 was digested with restriction enzyme StuI

to create a deletion between StuI sites, and the large fragment

was ligated to obtain a plasmid pNifH2. The fragment con-

taining a deletion in nifH and nifD from pNifH2 was then

cloned into a suicide plasmid pZJD29c via KpnI and XbaI sites

to create a new derivate pNifH6. The selection and identifi-

cation procedures of pNifH1, pNifH2 and pNifH6 were similar

with those for pMP1, pMP2 and pMP3, respectively. The re-

combinant plasmid pNifH6was constructed for the disruption

of nifHD genes.

The anfA-anfH DNA fragment of SB1003 with the primers:

SenseA-(ATA CTG CAG GTC GTT TCG GCC ACC AGC CGC

AACA) and ASPH-(ATA GGA TCC AGG ATC AGC CGG GTG CTG

TCG GCT T), and ligated the fragment into pBlu2SKP by BamHI

and SmaI sites to obtain pAnfH1 plasmid. The pAnfH1 plasmid

was digested with SmaI and StuI, and religated the largest

fragment to obtain a new plasmid named pAnfH2. The KpnI-

XbaI fragment carrying the fragment of anfA-anfH was ligated
into pZJD29c with the same sites to obtain a suicide plasmid

pAnfH6. Again, the selection and identification procedures of

pAnfH1, pAnfH2 and pAnfH6 were similar with those for

pMP1, pMP2 and pMP3, respectively. The recombinant

plasmid pAnfH6 was constructed for the disruption of anfA

gene.

Tri-parental cross assisted by pRK2013 was employed for

creating the mutations on mopAB, nifHD and anfA genes [21].

The procedure for knocking out mopAB, nifHD and anfA genes

was the same as shown in our previous report [4]. In brief,

mutant YMP1 with mutation on mopAB was obtained by

conjugating R. capsulatus SB1003with pMP3/S17-1, andmutant

YMP7 with double mutations on both mopAB and nifHD was

created by conjugating YMP1 with pNifH6/S17-1. Mutant

YMP10 with deletions on mopAB and anfA genes was created

by conjugating pAnfH6 with YMP1. All of DNA fragments

containing the mutations were confirmed by PCR reactions

with the same primers used for cloning described above, and

the electrophoresis gel pattern is shown in Fig. 1.

Construction of lacZ fusion with nifH and anfH promoters

The construction procedure of lacZ::nifH fusion carrying

plasmidwas similarwith that described in our previous report

[4]. The HindIII-BamHI fragment of pXCA601 containing lacZ

gene was cloned into pBBR1MCS-2 via HindIII and BamHI site

to construct a new plasmid pYNB02 carrying the lacZ fragment

[22]. The DNA fragment of nifH promoter was amplified by PCR

using primer SND-1-BamHI-(ATA GGA TCC TTG GGG TCG CAG

CCG ACG ATG AGG AT) and primer NHZ-XbaI-(AAG TCT AGA

CGCCGCAAGGACCGGAAAACCCC), and the obtained 392 bp

fragment was ligated into pYNB02 via XbaI-BamHI sites to

construct pNifH01. The DNA fragment of anfH promoter was

amplified by PCR using primer SPH-XbaI-(AAG TCT AGA CCC

TCG CTG CAG ACG GCG CGC GAAA) and primer ASPH-BamHI-

(ATA GGA TCC AGG ATC AGC CGG GTG CTG TCG GCTT), and

the obtained 731 bp fragment was ligated into pYNB02 via

XbaI-BamHI sites to construct pAnfH01 that carried the

lacZ::anfH fusion. All of the obtained plasmids were sent to

http://dx.doi.org/10.1016/j.ijhydene.2014.11.087
http://dx.doi.org/10.1016/j.ijhydene.2014.11.087


Table 2 e Expression levels of anfH and nifH genes in R.
capsulatus strains.

Strains Genotype lacZ activitya

SB1003/pNifH01 wild type/nifH::lacZ 934 ± 22

SB1003/pAnfH01 wild type/anfH::lacZ 0

YMP1/pNifH01 mopAB�/nifH::lacZ 1097 ± 80

YMP1/pAnfH01 mopAB�/anfH::lacZ 245 ± 15

YMP10/pNifH01 (mopAB�, anfA�)/nifH::lacZ 963 ± 28

YMP10/pAnfH01 (mopAB�, anfA�)/anfH::lacZ 2.5 ± 2

a Relative activity among the tests, in the unit of mM ONPG-Hy-

drolyzed/(min$mg-protein).
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Sangon Biotech. Co. for sequencing, and all of the results

showed the sequences were identical to the data in Genbank.

Photosynthetic hydrogen production procedure

The modified Sistrom's mineral medium (MedA) was used for

pre-culturing R. capsulatus SB1003, YMP1, YMP7 and YMP10.

Before liquid incubation, the strains were streaked from

glycerol stocks onto MedA agar plates and incubated at 35 �C
incubator for 3 days, and single colonies from the plates were

inoculated into 10mLMedA liquid in 50mL screwed tubes and

incubated in 35 �C shaker for 48 h. The cultures were har-

vested by centrifuge andwashed twice with freshMedA liquid

medium to neutralize the pH value of the cultures. The har-

vested bacteria were then re-suspended with proper amount

of MedA to prepare the inoculation culture with OD660 (optical

density at 660 nm) around 0.50, the inoculation culture was

mixed with fresh MedA liquid at a ratio of 1e9 for photosyn-

thetic hydrogen production. Sterile 30 mL syringes were

employed as photo-reactors and 10 mL of culture was filled in

each syringe. All of the photo-reactors were placed in a photo-

incubator illuminated by tungsten lamps, and the illumina-

tion intensities were set at 2500 ± 300 lux, 5000 ± 300 lux and

8500 ± 500 lux, respectively.

Enzyme assays and measurement methods

The plasmids, pNifH01 and pAnfH01, which carried nifH::lacZ

fusion and anfH::lacZ fusion respectively, were conjugated into

SB1003, YMP1 and YMP10 to obtain the strains listed as fol-

lows: SB1003/pNifH01, SB1003/pAnfH01, YMP1/pNifH01 and

YMP1/pAnfH01, YMP10/pNifH01, YMP10/pAnfH01 for deter-

mining the expression levels of anfH gene and nifH gene by

b-galactosidase assay.

The expression levels of nitrogenases were positive related

with the activity of b-galactosidase, which is the product of

lacZ gene fused with nifH or anfH genes. The activity of

b-galactosidase was assayed according to the procedure

described in our previous report [4]. The activities of nitroge-

nases in wild type and mutant strains were assayed with the

acetylene reduction method described in literature [4].

Analytical methods

The components of biogas samples were determined by a gas

chromatograph (GC, SP2100, Beifen Co. Ltd) equipped with a

4m� 3mmstainless column filledwith hayesep padding. The

liquid components of the photo-fermentative effluents were

determined by a GC equipped with a 30 m � 0.32 mm quartz

column coated with terephthalic acid modified PEG (AT.FFAP)

and a flame ionization detector. The COD values of the photo-

fermentative effluents were tested by a COD detector (Lovi-

bond, ET99722). For determining the COD value of the bacterial

biomass, a proper amount of culture was assayed on the COD

detector for obtaining the total COD value of the culture, and

the COD value of the effluent was determined with the

effluent after removing the bacteria by filtration using mem-

brane filter with pore size of 0.22 mm in diameter. Therefore,

the COD equivalent value (CODeq) of the bacterial biomass in

different culture could be calculated by subtracting the COD
value of effluent with total COD value. The light intensity

between the wavelength of 300 nm and 1000 nm in the unit of

mW/m2 was determined by a photometer (FZ-A, Beijing

Normal University Optician), and the irradiation intensity in

the unit of lux was detected by a photo-meter (TES1330A, TES

Electrical Electronic Co.).

Data analysis

All of the tests were carried out no less than three times and

the data showed in this study consisted of average

datum ± standard error. The biogases were collected under

normal conditions (30 �C and 1 atm), and the volumes data

showing in this study were calculated into the data in stan-

dard condition (273.15 K, 100 kPa). The hydrogen production

profiles were simulated by modified Gompertz equation [23].
Results and discussion

Confirmation on mutations in mutants

The DNA length of mopAB fragment in SB1003 is 2798 bp, and

the length of the truncated mopAB fragment is 1922 bp. The

DNA bands shown in lane1, 2, 3 and 4were consistent with the

above number, indicating the successful truncation of mopAB

in YMP1, YMP7 and YMP10 mutants. The DNA fragment of

nifHD amplified from R. capsulatus SB1003 is 2692 bp as shown

in Fig. 1 lane 5, and the length of truncated nifHD region by StuI

is 1938 bp, which is consistent with the DNA band shown in

lane 6 of Fig. 1. The fragment of anfA amplified from the wild

type strain is 2467 bp as shown in lane 7 in Fig. 1. The length of

truncated anfA region is 1379 bp as shown in lane 8 of Fig. 1.

Notwithstanding the imprecise length of DNA molecules

shown in electrophoresis gel, the DNA bands shown in lane1

to lane 8 confirmed that the genotype of YMP1(mopAB�),
YMP7(mopAB�, nifHD�) and YMP10(anfA�) mutants.

Effect of mopAB disruption on the expression and activity of
nitrogenase

The b-galactosidase activity of SB1003/pAnfH01 under

photo-fermentative condition was undetectable, and that

of YMP1/pAnfH01 was 245 ± 15 mM ONPG-Hydrolyzed/

(min$mg-protein) as shown in Table 2. This datum indicates

http://dx.doi.org/10.1016/j.ijhydene.2014.11.087
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that the Fe-nitrogenase was expressed in mopAB-disrupted

mutants. The disruption of mopAB results in constitutive

expression of anfA gene [15], which is the activator of

anfHDGK operon. The nifH expression level in SB1003 re-

flected by b-galactosidase activity under the same condition

was determined to be 934 ± 22 mM ONPG-Hydrolyzed/

(min$mg-protein), and the nifH expression level in YMP1

was determined to be 1097 ± 80 mM ONPG-Hydrolyzed/

(min$mg-protein), which was slightly higher than that ob-

tained in the wild type strain as shown in Table 2. Wang

et al. found that the deletion of anfA and mopAB genes only

show slight negative effect on the activity of conventional

Mo-nitrogenase when Mo concentration of the culture is

below 1 mmol/L, and no negative effect was revealed when

Mo concentration is higher than 1 mmol/L [15]. These data

confirmed that the deletion of mopAB did not show negative

effect on the expression of nifHDK operon and the activity of

Mo-nitrogenase. In order to verify the effect of mopAB

deletion on nifH expression level, the b-galactosidase activ-

ity of YMP10/pNifH01 was assayed and the result showed

that it was 963 ± 28 ONPG-Hydrolyzed/(min$mg-protein) as

shown in Table 2. This result further proved that the

disruption of mopAB genes did not affect the expression of

Mo-nitrogenase clearly. As shown in Table 2, the expression

level of anfH gene was negligible in YMP10 that was defec-

tive in anfA genes. As shown in Table 3, the nitrogenase

activity assay conducted by the acetylene reduction method

showed that the nitrogenase activity of SB1003 was

2.97 ± 0.20 nmol acetylene/(min$mg-dcw), and it was

4.22 ± 0.30 nmol acetylene/(min$mg-dcw) in YMP1, which

was enhanced by 42.1% compared with that obtained in wild

type strain. And in YMP7 strain, the Fe-nitrogenase activity

was 0.47 ± 0.19 nmol acetylene/(min$mg-dcw). The nitro-

genase activity in YMP10, whose genotype is mopAB� and

anfA�, was 2.85 ± 0.32 nmol acetylene/(min$mg-dcw). These

results indicate that the nitrogenase activity of the YMP1

mutant strain was clearly enhanced by co-expressing Mo-

and Fe-nitrogenases via disrupting mopAB genes. The

nitrogenase activity of YMP10 mutant was close to that of

wild type strain, and it suggests that the enhanced nitro-

genase activity of YMP1 was attributed to the co-expression

of Fe- and Mo-nitrogenase, and the disruption of mopAB did

not show negative effect on nitrogenase clearly. Müller et al.

reported that the nitrogenase activity of Fe-nitrogenase

determined by acetylene reduction method in vivo was

only 12.5%e7% of the Mo-nitrogenase activity [24]. The Fe-

nitrogenase activities determined by acetylene in this

work were consistent with the previous report [24].
Table 3 e Nitrogenase activity of R. capsulatus strains and max

Strains Genotype Nitrogenase activityb

SB1003 Wild type 2.97 ± 0.20

YMP1 mopAB� 4.22 ± 0.30

YMP10 mopAB�, anfA� 2.85 ± 0.32

YMP7 mopAB� nifH� 0.47 ± 0.19

a Maximum hydrogen production rate, mL/(L$h).
b nmol acetylene/(min$mg-dry cells).
Hydrogen production performance of Mo- and
Fe-nitrogenase

Fig. 2 shows the cumulative hydrogen production profiles of

SB1003, YMP1, YMP10 and YMP7 under photosynthetic con-

dition. Under low light intensity of 2500 ± 300 lux, the

hydrogen yield of SB1003 was 2880 ± 200 mL/L, and it

increased by 26.7%e3650 ± 220 mL/L from YMP1, but that of

YMP7 was only 320 ± 120 mL/L, as shown in Fig. 2(a). YMP10

(mopAB�, anfA�), which expressed functional Mo-nitrogenase

only, showed similar hydrogen production performance

with the wild type strain SB1003. Under the light intensity of

5000 ± 300 lux, the hydrogen yields of SB1003 and YMP1 run up

to 3562.5 ± 200 mL/L and 4975 ± 150 mL/L, respectively, and

hydrogen yield increased by 39.4% via co-expression of two

nitrogenases in YMP1. The hydrogen yield from YMP7 (Fe-

nitrogenase only) was only 80 mL/L and YMP10 was showed

similar hydrogen production performancewith SB1003.When

the light intensity was increased into 8500 ± 500 lux, the

hydrogen yields from the wild type strain and mopAB-dis-

rupted mutant were 4062.5 ± 200 mL and 5500 ± 200 mL,

respectively, and the increase ratio of hydrogen yield was

35.4% from YMP1 compared with that of SB1003. The mutant

YMP10 was still showed similar hydrogen production yield

with that of SB1003. Meanwhile, the hydrogen yield from

YMP7 was negligible.

As shown in Table 3, when the light intensity was

increased from 2500 ± 300 lux into 5000 ± 300 lux, the

maximum hydrogen production rates of SB1003 and YMP1,

which were obtained by modified Gompertz equation,

increased from 43.2 ± 1.4 mL/(Lh) and 49.5 ± 1.2 mL/(Lh) into

60.1 ± 2.7 mL/(Lh) and 69.2 ± 1.3 mL/(Lh), and it further

increased into 65.6 ± 3.8 mL/(Lh) and 81.4 ± 3.3 mL/(Lh)

respectively at the light intensity of 8500 ± 500 lux. These data

show that at low light intensity, the increase ratios of

hydrogen production rates between the wild type strain and

mopAB-disrupted mutant were only 14.5% at 2500 ± 300 lux

and 15.1% at 5000 ± 300 lux, and at the light intensity of

8500 ± 500 lux, the increase ratio of hydrogen production rates

was 24.1%. When the light intensity was increased from

2500 ± 300 lux to 5000 ± 300 lux and 8500 ± 500 lux, the in-

crease ratio of hydrogen production rate was reduced from

39.1% to 9.2% in SB1003 culture, whichwasmuch less than the

increase ratio of light intensity. Especially when the light in-

tensity was up to 8500 lux, the maximum hydrogen produc-

tion rate was only increased by about 5.5 mL/(Lh). Wang et al.

found that the hydrogen production yield and rate achieved

maximum at the light intensity of 6000 lux and decreased
imum hydrogen production rates.

2500 lux Rm
a 5000 lux Rm 8500 lux Rm

43.2 ± 1.4 60.1 ± 2.7 65.6 ± 3.8

49.5 ± 1.2 69.2 ± 1.3 81.4 ± 3.3

41.7 ± 1.7 57.0 ± 2.2 64.2 ± 3.6

9.1 ± 1.7 4.7 ± 1.5 0

http://dx.doi.org/10.1016/j.ijhydene.2014.11.087
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Fig. 2 e Cumulative of hydrogen yields of YMP1, SB1003, YMP7 and YMP10 from photo-fermentation under the light

intensity of 2500 ± 300 lux (a), 5000 ± 300 lux (b) and 8500 ± 500 lux (c), and the diversity of substrate conversion in the end

products of hydrogen, bacterial biomass, soluble microbial products and retained acetic and butyric acids, which were

showed in the manner of chemical oxygen demand calculated according to the hydrogen yields or determined by COD

measurements (d). The scatters in (a), (b) and (c) represent the experimental data and the lines were obtained by fitting with

modified Gompertz equation.
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when the light intensity was increased to 8000 lux [25], and

they believed that the decrease of hydrogen production per-

formance at high light intensity was caused by the excessive

light intensity. When YMP1(mopAB�) was employed for

hydrogen production under the same conditions, the increase

ratio of its maximum hydrogen production rate was 39.8%

when the light intensity was increased from 2500 ± 300 lux to

5000 ± 300 lux, and it was increased clearly by 17.6% even

when the light intensity was increased from 5000 ± 300 lux

into 8500 ± 500 lux. Although the increase ratio of hydrogen

production rate was lower than that of light intensity, it

increased clearly when Fe-nitrogenase and Mo-nitrogenase

were co-expressed in the mopAB-disrupted mutant. The

YMP10 showed slightly lower hydrogen production rates

compared with SB1003, and this result also indicate the

enhancement of hydrogen production rate in YMP1 was

attribute to the synergistic function of Mo- and Fe-

nitrogenase, but not other positive effects caused by mopAB

disruption.

These data suggest that the light energy could be a limited

factor for hydrogen production at low light intensity. At low

light intensity, the light absorption by bacteria could be a

limited factor for hydrogen production since nitrogenase de-

mands ATP that is mainly synthesized by photophosphory-

lation. At high light intensity, the ATP synthesis is no longer a
limited factor, but the activity of nitrogenase could limit the

hydrogen production rate and therefore cause energy waste

and even damage to the bacteria, and this was the reason for

the more remarkable enhancement of hydrogen production

rate of YMP1 compared with that of SB1003. In the mopAB-

disrupted mutant, the co-expression of Mo- and Fe-

nitrogenase enhanced the hydrogen production activity. The

increased nitrogenase activity determined by acetylene

reducing method shown in Table 3 revealed that the two

nitrogenase systems functioned synergistically in YMP1

strain, and therefore enhanced the hydrogen yield and

maximum hydrogen production rate. In YMP7 (DnifHD, Dmo-

pAB) mutant, only the Fe-nitrogenase is functional, and the

activity of this nitrogenase system is relatively lower at

0.47 ± 0.19 nmol acetylene/(min$mg-dry cells) compared with

that of 2.97 ± 0.20 nmol acetylene/(min$mg-dry cells) dedi-

cated by the Mo nitrogenase in wild type strain as shown in

Table 3. At low light intensity of 2500 ± 300 lux, a hydrogen

yield of 320 ± 120 mL/L was obtained, and when the light in-

tensity was increased, the increase of input light energymight

be harmful to the bacteria. Although the CO2 fixation cycle

was functioning, the function of this pathway on dissipating

the reducing force is dependent on the reducing state of the

carbon sources. In this study, the carbon sources was

composed of 25mM acetic acid and 30mM butyric acid, which

http://dx.doi.org/10.1016/j.ijhydene.2014.11.087
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showed lower reducing state than that of bacteria biomass.

Therefore, hydrogen production was a significant way for

dissipating the redundant energy, and the lower nitrogenase

activity led to negligible hydrogen yield and poor growth. The

purified Fe-nitrogenase prepared by Müller et al. showed

comparable hydrogen production activity with that of the

purified Mo-nitrogenase [24], and it is found that the Fe-

nitrogenase is naturally more favorable for hydrogen pro-

duction under nitrogen fixation condition compared with

conventional Mo-nitrogenase [17], the data obtained in this

work suggested the single Fe-nitrogenase system showed

much lower hydrogen production activity compared with that

of Mo-nitrogenase in vivo, and the single Fe-nitrogenase is

hard to support efficient hydrogen production. Co-expression

of two nitrogenase system could clearly enhance the

hydrogen production performance both on hydrogen yield

and hydrogen production rate.

Fig. 2(d) shows the diversity of substrate during the photo-

fermentation. In general, the substrate including carbon

sources, nitrogen source in the culture was converted into

hydrogen, bacterial biomass, soluble microbial products

(SMP), and some of the carbon sources were remained in the

culture. All the amounts of these components were calculated

into or determined by the chemical oxygen demand values

(COD) and marked as COD equivalent value (CODeq) shown in

Fig. 2(d). The remained acetic and butyric acids concentrations

showed by CODeq in SB1003 culture were decreased from

1666.7 mg/L into 1639 mg/L and 1131.2 mg/L when the light

intensity was increased. And in YMP1, the remained acids

concentrations in CODeq were decreased from 923.6 mg/L to

803.9 mg/L and 358.1 mg/L with the increase of light intensity.

While in YMP7 cultures, most of the acetic and butyric acids

were retained, and the bacteria were grown poorly, which

were around 0.96 g-dcw/L, 0.75 g-dcw/L and 0.32 g-dcw/L

respectively when the light intensity was enhanced. For the

amounts of SMP, it decreased from 2747.1 mg/L in CODeq to

2048.9 mg/L and 1916.2 mg/L in the wild type strain culture

along with the increase of light intensity. These results indi-

cate that the amount of substrate converted into SMP was

decreased when the light intensity was increased, and

meanwhile, the hydrogen yield was increased. In the YMP1

cultures, the SMP concentrations were 2661.2 mg/L,

1642.5 mg/L and 1457.5 mg/L at the light intensity from low to

high order. These results also indicate that at low light in-

tensity, more substrates were converted into SMP due to the

limitation of nitrogenase activity. In YMP10 culture, it showed

similar hydrogen production performance and SMP profiles

with the wild type strain SB1003.
Conclusions

The expression level of Mo-nitrogenase was not negatively

affected in YMP1, and the nitrogenase activity of YMP1

determined by acetylene reducing method was

4.22 ± 0.30 nmol acetylene/(min$mg-dry cells), which was

clearly higher than that of 2.97 ± 0.20 nmol acetylene/

(min$mg-dry cells) obtained in the wild type strain. The tests

of photo-fermentative hydrogen production showed that the

maximumhydrogen production rates of YMP1 under different
light intensity were clearly higher than those of wild type

strain. Fe-nitrogenase could not support efficient photosyn-

thetic hydrogen production alone, but it showed synergistic

effect with Mo-nitrogenase on hydrogen production when

they were co-expressed.
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