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H, is a promising carbon-free alternative to fossil fuels, and can be photoautotrophically produced by cyano-
bacteria. Despite efforts to increase cyanobacterial H, production by genetic engineering and technical opti-
mization the yield remains economically non-viable. Recent studies have therefore demanded the impairment of
growth to reallocate more carbohydrates into biofuel biosynthesis, and nutrient limitation may be a strategy to
achieve that. Here we show that limitation of Fe in the filamentous and heterocystous mutant strain Nostoc PCC
7120 AhupW resulted in a 5.3-fold lower chlorophyll a concentration as compared to the controls during four-

week cultivation. The Fe-limited filaments contained a heterocyst frequency at ~6% and a 4-fold higher specific
carbohydrate concentration as compared to the control cultures. We discuss whether Fe-limiting conditions
leading to an accumulation of carbon storage compounds could be used as a heterocyst based H, production

system.

1. Introduction

In the past decades, cyanobacteria have gained growing interest to
be used for renewable hydrogen production based on sunlight, water
and a small amount of nutrients (Nagarajan et al., 2017). Especially
diazotrophic and filamentous cyanobacteria have been intensively
studied as a chassis for H, production. These bacteria mainly possess
photosynthetic vegetative cells but under conditions of N-deprivation
they can develop heterocysts, a specialized cell type for N,-fixation.
Heterocysts are a key element in photobiological hydrogen production
as H, is a byproduct of the N, reduction reaction to NH3 (Khetkorn
et al., 2013). It is the microoxic environment inside the heterocysts that
allows the O,-sensitive nitrogenase to function. The electrons for the N,
reduction are originally gained from photosynthetically produced car-
bohydrates in the vegetative cells. These sugars are transported into the
heterocysts and catabolized in concert by the oxidative pentose phos-
phate pathway, glycolysis, respiration and cyclic photosynthesis to feed
the nitrogenase with the necessary ATP and electrons (Magnuson,
2019). Due to the spatially separated processes of photosynthesis and
hydrogen formation that requires the formation of carbohydrates, the
process is referred to as indirect photolysis (Prince and Kheshgi, 2005).

Due to the poor H, yields in the past 30 years of research, many
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strategies have been followed to enhance the cyanobacterial H, pro-
duction, summarized in numerous reviews (Khetkorn et al., 2013;
Saifuddin and Priatharsini, 2016; Sakurai et al., 2015). Some of these
strategies required genetic modifications such as the truncation of an-
tenna complexes for more efficient light distribution across the culture
(Liberton et al., 2013), increasing the heterocyst frequencies
(Masukawa et al., 2017) as well as re-designing of the nitrogenase en-
zyme (Masukawa et al., 2010). In the broader field of cyanobacterial
biosynthesis research a key strategy has been the restriction of the
glycogen synthesis/storage to reallocate the carbon source for cellular
growth and biosynthesis (Luan et al., 2019). While most of these at-
tempts resulted in impaired cyanobacterial growth accompanied with
reduced cellular fitness, a successfully increased biofuel synthesis was
achieved only in some cases but still far from being economically vi-
able. However, also technical parameters during cyanobacterial culti-
vation have been optimized to enhance H, production. Several studies
have shown that changes in the chemical composition of the culture
medium, light intensity, gas phase, pH or temperature can enhance H,
production (Ananyev et al., 2008; Berberoglu et al., 2008; Yeager et al.,
2011). Even though knowledge about optimal growth conditions, often
similarly interpreted as optimal hydrogen production conditions, was
gained, a breakthrough in H, production yields was not reached: During
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the past 30 years, the highest energetic photon-to-H, conversion peak
efficiencies of indirect photolysis utilizing the nitrogenase-driven pro-
cess reached ~4% (Nyberg et al., 2015), far from its theoretical max-
imum of 16.3% assuming photons of 680 nm (Prince and Kheshgi,
2005). During outdoor experiments, efficiencies close to 0.2% display
the usual maximum after a few days of cultivation (Sakurai et al.,
2015). Summarizing the generally poor results of cyanobacterial bio-
synthesis research it was hypothesized that there might be a critical
distinction between optimal conditions for growth and enhanced bio-
fuel production (Rodionova et al., 2017). Even more recently it was
concluded that attempts to arrest biomass accumulation could be a key
element to enhance the efficiency of bio-compound synthesis (Luan
et al.,, 2019). Therefore, it may not be a question about how much
product can be gained from a growing cyanobacterial culture, but how
much energy, which is naturally reserved for growth, can be allocated
towards biofuel production. To date, little is known about cyano-
bacterial cultivation processes that aim to limit growth in regards to the
aspects of biofuel production.

Arresting cyanobacterial growth can be achieved in different ways.
Besides genetic engineering, nutrient limitation displays a potent ap-
proach as there are many essential nutrients in the metabolism of cy-
anobacteria (Quigg, 2016). One of them is iron. The importance of Fe
has been widely studied in cyanobacteria (Straus, 1994) as it is in-
corporated as a co-factor in hemes and iron sulphur clusters for electron
transfer processes such as photosynthesis, respiration and N,-fixation
(Straus, 1994; Kranzler et al., 2013). Iron starvation has been reported
to frequently occur in nature (Boyd et al., 2007) and the physiological
effects of iron limitation have been explored for a series of cyano-
bacteria e.g. Trichodesmium erythraeum, Calothrix parietina, Synecho-
coccus sp. strain PCC 7942 and Nostoc PCC 7120 (Narayan et al., 2011;
Shi et al., 2007; Yingping et al., 2014). Generally, cyanobacteria can
adapt to iron deprivation by three major processes. One of them is
cellular retrenchment including the degradation of phycobilisomes as
suggested for Synechococcus elongatus PCC 7942 and PCC 7002 (Hardie
et al., 1983; Sherman and Sherman, 1983). Phycobilisomes are pigment
protein complexes that serve as an antenna for light capturing and their
biosynthesis relies on Fe-containing enzymes (Straus, 1994). The
second major effect of iron starvation is exchanging iron-demanding
enzymes such as ferredoxins with the iron-free counterparts for ex-
ample flavodoxins (Narayan et al., 2011). As a third major adaptation
to iron starvation, some cyanobacteria enhance their capacity for iron
acquisition by e.g. the excretion of iron-binding siderophores (Kranzler
et al., 2013). It appears that different cyanobacterial clades react dif-
ferently to iron limitation. In non-diazotrophic cyanobacteria, iron
limitation has been observed to lead to the effects of chlorosis, which
have been suggested to be due to a co-limitation of nitrogen (Hardie
et al., 1983; Sherman and Sherman, 1983). On the other hand, diazo-
trophic cyanobacteria showed decreased growth rates and an increased
accumulation of carbon-based storage compounds such as polygluco-
side granules or glycogen (Jacq et al., 2014; Sherman and Sherman,
1983; Shi et al., 2007; van Alphen et al., 2018). However, the effects of
Fe limitation in diazotrophic and filamentous cyanobacteria have not
been discussed in connection to biohydrogen formation. For the pur-
pose of biofuel production in general, only rare examples exist which
try to utilize the effects of nutrient limitation combining it with genetic
modification (Melis et al., 2000).

One of the model species for the investigation of H, production via
indirect photolysis is Nostoc PCC 7120 AhupW, a filamentous and het-
erocystous cyanobacterium. This strain lacks a functional uptake hy-
drogenase that re-oxidize the H, produced by nitrogenase enzyme
complex (Lindberg et al., 2012; Nyberg et al., 2015). As a result, the
produced H, immediately leaves the heterocysts.

This study aims to explore whether iron limitation could be used as
a cultivation strategy for H, production in Nostoc PCC 7120 AhupW. As
a main focus we were interested whether the amount of heterocysts
would be maintained throughout a cultivation time of four weeks, as

Bioresource Technology Reports 11 (2020) 100508

heterocysts display a key element to the process of H, production. We
monitored the optical density and chlorophyll concentration of the
cultures to analyze the effects of iron starvation on growth limitation
and determined the carbohydrate concentration at the end of the cul-
tivation as carbohydrate storage could display a key role in trans-
forming photosynthetic energy into Hp.

2. Materials and methods
2.1. Strains and growth conditions

All experiments were performed using a AhupW strain of the fila-
mentous heterocystous cyanobacterium Nostoc PCC 7120 (Lindberg
et al., 2012). The gene hupW encodes the specific protease responsible
for the last maturation step of the uptake hydrogenase (HupSL protein).
Therefore Nostoc PCC 7120 AhupW does not comprise a functional
uptake hydrogenase and H,, produced by the nitrogenase, will not be
consumed but released from the cells. It should be noted that this cy-
anobacterial mutant strain still possesses a bidirectional hydrogenase
encoded by the hox gene that has not been shown to contribute to Hy
production (Masukawa et al., 2002). Cell cultivation was performed
under sterile conditions in a final volume of 215 mL suspension cultures
in modified nitrogen-deprived BG11y medium (N, fixing-conditions)
(Rippka et al., 1979) without EDTA. EDTA is a potent chelator agent for
Fe®™ (Brausam et al., 2009) and it could interfere with the undertaken
ion chromatography analysis during the study. To study the effect of Fe
starvation, the Fe salts were exchanged to Na salts in the
BG11,AEDTAAFe®* medium. The pH of the culture media was set to
7.5 by the addition of 9 mM HEPES buffer and 4.5 mM NaHCO5 and did
not change during the experiment (data not shown). All cultivation was
performed at 25 °C under temperature control, 100 rpm continuous
agitation and aerobic conditions. The cultures were illuminated with
20 umol m 2 s~ ! for 12 h between 6:00 AM — 18:00 PM via LED panels,
while otherwise kept in darkness. The initial ODggopr, in all experiments
was 0.05. The inoculum originated from a culture cultivated in
BG11,AEDTA medium and the estimated Fe concentration in the Fe-
limited culture was approximately reduced by 43-fold as compared to
standard BG11,. Digital images of the cultures were documented with
the camera Samsung ST77.

2.2. Chlorophyll a determination and optical density of cells

For the quantification of the chlorophyll a concentration (Chl a),
500 pL samples were collected from each culture and treated as de-
scribed in a methanol-based extraction protocol (Zavftel et al., 2015).
The standard deviation was calculated based on three biological re-
plicates with two technical replicates. For centrifugation the MIKRO
220R centrifuge (Hettich) was used. Growth curves were obtained by
plotting the measured optical density at 800 nm (ODggopnm) against time
and the standard deviation was calculated from three biological re-
plicates with two technical replicates. For spectroscopic analyses the
UV/Vis spectrophotometer Lambda 35 (PerkinElmer) was utilized run
by the UV WinLab software (PerkinElmer).

2.3. Microscopy and estimation of heterocyst frequency

To determine the heterocyst frequency, each culture was micro-
scopically investigated using a light microscope (Axio Scope A1 HAL
100, Carl Zeiss Microscopy GmbH) with a 40 X objective in differential
interference contrast mode (DIC). From each of the three biological
replicates, a total number of > 1000 cells (both vegetative cells and
heterocysts) were counted based on microscope images (Salleh et al.,
2016). Images at a total magnification of 400 X were documented by
using the digital camera INFINITY2-3C (Lumenera Corporation) and the
software INFINITY ANALYZE 2 (Lumenera Corporation). Microscopic
images from the cultures over the entire cultivation time can be
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accessed from the web deposit: http://dx.doi.org/10.17632/
hs8kkrémgg.1. The heterocyst frequency was expressed as a percen-
tage of the total number of cells. The error bars of the heterocyst fre-
quency represent the standard deviation of three biological replicates.
Multiple heterocysts located adjacent to each other in the same filament
were counted as a single heterocyst. Proheterocysts were taken into
account for counting, whereas heterocysts that were not integrated
within a filament were not counted (Salleh et al., 2016).

2.4. Carbohydrate quantification

To determine the carbohydrate concentration a colorimetric ap-
proach was chosen (Yemm and Willis, 1954). For this, 1 mL samples of
a culture were centrifuged (MIKRO 220R centrifuge, Hettich) for 7 min
at 15,000 x g at 4 °C. The supernatant was discarded and the cell pellets
were stored at —20 °C. After resuspending with dH,0, 400 pL sample
volume was added to 800 pL 0.1% (w/v) anthrone in 95% H,SO,. After
mixing, the samples were kept on ice for 5 min. Thereafter, the samples
were incubated in a thermoincubator at 95 °C at 300 rpm for 16 min
and then kept on ice for 5 min. The absorbance at 625 nm was mea-
sured with the UV/Vis spectrophotometer Lambda 35 (PerkinElmer)
run by the UV WinLab software (PerkinElmer) at which the reaction
product between furfural and anthrone has its absorbance maximum
(Yemm and Willis, 1954). For carbohydrate quantification, a dilution
series of a starch standard was prepared ranging from 0 to 0.075 g/L
(Zulkowsky GR for analysis, MERCK). The standard deviation was cal-
culated based on three biological replicates with two technical re-
plicates. The specific carbohydrate concentration reflects the total
carbohydrate concentration normalized on the chlorophyll a con-
centration.

2.5. H, quantification

For H, production analysis, specially designed Erlenmeyer flasks
were used that comprised a thread to close with PTFE O-ring and plastic
screw caps with apertures (Duran Group) (Fig. 1). The total volume of
the Erlenmeyer flask was about 400 mL and at a filling of a 215 mL
culture the headspace volume was 185 mL. Between the PTFE O-ring
and plastic lid a stainless steel metal plate with two openings was in-
serted. One opening, defined as the inlet, was connected to a mass flow
controller (MKS) unit to provide air at a flow rate of 4.5 mL min~ 1. All
mass flow controllers were calibrated using a low flow cell gilibrator
(Gilian). The second opening of the Erlenmeyer flask, defined as the
outlet, was connected to the gas chromatograph unit 3000A Micro GC
(Agilent Technologies) run with the software EZChrome SI (Agilent
Technologies). The column Molsieve (10 m X 320 um X 12 pm) served
for gas separation and was set to 110 °C at a pressure of 30 psi. Argon
(99.999%, Air Liquide Deutschland GmbH) was used as a carrier gas in
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the GC. Gas injection (10 ms) into the inlet volume kept at 80 °C was
performed every ~3 min and the gas was analyzed by a thermal con-
ductivity detector (TCD). Multiple cultures were analyzed by a self-built
automated gas switch system. When switching to the next cultivation
vessel, the GC was suppliced with the exhaust gas of the analyzed
cultivation vessel for 20 min before quantitative data on the gas mix-
ture was recorded. The whole setup (Fig. 1) was designed in order to
acquire quantitative H, production data without the risk of over-
pressure or internal gas-circulation enriching O, in the gas phase that
has been reported to negatively affect nitrogenase activity (Staal et al.,
2001). The LED panel and mass flow controllers were controlled via the
software LabView. Data from the GC was redirected automatically to
LabView to collect time-resolved H, production. For quantitative Hy
analysis the following standard gases were utilized: 100 ppm H, in air
(Calgaz), 200 ppm H, in air (Calgaz), 5% H, (Air Liquide) and 50% H,
(Air Liquide). We verified the setup of H, quantification on cultures of
Nostoc PCC 7120 AhupW strain by switching the gas input from air to
argon. This resulted in an approximately four-fold increase in H, pro-
duction under standard Fe condition which is in accordance with earlier
results (Nyberg et al., 2015).

2.6. Inductively coupled plasma optical emission spectroscopy ICP-OES

The elemental analysis (Mn, Mg, P, K, Ca, Fe, Co and Mo) of the
cyanobacterial cultures was conducted via inductively coupled plasma
optical emission spectroscopy (ICP-OES) using an iCAP 7600 Duo
(Thermo Scientific). To separate the elements in the soluble phase from
the insoluble phase, a volume of 148.5 mL was taken from the standard
culture medium as well as from cell cultures grown for 28 days under
the control condition and centrifuged at 4000 rpm for 40 min at 25 °C.
For the soluble phase, 7.5 mL of the supernatant was sampled, whereas
for the insoluble phase, a volume of 7.5 mL containing the complete
pellet was collected. Each sample of 7.5 mL was solubilized by adding
10 mL HCI (sub boiled grade), 1 mL HNO;3 (sub boiled grade), 1 mL
hydrogen peroxide (suprapur, Merck) and 0.5 mL hydrogen fluoride
(suprapur, Merck) and heated in a microwave oven (speedwave Xpert,
Berghof). After the solubilization, the volume of the samples were set to
50 mL and diluted to proper concentrations for the ICP-OES measure-
ment. Dependent on the element, two or three major wavelengths of the
elemental emission spectra were used for quantification. The analysis of
the components was accomplished with four different calibration so-
lutions with the internal standard scandium. The range of the calibra-
tion solutions did not exceed a decade and included values received
from the samples. The calibration was verified by the use of further
calibration solution from other manufacturers and charges. The quan-
tification for all the elements was within the detection limit. The culture
medium evaporation which was measured to be approximately 310 pL
per day during the cultivation of 28 days was considered for

Fig. 1. Scheme of the on-line setup for the detection
of H, production from a culture of Nostoc PCC 7120
AhupW. The personal computer (PC) was connected
to the LED panel, gas chromatograph (GC) and mass
flow controllers (MFC). The MFC, connected to a
source of air, provided a constant air flow at
4.5 mL min~" into the cultivation vessel. The ex-
haust gas mixture was directed to the GC for quan-
titative gas analysis. The shaker and the cultivation
chamber (CC), kept at 25 °C, were autonomous ma-
chines. B Image of a cultivation vessel containing
210 mL medium prepared for GC measurement.
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Fig. 2. Reduced growth of Nostoc PCC 7120 AhupW under Fe limited conditions. A Growth curves and the chlorophyll a concentration of the Nostoc PCC 7120 AhupW
in diazotrophic conditions under Fe limitation. Optical density at 800 nm (ODggonm, black squares) and chlorophyll a concentration (Chl a, green circles) in pg mL ™"
plotted against the cultivation time. Cultivation performed under Fe-limited and control condition. All cultures were grown at 20 umol photons m~2s~ ! (12 h light/
12 h darkness), 100 rpm agitation at 25 °C for approximately four weeks. Each data point represents a biological triplicate with technical duplicates and error bars
indicate the standard deviation. B Culture images of Fe limited and control cultures of Nostoc PCC 7120 AhupW. The documentation day during the cultivation is
indicated in each picture. An image of the respective culture medium before inoculation (b.L) is given. All cultures were grown at 20 umol photons m~2s~! (12 h
light/12 h darkness), 100 rpm agitation at 25 °C for approximately four weeks.

calculations. Cu and Zn contaminations from the pipes in the water
source were verified and did not allow further quantification.

3. Results and discussion
3.1. Fe-limitation restricts growth in Nostoc PCC 7120 AhupW

To evaluate to what extent Fe limitation affects the growth of the
cyanobacterium Nostoc PCC 7120 AhupW, quantitative spectroscopic
methods were used to determine the optical density at 800 nm
(ODggonm) and the chlorophyll a concentration of the living cells during
cultivation. A long cultivation period (four weeks) was chosen to
evaluate whether the nutrient limitation could be utilized in the pur-
pose of future H, production (Fig. 2). Long term cultivation processes
are useful to test for phenotypical changes of the cells and for the
viability of the culture. A quantitative elemental analysis on the control
cultures after the cultivation period ensured that, among various ele-
ments, macronutrients such as phosphor, potassium and magnesium
were still abundant in the culture medium, hence elemental co-limita-
tion under Fe-limiting conditions could be excluded (Table 1).

The cultures of Nostoc PCC 7120 AhupW under Fe limitation grew

Table 1

Elemental quantification of cyanobacterial uptake from the control culture
medium. Mass difference of the supernatant/pellet based on elements found in
the supernatant/pellet of the cyanobacterial culture after 28 days of cultivation
subtracted by those quantified in the supernatant of the culture medium. All
mass changes refer to a sample volume of 148.5 mL. Based on the given mass
differences a molar and normalized elemental ratio of the cyanobacterial ele-
mental uptake stoichiometry was estimated:Mn; oMge3P112KgoCazzFee 3.
10C00.030M00.058-0.11-

Element Mass difference Mass difference Elemental mass ratio of cell
[mg] supernatant [mg] pellet pellet to total element
amount [%]

Mg —0.1527 0.1679 14.2

P —0.3644 0.3792 44.4

K —0.3255 0.3423 15.8

Ca —0.0996 0.1161 7.41

Mn —0.0052 0.0060 7.93

Fe —0.0385 0.0632 31.7

Co —0.0002 0.0003 11.7

Mo —0.0006 0.0011 4.73
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Fig. 3. The limitation of Fe led to an accumulation of storage compounds. Microscopic images of A. Fe-limited culture on day 21 and B. control culture on day 28.
Image magnifications give insights on the accumulation of cellular storage compounds under iron limitation compared to the control conditions. All black bars
represent a length of 10 um and arrows indicate heterocysts that are integrated inside the filaments.

about five times slower as compared to the control cultures as de-
termined by total chlorophyll accumulation (Fig. 2A). Despite this
growth retardation, the Fe-limited cells were viable over the entire
cultivation period of four weeks under the tested condition (Fig. 2B).
The ODgoonm and the Chl a concentration of the cultures under the Fe-
limited condition linearly increased from 0.045 =+ 0,001 to
0.44 + 0.04 and from 0.28 * 0.01 yg mL™* to 1.3 = 0.1 pg mL™ %,
respectively, over the four weeks of cultivation time (Fig. 2A). No
halted state of growth was found under Fe-limitation. The control
culture also showed a linear increase of the ODggonm and Chl a con-
centration but resulting in higher final values of 0.85 = 0.03 and
7.0 + 0.3 pg mL™}, respectively (Fig. 2A). In agreement with our
observation, it has been previously shown that wildtype cultures of
Nostoc PCC 7120 proliferate for 90 days under iron starvation (Narayan
et al., 2011). It should be noted that the Fe-limited samples reached a
~1.9 fold lower ODgponm by the end of the experiment as compared to
the control samples, but their Chl a concentration was ~5.3 fold lower.
Under standard growth condition a similar rate of increase for ODggonm
and Chl is expected, but under Fe limited conditions Nostoc PCC 7120
AhupW showed a reduction in cell size by approximately 30% (Fig. 3). A
similar observation was reported for the cyanobacterium Synechocystis
sp. PCC 6803 upon iron starvation (Schoffman and Keren, 2019).

3.2. Under Fe limitation Nostoc PCC 7120 AhupW accumulates higher
levels of carbohydrate storage compounds than the control culture

Monitoring the optical density and the Chl a concentration gave
insights on the growth of the cultures under iron limitation but it did
not provide information on other cellular parameters that could po-
tentially affect the H, production capacities, such as the filament
length, heterocyst frequency as well as the accumulation of storage
compounds. The microscopic analyses revealed that under Fe-limited
conditions, the filaments were long and contained heterocysts during
the four week experiment, similar to the control samples (Fig. 3).
Furthermore, it was observed that many vegetative cells in the Fe-
limited filaments were partially filled with round particles with dia-
meters up to 1 um (Fig. 3A). These particles are most likely storage
compounds such as glycogen storage. Glycogen is a branching polymer
of glucose and is commonly observed in cyanobacteria (Luan et al.,
2019).

To investigate whether the observed storage compounds are che-
mically based on carbohydrates such as glycogen, a quantitative ana-
lysis of the total amount of cellular carbohydrates at the end of the four
week cultivation was performed. The Fe-limited samples contained
1.8 mg carb pg ™! Chl a™?, while the control samples contained 0.46 mg
carb ug~! Chl a™! culture. This 4-fold higher specific carbohydrate
concentration supported the microscopic observation of more and
larger storage compounds. An accumulation of carbohydrate storage
compounds has been observed for iron-deprived filamentous cyano-
bacteria (Sherman and Sherman, 1983; Shi et al., 2007; van Alphen
et al., 2018) and is an indication for an active photosynthetic machinery
and CO.-fixation. In indirect photolysis processes, photosynthetically
active carbon fixation is desired as the chemical energy of the accu-
mulated carbohydrates is aimed to be subjected to H, producing en-
zymes inside the heterocysts. However, a study on Nostoc PCC 7120
showed a ~50% lower PSII activity and C-uptake under Fe-limitations
as compared to control conditions in a 90 days experiment (Narayan
et al., 2011). Iron limitation may downregulate the photosynthetic
activity and CO,-fixation, but these effects could be due the general
limitation of growth.

The introduction of heterologously expressed enzymes to reallocate
accumulated carbon compounds may overcome these negative effects.
Additionally, genetic engineering of Nostoc PCC 7120 AhupW, e.g. by
the introduction of effective photo-fermentative pathways inside het-
erocysts (Kars and Giindiiz, 2010), such as the insertion of a Ha-pro-
ducing hydrogenase, might allow for restored photosynthetic activity
and CO--fixation.

3.3. The heterocysts of the Fe-limited Nostoc PCC 7120 AhupW as a chassis
for H, production

The heterocyst frequency is an important factor for H, production
since heterocysts display the chassis for H, production (Masukawa
et al., 2017). The heterocyst frequency must be retained throughout the
nutrient limitation phase, thus the detachment of these heterocysts
from the filament is undesired (Salleh et al., 2016).

In this study, microscopic images of the Fe-limited cultures were
used to estimate the heterocyst frequency of the filaments during the
four weeks cultivation while comparing to control conditions. The mi-
croscopic analysis showed that the Fe-limited cultures possessed a
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Fig. 4. Heterocyst frequency (%) of filaments under Fe-limited and control
conditions. The heterocyst frequency in the Fe-limited (blue triangles) and
control cultures (black squares). Except of day zero, all data points re-
present > 3000 counted cells (vegetative cells and heterocysts) from three
biological replicates (count of > 1000 per replicate) and the error bars indicate
the standard deviation. For data points on day zero > 1000 cells were counted
from the inoculation culture that was grown under similar conditions as the

control and the standard deviation was set to 30%, the highest experimentally
observed one.

similar frequency of heterocysts throughout the entire experiment
(Fig. 4). The initial heterocyst frequency was ~4.4% on day zero for the
Fe-limited cultures. The cultures possessed heterocyst frequencies ran-
ging between ~5.9% - 6.4% during the four subsequent weeks of the
experiment. The control cultures contained higher heterocyst fre-
quencies of 6% and 7.9% on day zero as well as on day seven respec-
tively. On the other hand the heterocyst frequency in the control cul-
tures decreased to approximately 4.8% towards the end of the
experiment between day 16 and 28 (Fig. 4).

Similar to our observations for Nostoc PCC 7120 AhupW, also the
diazotrophic cyanobacterium Calothrix parietina possessed an increased
heterocyst frequency under iron starvation as compared to control
conditions (Dougals et al., 1986). In general, data on heterocyst fre-
quency during nutrient-limiting conditions is rare. It remains unclear
why heterocysts are retained under Fe-limiting conditions for a pro-
longed time period. To what extent the heterocyst-rich cellular state
and the carbohydrate accumulation under Fe limitation is affected by
external parameters such as light intensity and temperature needs to be
investigated, as both light and temperature are key factors defining the
optimal conditions in future outdoor H, production systems (Rodionova
et al., 2017). Utilizing the micro-oxic environment inside heterocysts
enables O,-sensitive enzymes such as hydrogenases and nitrogenase to
function. Hydrogenases generally possess substantially higher turnover
frequencies, have no ATP requirements and they have higher photon-to-
H, conversion efficiencies, as compared to nitrogenases (Khetkorn
et al.,, 2013). Nitrogenase-catalyzed H, production is less efficient
comparing to hydrogenases (Nagarajan et al., 2017), and hydrogenases
have been recognized as the more potent hydrogen producing enzymes
(Nagarajan et al., 2017). In this study, nitrogenase-derived H, of Fe-
limited cultures of Nostoc PCC 7120 AhupW was below the detection
limit from day seven and onwards during the cultivation (data not
shown). Based on the growth retardation under Fe limitation, a reduced
productivity of H, was expected as the N, fixation process it is tightly
linked to growth. For the control cultures an exponentially decreasing
H, productivity, normalized to Chl a concentration, was observed
throughout the experiment (Fig. 5). Similar findings have been reported
earlier (Borodin et al., 2000; Lindblad et al., 2002) and might be linked
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Fig. 5. H, productivity and growth of Nostoc PCC 7120 AhupW under control
conditions. The graph depicts the ODggonm (black squares), the Chl a con-
centration (red squares) and the peak H, production rate, normalized on the
total Chl a content of the culture (blue squares). Peak production was visible for
about 6 h of the 12 h illumination period each day. The culture was grown at
20 pmol photons m~! s™! (12 h light/12 h darkness), 100 rpm agitation at
25 °C. *Chl a amount measured on day 0 was used to calculate H, production
rate on day 1.

to a decreasing light intensity per cell during continuous growth
(Liberton et al., 2013). But how could a non-growth-driven H, pro-
duction be implemented in the Fe-limited cells?

One of the most prominent goals in the field of biohydrogen re-
search is the introduction of a Hp-producing [FeFe] hydrogenase into
the heterocysts of filamentous diazotrophic cyanobacteria to increase
H, production yields (Avilan et al., 2018). Even though the introduction
of a [FeFe] hydrogenase has been reported in Nostoc PCC 7120, higher
levels of H, production have not been achieved yet. If successfully in-
troduced to heterocysts of Fe-limited filaments, the [FeFe] hydrogenase
would require iron during the Fe limited cultivation. The Fe require-
ments of [FeFe] hydrogenases are similar as for other hydrogenases and
they all require more than ten Fe atoms per functional protein complex
(Khetkorn et al., 2013). All heterologously expressed hydrogenases
could therefore interfere with the iron need of photosynthesis and other
Fe-rich enzymes such as nitrogenase (Shi et al., 2007). However, long
term iron depletion (~90 days) in Nostoc PCC 7120 wildtype has shown
that the mechanism of iron homeostasis is highly regulated ensuring the
activity of photosynthesis and nitrogen fixation at a lower but stable
level already after some days of cultivation (Narayan et al., 2011). Due
to the high turnover number of hydrogenases (Nagarajan et al., 2017), a
well-regulated expression level that matches the metabolic capacity for
H, production should be the major objective, minimizing the hydro-
genase's metabolic burden on the available intracellular iron. Further-
more, a reliable hydrogenase activation process on the transcription
level could be implemented to time its expression with the onset of iron
limitation effects. Simultaneously, as the level of nitrogenase activity
naturally declines upon iron starvation (Narayan et al., 2011), the re-
sidual iron utilized for nitrogen fixation could be reallocated to the
[FeFe] hydrogenase complex. Nevertheless, a basal level of nitrogen
fixation will be needed for the stabilization of the culture ensuring
proteome maintenance e.g. the repair mechanism of photosystem II
(Latifi et al., 2009). Thus, Fe-limited cultures could serve as a hetero-
cyst-based production platform for H,, while the nitrogenase activity
remains low. As Fe limitation effectively reduces cyanobacterial growth
and enhances the accumulation of carbohydrates inside the cells, it is a
promising cultivation strategy to harness the photosynthetically stored
energy for H, biosynthesis. Instead of allowing continuous growth of
cyanobacteria in photobioreactors, which has been the promoted
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strategy in the past 30 years of biofuel research (Luan et al., 2019), the
sunlight energy needs to directly find its way into H, or other fuels, not
via biomass.

4. Conclusions

In this study we show that a Fe-limited cultivation strategy supports
major cellular properties that are essential for a photobiological H,
production platform. For efficient Hy production a photo-fermentative
pathway needs to be introduced to Nostoc PCC 7120 AhupW. For this,
we propose a well-regulated heterologous expression of a Hy-producing
hydrogenase in the heterocysts of Nostoc.
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