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The diazotroph Azotobacter vinelandii possesses three distinct nitrogenase isoenzymes, all of which produce molecular hydro-
gen as a by-product. In batch cultures, A. vinelandii strain CA6, a mutant of strain CA, displays multiple phenotypes distinct
from its parent: tolerance to tungstate, impaired growth and molybdate transport, and increased hydrogen evolution. Determin-
ing and comparing the genomic sequences of strains CA and CA6 revealed a large deletion in CA6’s genome, encompassing genes
related to molybdate and iron transport and hydrogen reoxidation. A series of iron uptake analyses and chemostat culture exper-
iments confirmed iron transport impairment and showed that the addition of fixed nitrogen (ammonia) resulted in cessation of
hydrogen production. Additional chemostat experiments compared the hydrogen-producing parameters of different strains: in
iron-sufficient, tungstate-free conditions, strain CA6’s yields were identical to those of a strain lacking only a single hydrogenase
gene. However, in the presence of tungstate, CA6 produced several times more hydrogen. A. vinelandii may hold promise for
developing a novel strategy for production of hydrogen as an energy compound.

zotobacter vinelandii fixes nitrogen gas using three genetically

distinct nitrogenase complexes. The primary complex is the
molybdenum (Mo)- and iron (Fe)-containing enzyme that corre-
sponds to the nitrogenase found in all diazotrophs so far charac-
terized (1). The second is a vanadium (V)- and Fe-containing
nitrogenase thatis expressed under Mo-deficient conditions in the
presence of V. The third nitrogenase contains only iron (1), and
wild-type A. vinelandii strains produce it only under Mo- and
V-deficient conditions (2, 3). Concentrations of Mo as low as 50
nM induce repression of the vanadium and iron-only nitroge-
nases in the wild type (3-6).

A. vinelandii strain CA6, an offspring of strain CA, is a mutant
strain that Paul Bishop and colleagues isolated by selecting for its
ability to fix nitrogen in the presence of tungstate levels that re-
strict the growth of the parent (7). Tungsten replaces molybde-
num as the central cofactor of the primary Mo nitrogenase, ren-
dering it nonfunctional (8). Further study revealed that CA6
expresses the alternative nitrogenase systems even in the presence
of molybdate or tungstate (these compounds induce repression of
the alternative nitrogenases in CA) and also showed that CA6
exhibits impaired molybdate uptake (9).

In addition, molecular hydrogen accumulation was observed
in cultures of CA6 growing under nitrogen-fixing conditions.
While all characterized nitrogenases produce molecular hydrogen
as a by-product, the iron-only nitrogenase generates greater
amounts of molecular hydrogen for each molecule of N, fixed
than the molybdenum nitrogenase (4, 10). Wild-type A. vinelandii
possesses a membrane-bound uptake hydrogenase which reoxi-
dizes hydrogen that nitrogenases produce, recovering the energy
rather than allowing the gas to evolve (11-14). When this hydro-
genase is nonfunctional, hydrogen evolution is observed (11, 15).

Preliminary observations of CA6 raised the question of
whether the strain could be considered a good catalyst for produc-
ing substantial amounts of hydrogen, a molecule that has been a
focus recently as an energy-rich, clean potential biofuel (16, 17).
Most biohydrogen production strategies fall into two general cat-
egories: phototrophic or fermentative (18). As an aerobic hetero-
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trophic hydrogen producer, A. vinelandii would require neither
the surface area that phototrophs need to collect light nor the
anaerobic conditions needed for many fermentations, which
could be advantageous for certain applications.

Prior to this study, it remained unclear why CA6 evolves hy-
drogen rather than reassimilating it. Therefore, to discover the
genetic differences between the mutant A. vinelandii CA6 and its
parent CA, we sequenced the genomes of CA and CA6 using next-
generation sequencing technologies and assembled the genomes
by mapping to the reference genome of A. vinelandii strain DJ. We
performed batch and tightly controlled aerobic, carbon-limiting
chemostat culture experiments and calculated associated kinetic
and yield parameters to further evaluate the strains’ physiological
differences, including CA6’s hydrogen evolution phenotype. Un-
derstanding these mechanisms could allow the evaluation and
later optimization of processes utilizing A. vinelandii or species
like it as a novel alternative for microbial molecular hydrogen
production.

MATERIALS AND METHODS

Strains and medium. Figure 1 displays the strains utilized in this study
and their parent-offspring relationships. CA and D] are available from the
American Type Culture Collection under numbers 13705 and BAA-1303,
respectively; R.L. Robson generously shared a culture of HS2, and CA6 is
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FIG 1 Strains of A. vinelandii used in this study. Arrows indicate direction of
parent-offspring relationship.

part of NCSU’s Department of Plant and Microbial Biology Culture Col-
lection (7, 19, 20).

Azotobacter vinelandii strains were grown in modified nitrogen-free
Burk broth (21); unless otherwise noted, it contained, per liter, 0.2 g
MgSO,-7H,0, 90 mg CaCl,-2H,0, 0.25 mg NaMoO,2H,0, 0.2 g
KH,PO,, 0.8 gK,HPO,, 2.5 mg FeSO,,-7H,0, 2.5 mg ferric citrate, and 20
g sucrose. Sucrose and iron solutions were filter sterilized with 0.2-pm-
pore-size filters; other solutions were autoclaved and the various compo-
nents were combined as needed. Inocula were cultured by incubating at
30°C and shaking at 200 rpm. For solid medium, agar was added to 1.5%
(wt/vol).

Genomes and DNA sequencing. Hundred-milliliter cultures of CA
and CA6 were divided into 5 aliquots each and pelleted. The pellets were
stored at —80°C. Bacterial pellets were sent to the University of North
Carolina—Chapel Hill’s Microbiome Core Facility (Chapel Hill, NC) for
pyrosequencing on a Roche 454 GS FLX Titanium+ sequencer (Roche,
Switzerland). DNA from one pellet from each strain was extracted using a
PowerSoil DNA isolation kit (MO BIO, Carlsbad, CA) according to the
manufacturer’s instructions and then prepared for sequencing according
to the manufacturer’s instructions. A second pellet from each strain was
used for resequencing at the same facility on the Ion Torrent PGM plat-
form (Life Technologies), according to the manufacturer’s instructions.

PCRs followed by Sanger dye terminator sequencing were performed
to confirm variations or provide extra coverage for low- or no-coverage
regions of the genomes. Primers were designed using Clone Manager 9
(Sci-Ed Software, Cary, NC) and ordered from Integrated DNA Technol-
ogies (Coralville, IA). See Table 1 for primers used. PCR was performed
with DNA as the templates extracted with a DNeasy tissue kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. Alternatively,
cultures of bacteria were placed at —20°C overnight and then thawed and
used as the template directly. Remaining reagents were Ex Taq (TaKaRa,
Japan), HiFi HotStart (KAPA, Woburn, MA), or Taq (Qiagen) PCR Kkits.
PCR reagent concentrations and thermal cycler protocols were according
to the manufacturer’s instructions. PCR products were run by electropho-
resis on 1% agarose gels in Tris-acetate-EDTA (TAE) buffer with
ethidium bromide. When necessary due to multiple bands, the band at the
predicted size was physically cut out of the gel and extracted using a
QIAquick gel extraction kit (Qiagen). PCR products were purified using a
QIAquick PCR purification kit (Qiagen). Products were sent to Eton Bio-
science (Research Triangle Park, NC) or ACGT, Inc. (Wheeling, IL), for
dye terminator sequencing. Sequences were analyzed using FinchTV
(Geospiza, Seattle, WA) and Geneious v6 (Biomatters Ltd., New Zealand)
(22).

In silico assembly and sequence analysis. The 454 reads were assem-
bled using Geneious v6 software with the genome sequence of A. vinelan-
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dii strain D] as a reference (accession number CP001157) (12). Single
nucleotide polymorphisms (SNPs) and insertions/deletions (indels) were
catalogued using Geneious with a 45% variant frequency cutoff. Ion Tor-
rent data and Sanger sequencing reads were used primarily to confirm or
reject variations detected in 454 data. De novo assembly was performed
using Newbler (Roche, Switzerland) to confirm that there were no large
rearrangements.

Bioreactor setup. Batch and chemostat experiments were performed
using a Biostat Bplus 2-liter bioreactor (Sartorius, Germany) equipped
with control units and sensors for pH (Mettler-Toledo, USA), tempera-
ture, dissolved oxygen (Mettler-Toledo), mass flow control (airflow), and
agitation.

Chemostat experiments were performed in a culture volume of 700 ml;
temperature was held at 30°C, and pH was allowed to vary freely. Compressed
air was pumped in through a 0.2-pum-pore-size filter at a rate 0of 0.315 = 0.05
liters per minute (Ipm); the system was open to gas exchange with the atmo-
sphere. Exhaust gases (O,, N,, CO,, H,, and Ar) were monitored and re-
corded redundantly in real time using in-line O,/CO, EasyLine continuous
gas analyzers, model EL3020 (ABB, Germany), and a Pfeiffer OmniStar qua-
drupole mass spectrometer. Culture turbidity was monitored and recorded in
real time using an in-house device that continuously measures light transmit-
tance through a section of glass tubing through which culture is recirculated
(23). Arbitrary unit (AU) measurements from this device can be converted to
optical density at 600 nm (ODy,) units with the following formula: ODy,
units = 0.0177 X AU - 1.9583.

Media were prepared in 20-liter glass carboys as three separate solu-
tions: 5 liters of salts in a 10-liter bottle, autoclaved 45 to 60 min; 12 liters
of phosphates in the final 20-liter carboy, autoclaved 60 to 75 min; and 3
liters of sucrose and other remaining components, if any (iron and citrate
in stepwise experiments), in a 3-liter bottle, filter sterilized. Media were
then combined by transferring the salts and sucrose solutions into the
final carboy using filtered air pressure. The final volume was placed on a
scale, and the weight loss per unit of time was monitored and recorded
continuously throughout the experiments.

For each experiment, the reactor, set to the appropriate temperature
(30°C) and dissolved oxygen concentration (30%), was inoculated by in-
jection of pregrown cells in a flask batch culture. When the culture
reached exponential phase, the inflow of fresh medium and removal of
excess culture volume were initiated. Steady state was achieved before
starting any sampling.

System parameters were defined as follows: the dilution rate (D) is the
value obtained after reaching equal feed and harvest flows that allow for
obtaining a constant volume of culture in the reactor (D = F/V). Yield is
defined as the ratio of product generated to limiting substrate (sucrose)
consumed. Productivity is the value of product generated per limiting
substrate consumed per unit of time.

Batch growth conditions were similar to chemostat culture setup, de-
scribed above, except that the reactor volume was 1 liter, Burk medium
contained 2.5 mg FeSO,-7H,0 and 2.5 mg ferric citrate per liter, reactor
cultures were initiated by inoculation to a density of OD, = 0.1, and airflow
through the reactor was set at 1 Ipm at 1 atmosphere (atm). Dissolved oxygen
was maintained above 30% by master control linked to the agitation speed
between range limits of 300 to 1,000 rpm using a proportional-integral-de-
rivative (PID) control system. Culture turbidity was monitored and recorded
in real time using an in-house device, as in the chemostat culture setup. In all
determinations of exhaust gas composition, the final concentrations were
obtained by subtracting the amount of the compounds present in the air.
Total compound mass was obtained by calculating the area under the pro-
duction curves of H, and CO,, and yields were calculated by dividing the
overall mass of each gas produced by the mass of limiting substrate (sucrose)
consumed. Biomass measurements were obtained as dry weights as described
in “Sample Analysis” below.

Iron limitation evaluations. (i) Iron uptake analysis in batch cul-
ture. A. vinelandii CA and CA6 were tested for their iron uptake abilities:
the strains were transferred on solid Mo-deficient medium containing
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Location of 5" end

in strain D] Direction Primer sequence Purpose

1186882 Forward 5'-GTGCTGGCGAGATCGACGCTGTTC-3' Resequence a low-coverage region
1187926 Reverse 5-GCGGCGGCAATGGCGTGACTTA-3' Resequence a low-coverage region
2866462 Forward 5'-GTAGGTATCGCTGGCCTGTTCCAA-3' Resequence a low-coverage region
2866751 Reverse 5'-TCACCGGACTTTCAGCTCCCTCTTC-3’ Resequence a low-coverage region
3182590 Forward 5"-TGCGAACTACGCCAGTGACATT-3' Confirm insertion in DJ

3182937 Reverse 5'-CGCCCTGTATTAGCCAGCAAAGAC-3’ Confirm insertion in DJ

2523005 Forward 5"-TGGTGGCGGCAGTAGTCGGAATC-3’ Confirm insertion in CA or CA6
2523341 Reverse 5'-GACACGGCGAAAGGCAACGCAT-3’ Confirm insertion in CA or CA6
5317895 Forward 5'-GGCGAGGCGGCGTTGATATTCT-3’ Resequence a low-coverage region
5318787 Reverse 5'-GGGAAACGGGTGCAGTTCCTAC-3' Resequence a low-coverage region
496737 Forward 5'-GCGCGGTGCTTCCCGTCGTCGTGG-3' Resequence a low-coverage region
497350 Reverse 5'-ACGGCGGCCCTTACCCGGCCACCT-3’ Resequence a low-coverage region
2866243 Forward 5'-CCGTCCGGCGAGACGGCTGTCGTA-3' Resequence a low-coverage region
2867001 Reverse 5-GGCGCTGCCCGAGCGGGAGAAACT-3’ Resequence a low-coverage region
3726483 Forward 5'-GCTGGCTGACCAGACTGACGATCA-3' Resequence a low-coverage region
3727301 Reverse 5'-CCAAGGCGGCGGAACAAAGGAAAG-3’ Resequence a low-coverage region
5102727 Forward 5'-GCGCCGACGACCGGCTCCATGT-3’ Confirm 42-kbp deletion in CA6
5145496 Reverse 5'-CCGCCGCTGCGTGGCCTGTTCT-3’ Confirm 42-kbp deletion in CA6
5103533 Reverse 5'-ACCCGCCGGGCATTCGCGTAGG-3’ Confirm lack of CA6’s 42-kbp deletion in CA
1107618 Forward 5'-GACTGGCAGCGGCGGCAGAAC-3' Confirm deletion in CA

1107955 Reverse 5'-GCCTCGTCGGCGAACGGACTC-3’ Confirm deletion in CA

3868445 Forward 5-CGAGGGTGTCGCCGTCGTTGA-3’ Confirm SNP in CA6

3868718 Reverse 5'-CGCCCAGTTGTTCGCCTGA-3’ Confirm SNP in CA6

5303255 Forward 5-CGGTCTCCCGGCTGGACCCGATCA-3’ Sequence a no-coverage region

5304504 Reverse 5'-CCGGCGAACTGGCCGCGATGACCC-3’ Sequence a no-coverage region

2014002 Forward 5'-ACCGATTTCTCGCCGCTGCAATAG-3’ Sequence a no-coverage region

2014929 Reverse 5'-GCCCAGGACGAGTACATCGCAATA-3’ Sequence a no-coverage region

4415777 Forward 5'-CGAACGAGGCTTCGGCAAGGATT-3’ Sequence a no-coverage region

4416690 Reverse 5-TACCTGGGCGGCAAGGCCGGGTAG-3’ Sequence a no-coverage region

4424706 Forward 5'-AGAAACAGCGGCACGTCCTCGATA-3’ Sequence a no-coverage region

4425701 Reverse 5'-CGAGCACGACATCAAGGTGGTCAT-3' Sequence a no-coverage region

5124867 Forward 5'-CGGCTTGTCGGTGATGACCTT-3' Confirm marker insertion in HS2’s hoxK
5125741 Reverse 5 -CGGTATGGAGCGGGCATTTC-3’ Confirm marker insertion in HS2’s hoxK
5125712 Forward 5'-ACGGTTTGGTTGATGCGAGTG-3' Determine insertion location inside HS2’s hoxK
5125544 Reverse 5'-GGGATCGCAGTGGTGAGTAAC-3’ Determine insertion location inside HS2’s hoxK
4686350 Forward 5'-TCGCCAGACTCCTTGTTGAAA-3' Confirm transposon insertion in CA
4687563 Reverse 5-TGTAAGTGTGCCAGCAAAGTG-3’ Confirm transposon insertion in CA

fixed nitrogen and then cultured for use as inocula in liquid medium of
the same composition as in similar molybdenum accumulation studies
(24). Briefly, 200-ml cultures were grown to late log phase in 1-liter side-
arm flasks containing FeSO,-deficient medium supplemented with am-
monia. The cells were collected by centrifugation and resuspended in
fresh N-sufficient, FeSO,-deficient medium. For the Fe uptake time
course, FeSO, was added to a final concentration of 5 wM, and the culture
was shaken vigorously at 30°C. At selected time intervals, 10-ml aliquots
of the culture were withdrawn; the cells were pelleted by centrifugation,
washed with Mo-free phosphate buffer (7 mM, pH 7.0), and resuspended
in 1 ml of water. The iron content of the cell suspension was determined
by the inductively coupled plasma atomic emission spectroscopy method
by the North Carolina State University Analytical Laboratory. Each value
is the average from three replicates for CA and four replicates for CA6.

(ii) Transient responses to iron additions in the chemostat. The me-
dium used was nitrogen-free Burk as described above, containing 50 mg/
liter FeSO ,-7H, 0, autoclaved along with the 5 liters of salt solution. When
the three component solutions were combined, a precipitate formed at the
bottom of the carboy, where it was inaccessible to the feed tube; this served
to enhance any observed effects of iron limitation. This medium was used
for all three strains tested. Sucrose was the sole source of carbon and
energy. Samples of each batch of medium were saved at —80°C for later
analysis.
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The dilution rate for these chemostat experiments was set to 0.038
h™'. Once steady state was achieved, a pulse of one of the following was
injected into the reactor: (i) 7 ml containing 1.4 g sucrose; (ii) sucrose as in
i, plus 0.7 ml containing 1.75 mg each FeSO,-7H,0 and ferric citrate; (iii)
7 ml containing 1.54 g ammonium acetate; or (iv) a combination of iii
withiorii. Adding citrate is an established method for maintaining iron in
a soluble form over the length of a chemostat experiment (25, 26). No
pulses were made until after at least four retention times had passed and
steady state was reestablished. Retention time is the time required to re-
place one reactor volume of culture with fresh medium, 1/D; for example,
atD = 0.038 h™!, 700 ml pass through the system in approximately 26 h,
one retention period.

Determination of yields by stepwise increases in concentration of
the growth-limiting substrate. The medium used was nitrogen-free
Burk, as described above, except it contained 5 mg FeSO,-7H,O and 0.5 g
sodium citrate per liter, filter sterilized along with the sucrose in the 3-liter
bottle. The citrate prevented the other components from precipitating, so
everything remained in solution, as described previously (25). For tung-
state-containing chemostats with CA6, sodium tungstate was added toa 1
mM final concentration. To increase sucrose concentrations, 3 liters of
complete nitrogen-free Burk medium was assembled with enough extra
sucrose to increase the concentration in the medium remaining in the
20-liter carboy to the desired values. The 3-liter volume of medium was

aem.asm.org 4509


http://aem.asm.org

Noar et al.

200 0.010 — . - T T 5.0
800 | :
700 %1 Pulse of Sucrose— ! pees A 1
600 0.008 ' 40
500 !

0.007 - i 13 5
= = =
2 400 & : re
< e 0.006 - | 130 o
> T H o
£ = i et
B 30 @ 0005 . 125 @
£ 3 i H
S '>=< 0.004 H 20 %
= 00044 ' 2. I.Ix.l

H
+ 200 4 0.003 - i 14
|
0.002 d10
0.001 dos
100 | 0.000 - T — D | i s 00
. . .
Time (h) ! '
1800 | ! ! 1"
. .
7.5 | |
1600 i ;
ds0 =
w ‘L\or
1400
704 = H
3 [
S (=
£ 1200 10 2
T S o
Tesq 2 1000 H
+ : _ :
5 1% o
< 800 @
6.0 (# o
600 -| 420 ‘
5.5 4 400
do
200 1
. .
5.0 T T T T T T T
0 5 10 15 20 25 30 35

Time (h)

900 0.010 — : . : . : . 5.0
800
700 0.009 B m
600 0.008 a0
500
0.007 4 {35 =
s
S w0 8 c
3 B =
< e 0.006 - 130§
2 = o
T 300 2 0.005 425 @
2 E] 3
2 X 0004 420 E
+ 200 ] EP 0.003 J1s +
0.002 410
0.001 m Hos
100 0.000 B L 0.0
1800 | 11
7.5
1600 t\ W
J80 =
g
1400
7.0 = c
£ ]
s o
£ 1200 460 2
T, & 8
6.5 - = -
1000 @
2 0 3
2 1 o
< 500 8
6.0 ¢ =)
600 - 420
5.5 400
Jo
200
5.0 :

T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70

Time (h)

T
0 5

FIG 2 Batch culture experiments of A. vinelandii CA and CA6 strains growing in nitrogen-free Burk medium (1-lpm airflow, 30°C, 30% dissolved oxygen).

Vertical dotted lines indicate pulses of additional substrate. (A) CA; (B) CA®6.

filter sterilized and added to the 20-liter carboy using filtered air pressure.
A sample of each batch of medium at each concentration was saved at
—80°C for later analysis.

The dilution rate for these experiments was set to 0.066 h™'. Once
steady state was achieved, at least three samples were taken and analyzed
before the sucrose concentration was changed. At least one retention pe-
riod was allowed to pass between each sample; at D = 0.066 h™ 1700 ml
passed through the system in approximately 15 h.

Sample analysis. Each sample was spun down for 5 min at 10,000 rpm
in an Eppendorf centrifuge 5417R (Eppendorf, USA), and then the super-
natant and pellet were saved in separate tubes at —80°C for later analysis.
0Dy, was determined using an Ultrospec 1100 pro spectrophotometer.
Dry weight was obtained by filtering a portion of sample using vacuum
suction through a 0.2-pm-pore-size filter of known mass (mixed cellulose
esters; EMD Millipore, Germany); the filter was then dried at 60 to 70°C
for 1 to 7 days and reweighed until weight was constant to determine the
dry weight of biomass per sample volume.

The initial and residual concentrations of sucrose were determined
from samples of initial media and supernatants of reactor samples ana-
lyzed by a high-performance liquid chromatograph (Shimadzu, Japan)
run under isocratic conditions at 65°C. The mobile phase was water at 0.5
ml/min, and the column was Supelcogel Ca (300 mm by 7.8 mm; Supelco
Analytical, Bellefonte, PA, USA). The column was coupled to a refractive
index detector. Absolute values were obtained by measuring known quan-
tities of sucrose to generate a standard curve.

Statistics. The significance of differences between strains’ iron uptake
values was evaluated using Gosset’s ¢ test.

Nucleotide sequence accession numbers. Final annotated versions of
the genomes of CA and CA6 were submitted to GenBank; accession num-
bers are CP005094 (CA) and CP005095 (CA6) (27).
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RESULTS

Batch experiments confirmed CA6 hydrogen generation pheno-
type. A. vinelandii strain CA6 is able to fix nitrogen in the presence
of tungstate (7) and also exhibits impaired molybdate uptake (9).
A third phenotypic characteristic not previously evaluated is
CAG’s ability to generate molecular hydrogen. To confirm hydro-
gen generation capabilities, we performed batch cultures (using
benchtop reactors) and compared the kinetic and yield parame-
ters of CA and its offspring CA6 (Fig. 2 and Table 2). Under iden-
tical nitrogen-free culturing conditions, strain CA6 showed a re-
duced growth rate, reduced biomass yield, and increased amounts
of hydrogen evolution compared to its parent. CA6 hydrogen gen-
eration reached 37.21 mmol hydrogen per mole of sucrose con-
sumed, while CA’s evolution was negligible. Also notable was how
robust these activities were after carbon limitation in nitrogen-
free medium: despite a 17.5-h starvation period, CA6 was able to
resume growth and initiate hydrogen production following a
pulse of sucrose (Fig. 2B). Table 2 provides the kinetic and yield
values calculated for each strain under these conditions. The data
show identical levels of CO, generation, demonstrating that su-
crose was always the growth-limiting substrate and no products
other than biomass, CO,, and molecular hydrogen were pro-
duced. Furthermore, CA6’s phenotype has a clear energetic im-
pact, as shown by the reduced biomass yield and specific growth
rate.

Whole genomic comparison of A. vinelandii CA and CA6.
The genomes of strains CA and CA6 were sequenced and com-
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TABLE 2 Kinetic and yield parameters obtained from batch culture experiments of A. vinelandii strains CA and CA6 growing in nitrogen-free Burk

medium”

Hydrogen and CO, yields

End of growth phase, 20 g/liter sucrose (limiting Stationary phase pulse, 5 g/liter sucrose (limiting

Biomass yield (Yy,s) growth substrate) growth substrate)
C-mol mol CO,/ molCO,/  mmol mol CO,/ molCO,/  mmol

Strain  p(h™")  mgX/gS X/molS gCO,/gS molS mmol H, H,/molS gCO,/gS molS mmol H, H,/mol S
CA 0.29 41.46 0.55 0.687 5.34 >53 <0.1 0.48 3.8 >38 <0.1
CA6 0.15 24.5 0.324 0.66 4.95 0.13 37.21 0.454 3.53 0.52 6.7

“ Maximum specific growth rate.

¥ Conditions are 1-lpm airflow, 30°C, 30% dissolved oxygen. X, dry-weight biomass; S, sucrose.

pared to the A. vinelandii reference genome (12) to determine the
genetic polymorphisms responsible for the physiological differ-
ences (slower growth, impaired molybdate uptake, hydrogen evo-
lution, and tolerance to tungstate) and to facilitate functional as-
sociations of genotype with phenotype.

Two techniques were used: 454 pyrosequencing and ion tor-
rent sequencing provided 63- to 64-fold coverage for each ge-
nome, mapping to a depth between 0 and 228 reads per position.
More sequencing details can be found in Table S1 in the supple-
mental material. Gaps and shallow areas were resequenced using
PCR and dye terminator sequencing.

Mapping reads from A. vinelandii CA to the genome sequence
of A. vinelandii strain DJ, a high-frequency transforming variant
of CA whose genome had previously been published (12), revealed
a number of small variations, both single nucleotide polymor-
phisms (SNPs) and insertions/deletions (indels), between the two
strains (see Table S2 in the supplemental material), but overall the
genomes displayed greater than 99.9% pairwise identity.

The comparison of reads from strain CA6 with DJ’s genome
revealed a conspicuously large deletion in the CA6 genome, en-
compassing 42 whole or partial open reading frames. Because of
this deletion, identity between CA6 and D] is only 99.2%. Figure 3
shows an atlas with the locations of all mutations in CA6, and
Table S2 lists other minor variations between strains.

The large deletion in CA6 eliminates several operons from the
strain, which may contribute to CA6’s mutant phenotypes. These
operons include the hox operon, encoding the membrane-bound
uptake hydrogenase, with its accessory protein-encoding genes in
the hyp operon (20, 28, 29). Also missing are most of the iron
transporter-encoding fhu operon, the well-characterized molyb-
date transporter-encoding modl operon, and a putative molyb-
date transporter-encoding mod3 operon (Fig. 4) (12, 30-32).

Iron uptake analysis. The deletion of the fhu iron transporter
in CA6 suggests a defect in iron uptake. To confirm impairment,
we inoculated iron-depleted CA and CAG6 cells into a batch culture
of iron-replete medium and measured iron accumulation over
time. At 60- and 120-min time points, CA6 contained significantly
less intracellular iron than its parent CA (Table 3).

Transient response experiments confirm iron uptake limita-
tion in CA6. The CA6 phenotypes of slower growth, tolerance to
tungstate, and impaired molybdate uptake had previously been
observed (9), and the batch cultures described above also demon-
strate hydrogen evolution capabilities. Therefore, to determine
whether the newly discovered deletion of the iron transporter-
encoding fhu operon in CA6 could result in iron-limiting growth,
and whether such a phenotype could influence hydrogen produc-
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tion, chemostat experiments were performed comparing A.
vinelandii strains CA, CA6, and HS2 (a strain in which the hydro-
genase gene hoxK was knocked out [20]). The strain HS2 was
included in this study since it retains the fhu operon and other
metal transporters missing in CA6, so HS2 cultures should not
encounter limiting levels of iron as readily as CA6. After achieving
steady-state conditions with each strain in a low-iron, carbon-
limiting, nitrogen-free Burk medium, pulses of sucrose and iron
or sucrose alone were tested. This strategy allows for identification
of limiting growth factors and has been utilized for medium opti-
mization (33, 34). If the tested element acts as a growth-limiting
factor, the products of the culture should increase transiently and
then recover to steady-state levels after the washout. As expected,
the addition of iron with sucrose did not affect the amount of
biomass, hydrogen, or CO, generated by CA or HS2 from the
additional carbon, whereas the increase in these products approx-
imately doubled when iron was added with sucrose to steady-state
CAG6 cultures (data not shown).

5‘323,210.

Deletion: 42096bp

o

§ A. vinelandii CA6

S 5,323,210 bp .

~ a0
S
§

000003

FIG 3 Mutations in the genome of A. vinelandii CA6. Numbers on the outside
show base numbers of genome locations in CA6. Image produced using Ge-
neious.
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FIG 4 Schematic representation of a section of CA’s genome, moving from the top left corner to the bottom right, with annotations marking the CA6 42-kbp
deletion (white) and all genes included (black). Arrows indicate strand orientation of each gene. Brackets indicate genes involved in uptake hydrogenase. Image
produced using Geneious.

In addition to regulation of the alternative nitrogenases in  and iron. All pulses produced an immediate cessation of hydrogen
the presence of heterometals, wild-type A. vinelandii represses  production in both strains, and hydrogen production gradually
nitrogen fixation in the presence of fixed nitrogen (21, 35, 36). A.  resumed as the ammonium washed out or was consumed
vinelandii CA6 lacks Mo-induced repression of alternative nitro- (Fig. 5).
genases; to discover if it also lacks regulation of nitrogenase activ- Determination of yields by stepwise increases in concentra-
ity in the presence of fixed nitrogen, steady-state cultures of CA6  tjon of the growth-limiting substrate using chemostats. We con-
and HS2 were tested by pulsing nitrogen in the form of ammo-  qycted a series of tightly controlled aerobic, carbon-limiting che-
nium acetate, by itself or in combination with sucrose or sucrose  pogtat culture experiments in iron-sufficient and nitrogen-free
medium. By varying the concentration of sucrose in the medium,
we established stepwise steady states and compared the biomass

TABLE 3 1 lated time by A. vinelandii strains CA and . .
rom accumuiatec over me by A vinelanaiy stams LA an (dry weight), CO,, and hydrogen production capabilities of A.

a

Ao o sccomlation vinelandii strains CA, CA6, and HS2 at each steady-state sucrose
(pg/ml) by strain feed rate. Steady-state values of dry weight, hydrogen, and carbon

dioxide over sucrose consumed were plotted, and the yields were

Time (min) CA CAo Pvalue  calculated from the slope of the resulting best-fit lines. Figure 6
0 60.6 41.0 0.46 shows graphs of product over substrate for biomass, hydrogen,
> 741.3 6247 0.54 ,  and CO,, and Table 4 provides calculated yields and productivity
?(2)0 ;3}1';1 ;;8‘3 g‘gggb values for the three tested strains. Notably, under the conditions
1200 162.9 721 0.16 tested, CA6 and HS2 are nearly identical in yields for all three

roducts, and each produces almost 100-fold more hydrogen per
@ All values are averages from three replicates for CA and four replicates for CA6. P P i P . . Y g . P.
value indicates significance of Gosset’s f test comparing values for the two strains. gram of substrate than CA and Shghﬂy less (not statlstlcally SIgnlf_
b P < 0.05. icant) biomass and CO, (Table 4).
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FIG 5 Transient response to nitrogen pulses applied to aerobic, carbon-limited, steady-state chemostat cultures (D = 0.033 h™ ') of A. vinelandii CA6 growing
at 30°C in nitrogen-free Burk medium. The leftmost vertical dashed line indicates the pulse time; to the left of it the culture is in steady state, and to the right a
transient phase occurs as the cells respond to the addition of the limiting component (1.54 g ammonium acetate, 1.4 g sucrose, and 1.75 mg FeSO,-7H,0). To the
right of the rightmost vertical dashed line, a steady state resumes after pulse contents are consumed or washed out.

Enhancement of CA6 hydrogen production by the addition
of tungstate. When molybdate is present in nitrogen-free me-
dium, CA preferentially uses its primary nitrogenase, but CA6
produces both the primary and iron-only nitrogenases under
these conditions, resulting in its tungstate tolerance phenotype
(9). Considering that the iron-only nitrogenase is less efficient (a
higher proportion of its electron flux goes to reducing protons
instead of N,), we expected that tungstate would poison CA6’s
primary nitrogenase, forcing it to rely on the alternative nitroge-
nase and increasing hydrogen yield as a result. We repeated the
stepwise chemostat experiment with CA6 with 1 mM tungstate
and no added molybdate in the medium (Fig. 6 and Table 4). This
experiment is possible only with CA6, not the other strains, be-
cause of tungsten’s nitrogenase-poisoning effect (7, 8). Compared
to CA6 in the absence of tungstate, tungsten-grown CA6’s hydro-
gen yield increased about 4.5-fold, while biomass yield decreased
about 30% and CO, about 10%.

DISCUSSION

The primary genetic change that generates the phenotypic differ-
ences between A. vinelandii CA and its offspring CAG6 is a 42-kbp
deletion, which removes a number of genes, including genes en-
coding metal transporters and the uptake hydrogenase, and allows
for coexpression of the primary and alternative nitrogenases. The
origin of CA6’s large deletion is a curiosity. The strain was isolated
through directed evolution when the parent strain was exposed to
tungstate (7), a straightforward and common methodology (7, 37,
38), but this manner of large deletion has not previously been
described. The mechanism of deletion and the precise mechanism
of tolerance to tungstate invite further study.

A. vinelandii CA6’s known mutant phenotypes are impaired
growth in some conditions, impaired molybdate uptake, and tol-
erance to tungstate via derepression of alternative nitrogenases (7,
9). Other phenotypes characterized in this study are hydrogen
production (enhanced by the presence of tungstate) and impaired
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FIG 6 Generation rates of biomass (dry weight), CO,, and hydrogen in response
to increases in sucrose feeding rates of A. vinelandii strains growing in chemostat
culture (D = 0.066 h™') at 30°C in iron-sufficient, nitrogen-free Burk me-
dium. Triangles (A) give values for strain CA, circles (O) for HS2, empty
squares ([J) for CA6, and filled squares () for CA6 plus tungsten. Error bars
(present for all points) indicate standard deviations. Yield values given in Table
4 were obtained for each strain by calculating the slope of the best-fit line for
these points for each strain. (A) Dry weight values, in carbon moles (standard-
ized by moles of carbon); (B) values for hydrogen, given as hydrogen pro-
duced, i.e., total hydrogen minus environmental hydrogen; (C) values for
CO,, given as CO, produced, i.e., total CO, minus environmental CO,.
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TABLE 4 Kinetic and yield parameters from stepwise chemostat
experiments, calculated from slopes of lines in Fig. 6

Value by strain

CAG6 plus

Parameter CA CA6 HS2 tungsten

Dilution rate (h™') 0.066 0.066 0.066 0.066

Biomass yield (mg dry wt g~ 23.58 21.72 21.63 15.78
substrate)

Hydrogen yield (ng H, g ' 1.93 164.18 178.21 697.64
substrate)

CO, yield (g CO, g 1.43 1.08 1.02 0.99
substrate)

H, productivity (ug H, g " 013 1084 1176  46.04
substrate h™ ')

CO, productivity (g CO, g~ 0.09 0.07 0.07 0.07
substrate h™")

Biomass productivity (mg dry 1.56 1.43 1.43 1.04

wtg~ ! substrate h™")

iron uptake. It is likely that all these phenotypes are due to the
large chromosomic deletion in CA6 (Fig. 4).

Two operons lost in the deletion are related to molybdate
transport: the modI and putative mod3 operons. Previous work to
elucidate the ability of CA6 to grow in the presence of tungstate
evaluated the mod1 operon; specifically, the regulatory gene modE
was knocked out, resulting in lower molybdate accumulation at
high medium concentrations (9, 30). Since ModE and ModB are
also involved in molybdate-induced repression of the alternative
nitrogenases (31, 39), their deletion partially explained the CA6
phenotypes. However, the deletion does not completely abolish
molybdate uptake, possibly due to the mod2 operon located else-
where in the genome (12). Premakumar et al. reasoned that the
mutant’s slower growth than that of its parent is due to its pro-
duction and use of two nitrogenase isoenzymes simultaneously,
one less efficient than the other (9). Further experimentation is
needed to elucidate the mod genes’ precise roles in regulation and
physiology.

The discovery of the large deletion in CA6 unveiled two
other changes that led to the observation of new phenotypes.

TABLE 5 Comparison of CA6 with other hydrogen-producing organisms

First, a possible impairment of iron transport due to the dele-
tion of the fhu operon: we explored this phenotype functionally
and determined the conditions required to avoid iron limita-
tion when cultivating CA6. The second phenotype was hydro-
gen evolution by CA6: it corresponded to the lack of hydroge-
nase genes (hox and hyp) within the deleted region in CA6. The
products of these operons are responsible for the oxidation of
hydrogen gas (20, 28, 40), and without these enzymes, the hy-
drogen that A. vinelandii’s nitrogenases generate as a by-product
escapes the cell. Additions of ammonium and iron also confirmed
the nitrogenases’ role in Azotobacter hydrogen generation since
the presence of ammonium inhibited both nitrogenase activity
and hydrogen production.

Eliminating our mutant’s iron limitation using an iron-suf-
ficient, nitrogen-free medium allowed for a comparison of the
hydrogen-producing capabilities of CA, CA6, and HS2 (a sin-
gle-gene [hoxK] knockout strain derived from CA [15]). The
findings reveal that both mutants (CA6 and HS2) produce sim-
ilar amounts of hydrogen under these conditions; the defi-
ciency of a single gene (hoxK) was sufficient to replicate the
hydrogen evolution and impaired-growth phenotypes of CA6
under the conditions tested (Table 4). Surprisingly, despite
CAG6 coexpressing both the primary and less efficient iron-only
nitrogenases (9), we observed no difference in hydrogen pro-
duced from CA6 compared with that from strain HS2, which
produces only the primary nitrogenase in the presence of mo-
lybdate. Additionally, the unique capability of CA6 to grow in
the presence of tungstate allowed us to test the role of the iron
nitrogenase in hydrogen evolution and demonstrate that in-
creased hydrogen yields can be obtained using CA6. Under
these conditions, when only the iron-only nitrogenase could fix
nitrogen, the cells produced larger amounts of molecular hy-
drogen, generating about 4.5-fold more hydrogen than with
tungstate absent (Table 4). This is in line with previous obser-
vations in several nitrogen-fixing species (4, 10, 15, 41-44).
Another interesting possibility is that tungsten replaces Mo in
the central dinitrogenase cofactor, rendering the enzyme capa-
ble only of proton reduction to H, (45). In such a scenario, the

Hydrogen yield Hydrogen
Substrate (mol H,/mol production rate
Reactor Temp concn glucose, hexose (liter H,/liter Reference or
Organism type* (°C) Substrate (g/liter) equivalent) culture/day) source
Azotobacter vinelandii CA6 CSTR 30 Sucrose 10 0.06 0.03 This study
CAG6 plus tungsten CSTR 30 Sucrose 10 0.24 0.15 This study
Escherichia coli WDHL Batch 37 Glucose 15 0.30 0.45 47
Clostridium butyricurn CWBI1009 Batch 30 Glucose 5 1.70 3.02 48
Clostridium tyrobutyricum JM1 CSTR 37 Glucose 5 1.81 7.21 49
Thermotoga neapolitana DSM 4359 Batch 80 Glucose 7.5 1.84 6.05 50
Ethanoligenens harbinense YUAN-3 CSTR 35 Glucose 10 1.93 19.6 51
Clostridium butyricum W5 Batch 37 Glucose 3 2.09 0.41 52
Enterobacter aerogenes W23 plus Batch 35 Glucose 5 2.19 6.27 53
Candida maltosa HY-35

Enterobacter aerogenes IAM 1183 Batch 37 Galactose 10 2.82 6.96 54
Thermotoga neapolitana DSM 4359 CSABR 75 Xylose 5 3.36 2.66 55
Thermotoga neapolitana DSM 4359 Batch 85 Glucose 2.5 3.75 0.54 56

“ CSTR, continuous stirred tank reactor; CSABR, continuously stirred anaerobic bioreactor.
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product of nif genes would not fix nitrogen, only produce hy-
drogen.

A. vinelandii has long been recognized as a robust nitrogen-
fixing species, and strain CA6 represents an unusual type of hy-
drogen-producing microbe. It is an obligate aerobe, unlike strains
that produce hydrogen through fermentation, and also a che-
motroph, deriving its energy from organic substrates rather than
light. Such a biohydrogen producer has the potential to fill a spe-
cial niche in the range of hydrogen production technologies in
which these characteristics are desirable. CA6’s hydrogen yield
from sucrose is about 5- to 60-fold lower than other candidate
biohydrogen systems (mostly fermentative), though only up to
16-fold lower when tungstate was present (Table 5) (46). It may be
better suited as a model for aerobic hydrogen production than for
industrial purposes, but modifications to its genome and culture
conditions may lead to dramatic improvements.

In conclusion, we have characterized CA6, a mutant strain of
A. vinelandii lacking a number of important genes, which pro-
duces significant amounts of hydrogen. Further study is needed to
fully characterize and optimize its hydrogen-producing capabili-
ties.
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