Riese et al. Microb Cell Fact (2020) 19:206
https://doi.org/10.1186/512934-020-01469-z

Microbial Cell Factories

n

Check for
updates

An automated oxystat fermentation regime
for microoxic cultivation of Magnetospirillum
gryphiswaldense

Cornelius N. Riese'®, René Uebe', Sabine Rosenfeldt>?, Anna S. Schenk®* Valérie Jéréme®, Ruth Freitag®
and Dirk Schuler””

Abstract

Background: Magnetosomes produced by magnetotactic bacteria represent magnetic nanoparticles with unprec-
edented characteristics. However, their use in many biotechnological applications has so far been hampered by their
challenging bioproduction at larger scales.

Results: Here, we developed an oxystat batch fermentation regime for microoxic cultivation of Magnetospirillum
gryphiswaldense in a 3 L bioreactor. An automated cascade regulation enabled highly reproducible growth over a
wide range of precisely controlled oxygen concentrations (1-95% of air saturation). In addition, consumption of lac-
tate as the carbon source and nitrate as alternative electron acceptor were monitored during cultivation. While nitrate
became growth limiting during anaerobic growth, lactate was the growth limiting factor during microoxic cultiva-
tion. Analysis of microoxic magnetosome biomineralization by cellular iron content, magnetic response, transmission
electron microscopy and small-angle X-ray scattering revealed magnetosomal magnetite crystals were highly uniform

in size and shape.

Conclusion: The fermentation regime established in this study facilitates stable oxygen control during culturing

of Magnetospirillum gryphiswaldense. Further scale-up seems feasible by combining the stable oxygen control with
feeding strategies employed in previous studies. Results of this study will facilitate the highly reproducible laboratory-
scale bioproduction of magnetosomes for a diverse range of future applications in the fields of biotechnology and

biomedicine.
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Background

Magnetosomes are membrane-enveloped magnetite
(Fe;O,) or greigite (Fe;S,) crystals produced by magneto-
tactic bacteria for orientation along the Earth’s magnetic
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field [1]. Magnetosome biosynthesis is a complex, step-
wise process involving the formation of a dedicated mag-
netosome vesicle, which serves as a nanoreactor for the
subsequent uptake of iron and the biomineralization of
magnetic crystals [2, 3].

In the widely studied alphaproteobacterium Magneto-
spirillum gryphiswaldense each step is highly regulated
by a set of more than 30 genes leading to the formation
of single crystalline magnetite particles with defined
size, shape and magnetic properties, which are so far
unmatched by magnetic nanoparticles produced by
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chemical synthesis [4-7]. Hence, magnetosomes are
of great potential in the biomedical and biotechnologi-
cal field, and isolated magnetosomes were already suc-
cessfully applied for cancer treatment, such as magnetic
hyperthermia [8-10], phototherapy [11] and radiosensi-
tization [12], as contrast agent for magnetic imaging [13—
16] and as a tool in immune assays [17]. Furthermore,
the proteinaceous membrane of magnetosomes from
M. gryphiswaldense and related organisms can be func-
tionalized by genetic or chemical coupling of additional
functional moieties, such as enzymes for immobilization
of enzymatic cascades [18-21], fluorophores, antibodies
for diagnostic purposes e.g. Immuno-PCR [20, 22-24],
immunostimulatory ligands [25], or various inorganic
and organic coating materials for enhancement of bio-
compatibility [26, 27].

Practical applications of magnetosomes have so far
been limited by their poor availability, which is due to
the lack of precise techniques for highly controlled large-
scale production with defined process parameters. Mass
cultivation of the available magnetobacterial strains is
challenging due to their fastidious microaerophilic to
anoxic lifestyle, and the dependence of magnetosome
biosynthesis on suboxic conditions, which results in slow
growth and low biomass as well as magnetosome yields
in routine batch cultivation [1]. The most robust and
widely used strain for magnetosome engineering and bio-
production is M. gryphiswaldense, which produces up to
60 cuboctahedral magnetite crystals with 20-50 nm in
diameter [28, 29].

As for other magnetotactic bacteria, magnetite biomin-
eralization in M. gryphiswaldense is strongly affected by
growth conditions [30, 31]. While fastest growth occurs
at moderately low oxygen partial pressures (pO,) of
0.25-2 mbar (equivalent to a dissolved oxygen (dO,)
concentration of 0.1-1% of air saturation), magnetite
biomineralization is increasingly stimulated by a decrease
in oxygen concentration [30, 32]. Highest quantity and
largest magnetite crystals are formed under denitrifying
conditions in the entire absence of oxygen with nitrate
(NO;™) as the only electron acceptor for respiration
[30, 32-35]. However, anoxic flask cultivation to yields
higher than about 0.3 ODg; is difficult due to the result-
ing toxic effects of denitrification intermediates such as
nitrite (NO,7), which accumulate at NO3;~ concentra-
tions higher than 10 mM [33, 34]. This tradeoff can be
alleviated by microaerobic cultivation, where oxygen and
nitrate respiration overlap [32-35]. Nonetheless, the con-
trolled microoxic conditions below 10% dO,, needed for
optimal magnetosome production, are difficult to main-
tain and often require specific adaptations for the stable
regulation, such as the programming of a reliable auto-
mated control cascade, and the bioreactor setup has to be
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characterized and optimized to enable homogenous mix-
ing as well as precise and stable dO, adjustment.

In the first systematic study, Heyen and Schiiler [32]
investigated growth and magnetosome biosynthesis of
M. gryphiswaldense, M. magnetotacticum and M. mag-
neticum in a 4 L bioreactor at various pO, tensions from
0.25 mbar to 212 mbar (dO, of 0.1% to 100% of air sat-
uration) using an automated oxygen regulation with
a specialized pO, measurement and gas supply setup.
They showed a clear correlation between pO, and mag-
netosome biosynthesis in all three magnetospirilla and a
maximum magnetosome yield of 7.9 mg L™! was reached
with M. gryphiswaldense at 0.25 mbar pO, with a biomass
yield of 0.4 g dry weight per liter (g4, L™") (ODgg5 1,4)
[32].

Sun et al. [36] applied a microoxic fed-batch oxystat
strategy, where oxygen intake into the medium was regu-
lated solely by agitation with a fixed airflow rate. High-
est biomass and magnetosome yields of 2.17 g4, L™
(ODy¢5 7.24) and 41.7 mg L™}, respectively, were reached
in a 42 L bioreactor, where stirrer speed was increased
manually in increments of 40 rpm whenever the growth
rate decreased markedly. Furthermore, dO, was per-
manently kept below the dO,-probe’s sensitivity. In
follow-up studies by Liu et al. [37] and Zhang et al. [38],
the feeding strategy was further improved, resulting in
biomass and magnetosome yields of ODgg; 12.2 and
82.23+5.36 mg L™" up to 9.16 g4, L™ (ODy; 42) and
356.52 mg L7!, respectively. Again, in these studies,
the stirrer speed was increased in pre-set time intervals
independent of measured dO,. A different approach was
applied by Fernandez-Castané et al. [39] in a 5 L biore-
actor, where dO, was controlled by manual adjustment
of airflow between 0 and 0.1 standard liter per minute
(SLPM) and agitation between 100 and 500 rpm, thereby
keeping the dO, permanently below the dO,-probe’s sen-
sitivity (dO, below 1% of air saturation). This resulted
in biomass and magnetosome yields of ODc; 16.6 and
54.3+0.4 mg L7}, respectively [39]. Moreover, cell mor-
phology and viability were further investigated by flow
cytometry, thereby showing viable cells throughout the
fermentation process [40].

The most recent study conducted by Berny et al. [41]
employed a manual regulation regime to cultivate M.
gryphiswaldense in a minimal medium avoiding com-
plex, non-defined constituents such as peptone and yeast
extract. Maximal biomass and magnetosome yields were
2.4 g4, L7 (OD4; 8) and 10 mg L™, respectively [41].

During an investigation of oxygen and iron impact
on gene expression, an automated oxystat regime in
a 1 L bioreactor based on dynamic gas blending of
nitrogen and air was applied, whereas agitation and
maximal gas flow remained constant at 120 rpm and
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1 SLPM, respectively [42]. In this study, set dO, values
of 0.5% and 5% were kept stable over the fermentation,
however this regime led to a steady decrease of oxygen
concentration during growth at set dO, values above
15% [42].

Despite the impressive improvements in M. gryph-
iswaldense fermentation, which resulted in ODs as
high as 16-42 and magnetosome yields>35 mg mag-
netite L™ [38, 39], respectively, application has been
hampered by the discontinuous dO, control through-
out cultivation. This in turn makes scale-up and trans-
fer of protocols to other fermenter systems difficult,
due to the highly specific, empirically determined
parameters optimized for the particular type of biore-
actor used in these studies. By contrast, an automated
oxygen regulation regime would allow to overcome
these limitations and thereby enhances reproducibil-
ity and handling through standardization of the pro-
cess. Moreover, while it is well known that dissolved
oxygen concentrations also greatly affect the size,
shape and crystallinity of magnetite particles, previous
studies mostly focused on the analysis and optimiza-
tion of growth parameters rather than magnetosome
characteristics. Typically, the C,,, (ie. a light-scat-
tering parameter for the semiquantative estimation
of average magnetic alignment of cells [29]) and the
intracellular iron content were used as proxies to
quantify magnetosome bioproduction, even though
these techniques do not provide precise information
on the number, size and shape of magnetite particles.
Finally, another important, but so far neglected aspect
of process reproducibility is the preparation and treat-
ment of precultures from stock to inoculation (i.e. the
‘seed-train’).

The aim of this study was the establishment and
characterization of an oxystat fermentation regime for
cultivation of M. gryphiswaldense employing an auto-
matic cascade regulation for precise control of dO,,
which was successfully applied for 95%, 10% and 1%
dO, values. Additionally, magnetosome biosynthesis
was monitored throughout cultivation employing a
combination of complementary analytical techniques
including atomic absorption spectroscopy (AAS),
quantitative transmission electron microscopy (TEM)
and small-angle X-ray scattering (SAXS) [43] to study
the composition and structure of the forming nano-
particles. To the best of our knowledge, the unique
combination of complementary analytical techniques
employed in this study provides the first truly quan-
titative assessment of magnetosome bioproduction
at well-defined oxygen concentrations, thus enhanc-
ing the understanding of oxygen impact in magnetite
biomineralization.
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Results

Establishment of an automated oxystat fermentation
regime

The seed-train used in this study encompassed two pas-
sages for initial subcultures incubated in 10 mL at room
temperature (24 °C) for 40 h. Further subcultivation was
performed by step-wise scale-up in screw-capped bottles
of different sizes to reach the final inoculum of 300 mL at
an OD,; of 0.8 (equivalent to about 1.8 x 10® cells mL ™)
after 16 h with magnetic (C,,,,=1.20), highly viable cells
(as judged by their motility), encompassing ~ 15 genera-
tions from stock to final inoculum. This seed-train (as
summarized in Fig. 1) was used in all subsequent fermen-
tation experiments.

To ensure optimal and reproducible oxygen input and
dispersion, we first characterized and optimized the setup
of the 3 L bioreactor. Mixing and oxygen transfer could
be greatly improved by combining a radial (Rushton) and
axial mixing (pitched blade) impeller type [44].

Next, we aimed to establish a controlled oxystat fer-
mentation regime for a wide range of oxygen concentra-
tions. To ensure constant dO, throughout growth, we
used a Proportional Integral (PI) controller mediated cas-
cade for automated regulation by combining control of
airflow and stirrer speed. The cascade was programmed
to match the requirements that both stirrer speed and
airflow have to precisely maintained at low levels in the
beginning, but need to be sufficiently high to sustain
increasing cell densities throughout cultivation. Accord-
ingly, stirring as well as airflow were increased in a step-
wise manner independently from each other, exclusively
regulated by the PI-controller output (Fig. 2a). To test the
precision of the optimized dO, regulation, fermentations
were performed at oxic (dO, 95%) and microoxic (dO,
10% and 1%) conditions.

With a set value of 95% (200 mbar), dO, was main-
tained precisely over the entire cultivation, with only
minor fluctuations (median of 94.9%) (Fig. 2b). The final
OD;¢; of 0.76 was reached after 30 h, but as expected
only a weak C,,, of 0.1 was detectable, due to known
inhibition of magnetite biomineralization by dO, above
5% (10 mbar) [32].

At 10% (20 mbar) set dO, value, monitored oxygen was
consistently stable with a median of 10% dO,. Larger fluc-
tuations at 10% dO, were observed during main growth
phase between 10-16 h of incubation, where the control
cascade has to cope with increasing oxygen requirements
of the culture (Fig. 2b). Although growth was greatly
enhanced (maximal ODg; of 1.2 after 35 h) compared to
oxic conditions (95% dO,), magnetosome biomineraliza-
tion was still inhibited as indicated by a low C,,, value of
0.1 at the end of process, similar as previously described
[32].



Riese et al. Microb Cell Fact (2020) 19:206

Page 4 of 15

small-angle X-ray scattering (SAXS). See text for more details

40 h /1%) TEM
ODgg5 0.2 7 — }
l1:10
40 h — =
ODgg5 0.2
l1:10
= 1:10
—_—>
1
30 mL 300 mL 28L
40 h 16 h 100 — 300 rpm
ODgg5 0.7  ODgg5 0.8 1—-10 SLPM
| 24°C 28°C| | |
Seed-train Production Magnetosome characterization

Fig. 1 Overview over the oxystat fermentation approach including seed-train, production with different stirrer speeds (rounds per minute =rpm)
as well as airflow rates (standard liter per minute = SLPM) and magnetosome characterization by transmission electron microscopy (TEM) and

350 12
a
300 . 10
T 250
s L —
e =
® 200 - 9
2 )
) 6
S 150 g
2 €
= <
£ L4
2100 ¢
50 M2
0 : : : : 0
0 20 40 60 80 100

Pl-controller output

dO, is indicated by solid lines

Fig. 2 a Programmed cascade for automated dO, control by dynamic adjustment of agitation (black) and aeration (grey) with compressed air (21%
dO,). b Representative fermentations at 95% (red circles), 10% (blue squares) and 1% (orange diamonds) dO,. ODs; is indicated by filled symbols.

120 1 b r1.2
100 4 F1
1 s
v T
80 A r 0.8
S g
~ 60 1 F06 &
Q o
40 F 0.4
20 L F 0.2
AWMAM A NAN,
0 Mssssemstststsgasech il dhiinailedipeloidd | “ Lfe LA N AledeeritArsssss %0
0 5 10 15 20 25

Process time [h]

At 1% (2 mbar) set dO, value, the median of meas-
ured dO, was 0.9%. Here, most of the sporadically
occurring fluctuations in dO, were also observed dur-
ing main growth phase between 11-20 h of incubation.
These fluctuations result most likely by a combination
of both probe sensitivity, visible by higher background
fluctuations at 1% dO, in comparison to higher set dO,

values and cascade reactivity, indicated by a higher
fluctuation frequency during the main growth phase.
Despite of the sporadic dO, fluctuations (Fig. 2b),
growth and magnetosome formation (C,,,,;) were con-
sistent in duplicate experiments with maximal ODg
of 1.1 after 18 h and highest C,,, of 0.7 (Additional
file 1: Figure S2). Since at dO, concentrations below
1%, the frequency of these sporadic fluctuations would
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increase, thereby disrupting stable oxygen control, 1%
dO, was investigated as lowest oxygen condition in the
following experiments.

Effect of the oxygen concentration on growth, substrate
consumption and biomineralization

In order to estimate the effect of different dO, tensions
on growth and magnetosome biomineralization, we per-
formed batch fermentations in biological triplicates and
with independent seed-trains at oxic (95% dO,) and
microoxic (1% dO,) conditions. For comparison, anoxic
(0% dO,) fermentations were performed, which were
expected to sustain optimal magnetosome biosynthesis.
For anoxic (denitrifying) growth, the concentration of
nitrate as electron acceptor was increased to 10 mM to
enable higher cell yields, while 4 mM nitrate was supple-
mented at microoxic and oxic growth conditions.

Under all tested conditions, growth was highly consist-
ent among replicates as shown in Fig. 3d. As observed
before, growth was lowest at 95% dO, with a growth rate
of 0.0740.009 h™! (doubling time of 9.6141.3 h). The
maximal ODg,. under this condition of 0.71£0.05 was
reached after 35 h. Maximal growth among all tested
conditions was observed at 1% dO, with a growth rate
of 0.15+0.007 h™! (doubling time of 4.76+0.23 h) and
a maximal ODs.; of 1.061+0.06 after ca. 18 h. In the
absence of O, (0% dO,), the growth rate was reduced to
0.13£0.005 h™! (doubling time of 5.2440.21 h) with a
maximal ODg; of 0.4910.01 after 25 h. In all three cases,
cells were highly motile (i.e. viable) and showed appar-
ently identical sizes and helical cell shapes at the end of
growth (average cell length of 3.4+ 0.9 um) (Fig. 3a—c).

Consistent with the observed growth rates, lactate as
the main carbon source and nitrate as the main nitro-
gen source as well as the main electron acceptor under
anoxic and oxygen-limited conditions were depleted
from the medium with different rates during the main
growth phase (Fig. 3e, f). Both oxic (95% dO,) and anoxic
(0% dO,) cultures showed low lactate consumption
rates with 2.6741.17 and 3.1241.17 mM h™! ODZ/,
respectively. The highest lactate consumption was
observed under microoxic (1% dO,) conditions with
4.76 £0.23 mM h™! OD;/;, whereas biomass yields in mg
dry-weight per mmol substrate (Y, ) did not significantly
differ between oxygen conditions (Table 1).

The lowest NO;~ consumption was observed during
aerobic growth (0.714£0.28 mM h™' OD.k), because
here nitrate serves only as nitrogen source, due to repres-
sion of respiratory nitrate reduction by O, as electron
acceptor (Fig. 3f) [33, 34].

At low (1%) dO, tensions, nitrate as well as oxygen
were both simultaneously used as electron acceptors for
respiration [34, 35], which is consistent with an increased
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NO;~ consumption of 1.0940.15 mM h™' ODz %
(Table 1).

Highest nitrate consumption was observed dur-
ing anaerobic growth. After 25 h, nitrate ini-
tially present at 10 mM was completely consumed
(6.13£0.83 mM h™! ODZ}), resulting in limited growth
under these conditions as indicated by the early onset
of the stationary phase marked by the slight decrease
of OD;; as typically observed for M. gryphiswaldense
(Fig. 3d, f). Although a clear correlation between growth
and nitrate concentration was observed, the use of a
higher initial amount of nitrate is prohibited by the accu-
mulation of toxic intermediates during denitrification
[33, 34]. Alternatively, addition of nitrate upon depletion
could theoretically prolong the main growth phase, since
substrates such as lactate and iron are still sufficiently
present in the fermentation medium.

For evaluation of the oxygen impact on magnet-
ite biomineralization, we characterized magnetosome
quality at 95%, 1% and 0% dO, by the at line techniques
Cinag and AAS (Fig. 3g, h) as well as the quantitative
techniques TEM and SAXS (Additional file 2: Figure
S3). Different oxygen conditions had a clear effect on
biomineralization: A C,,,, value of 0.99£0.01 was meas-
ured under anoxic conditions, indicating optimal mag-
netosome production of the culture, which was also
confirmed by TEM (Fig. 4a, TEM). Here, largest magne-
tosome particles were observed with average diameters
of 33.84+9.4 nm at the end of the process after 34 h. At
the start of growth, magnetosome particle sizes originat-
ing from the microoxic inoculum were at 25.8£8.9 nm
with a wide distribution including both smaller and
larger particles (Fig. 4a, seed-train). Already after 15 h
in mid-growth phase, particle sizes steadily increased
to 32.0+9.5 nm with fewer smaller particles (Fig. 4a,
mid-growth). At the end of growth after 20 h, a further
increase to 33.549.1 nm was observed (Table 2), whereas
longer incubation did not lead to a significant increase in
magnetosome size, thus marking the maximum of mag-
netosome particle sizes in the batch fermentation experi-
ment (Fig. 4a, end of growth). To further estimate O,
effects on biomineralization during cell elongation, the
determined average magnetosome number per cell was
normalized to cell length. Throughout cultivation num-
bers of magnetosomes remained constant at around 25
with approximately 8 magnetosomes (MS) per pum cell
length (=MS pm™'). Only in mid-growth phase, a slight
increase of around 0.7 MS um™! was observed, most
likely caused by smaller cells during faster division in this
growth phase (Table 2). Additionally, particle morphol-
ogy was much more homogeneous at the end of the pro-
cess in comparison to the start (Fig. 4a, TEMs). Overall
magnetite crystals appeared more evenly shaped under
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Table 1 Growth and substrate consumption rates of cells during main growth phase at 95% (12-18 h), 1% (10-17 h)

and 0% (17-23 h) dO,

95% dO, 1% do, 0% dO,
Growth rate p[h™"] 0.07+0.009 0.1540.007 0.1340.005
Doubling time [h] 961413 476+£0.23 5244021
Maximal ODsgs 0.71£0.05 1.06 £0.06 049+£0.01
Lactate consumption rate [mM h™" ODz;s] 2674117 4634102 3124117
Y, e [Mgy, MMOl7 o] 4594088 4084043 5404104
Nitrate consumption rate [mM h™" ODz\] 0.7140.28 1094015 6.1340.83
Y, [Mgg,, mmol=_ ] 265446 211442 25409
Cellular iron content [mg gg,] 33+07 144404 253409

Rates were measured in biological triplicates. Iron content of the biomass was measured after the end of cultivation at 35 h. Biomass productivity per mol substrate

for lactate and nitrate (Y, ) was calculated for the end of growth, where OD;; reached the maximum

anoxic conditions. Consistently, throughout growth also
the intracellular iron content increased steadily, reaching
up to 25.3+0.9 mg g3! (Fig. 3h).
At 1% dO, a medium C,,,, of 0.74+0.007 was meas-
ured. Accordingly, microoxic conditions led to inter-
mediate-sized magnetosome particles of 29.3+7.9 nm
in comparison to anoxic and oxic conditions (Table 2).
Here, particle sizes increased throughout the fermenta-
tion process. Seed-train cultures under uncontrolled dO,
conditions showed particle sizes of 26.7 + 8.5 nm (Fig. 4b,
seed-train). In mid-growth phase after 14 h of incubation,
average particle diameter was 26.7 + 8.4 nm (Fig. 4b, mid-
growth), but reached a maximum of 29.3+7.9 nm after
18 h incubation. Due to the fact that no further increase
in magnetosome size was observed under anoxic con-
ditions as optimal magnetosome forming conditions
between mid-growth and stationary phase, final mag-
netosome sizes were investigated at the end of the main
growth phase. Cells contained ca. 28 magnetosome par-
ticles per cell with ca. 8 MS um™". Furthermore, particle
and chain morphology became more regular throughout
the process (Fig. 4b, TEMs). The intracellular iron con-
tent steadily increased up to 14.4 4 0.4 mg g3 (Fig. 3h).
Oxic (95% dO,) conditions entirely abolished magne-
tosome bioproduction, as indicated by a steady decrease
of C,,,; down to nearly O (Table 3). Additionally, in TEM
analyses only 10% of the cells showed up to three mag-
netosomes per cell likely originating from the microoxic

inoculum. Further a steady decrease of iron content in
the biomass was detected to 3.340.7 mg g5, (Fig. 3h).

To further verify average magnetosome sizes deter-
mined by TEM image analysis, we applied SAXS as a
volume-sensitive non-destructive bulk technique for the
quantitative assessment of nanostructural parameters.
Most importantly, SAXS analysis enables us to extract
the radii of both, the magnetosome core (R.,.) and the
surrounding magnetosome membrane (R, . prane)» While
avoiding possible artifacts caused by sample preparation.

Average magnetosome radii (R, R=R_,,.+ R embrane)
analyzed by SAXS were derived from the first form fac-
tor minimum at q&20.03 A~! resulting in overall mag-
netosome diameters of 2R=39+7 nm for 0% dO, and
2R=34+7 nm for 1% dO, (both Gaussian size distribu-
tion, Additional file 2: Figure S3 A solid blue and yellow
line). The contribution of surrounding vesicles to the
magnetosome radius R was estimated by modeling the
Guinier law representative of small spherical objects to
the SAXS profile of aerobically cultivated samples, which
do contain little or no magnetite within the empty vesi-
cle. In this model, the proteinaceous vesicle membrane
is regarded as an envelope composed of spherical pro-
tein structures with radii smaller than the magnetite core
(Additional file 2: Figure S3 B, solid green line). Since the
sharp phase boundary in the excess electron density dis-
tribution between magnetite crystal and its surrounding
membrane blurs in polydisperse multi-particle systems,

core.

(See figure on next page.)

Fig. 4 aTransmission electron micrographs of representative cells (scale bar 200 nm) and magnetosome particle sizes under anoxic (0% dO,)
conditions at different timepoints of the process. Seed-train =0 h (n=2925), mid-growth =15 h (n=3069) and end of growth =20 h (n=3058).

b Transmission electron micrographs (scale bar 1 um (left micrograph) and 200 nm) and magnetosome particle sizes under microoxic (1% dO,)
conditions at different timepoints of the process. Seed-train =0 h (n=3421), mid-growth =14 h (n=2267) and end of growth =18 h (n=3180).

In box plots, the box indicates the interquartile range, the bar indicates the median, and the red dot represents the mean. Grey dots represent data
points above or below the 95th and 5th percentile. The violin plots show the magnetosome particle size distribution of measured particle sizes. For
statistical comparison of particle sizes, Wilcoxon rank sum test was performed (****, p <0.0001; ns, not significant)
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Table 2 Characteristics of magnetosomes
under anoxic and microoxic conditions

produced

Process MS Celllength  MS/Cell MS/cell length

time diameter [um] [um~]
[nm]

Anoxic
0h 258+89 30407 244423 81405
15h 320495 29406 256+06 88408
20h 335+09.1 30408 255421 84402
34h 338494 31407 253406 81402

Microoxic
Oh 26.7+85 334038 292427 8.840.1
14 h 26.7+84 31408 279409 89+1.1
18h 293479 34409 2844238 7.7+06

Magnetosome diameter was measured with approximately 1000 particles per
triplicate. Cell length was determined for 100 cells

the membrane thickness of R ,;prane = 1.7 Nm estimated
from the radius of gyration (R;=1.3 nm), has to be sub-
tracted prior to comparison with TEM data, which are
predominantly sensitive to the high contrast magnet-
ite core. Taking the thickness of the biomembrane into
account, the dimensions extracted from SAXS measure-
ments are in very good agreement with the TEM results

(Table 3).

Discussion

Since optimum growth and magnetosome biosynthesis
only occur within a narrow range of oxygen concentra-
tion, reproducibility of both greatly suffers from unstable
O, control. In this study we established a well character-
ized, automated oxystat fermentation regime, which ena-
bles both reproducible cultivation of M. gryphiswaldense
over several oxygen conditions (0%, 1% and 95% dO,) as
well as highly uniform magnetosome production. The
regime was designed to solve three major limitations:
First, a standardized microoxic seed-train procedure
was developed to enhance process stability by inocula-
tion of the bioreactor with highly viable cells resulting in
highly reproducible growth behavior among biological

Table3 C,,, and magnetite particle sizes measured
by quantitative TEM and SAXS under the three tested
dO, conditions at the end of cultivation after 34 h (95%

d0,),18 h (1% dO,) and 34 h (0% dO,)

Cmag TEM SAXS [nm]
Median Average
[nm] diameter
[nm]
Oxic (95% dO,) 0.13+0.005 - - -
Microoxic (1% dO,) 0.74+0.07 297 293+79 3067
Anoxic (0% dO,) 0.99+001 350 338+94 35647
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triplicates (Fig. 3a). Second, a cultivation process with
an automated oxygen control cascade was designed and
successfully applied for stable regulation of oxic and
microoxic dO, concentrations. Even at 1% as lowest
dO, condition tested, cultures showed highly consist-
ent growth behavior (Additional file 1: Figure S2). Third,
a comprehensive analytical workflow for magnetosome
particle characterization combining a variety of different
techniques was established for evaluation of magneto-
some quality. Additionally, magnetosome production was
assessed by theoretically calculated productivities of pure
magnetite based on intracellular iron measurements.

Our automated cultivation regime thus enabled higher
reproducibility and more precise regulation of cultiva-
tion conditions in comparison to manually controlled
fermentation regimes [36—39, 41]. This was achieved by
a dynamic response to changing oxygen requirements of
the culture using an up-to-date fermentation system with
standard oxygen electrodes and thermal mass flow con-
trollers for gas inlet instead of specialized custom biore-
actor modifications [32].

As already observed in previous studies [30, 32] differ-
ences in growth and magnetosome biosynthesis between
O, conditions were confirmed. Maximal growth rates
during the main growth phase were reached at 1% dO,.
Growth became limited by the depletion of lactate,
whereas the depletion of nitrate could be compensated by
oxygen as electron acceptor and other nitrogen sources.

With increasing oxygen concentration, growth became
impaired by oxidative stress, as indicated by a decrease in
growth rate at 95% dO,. Again, growth was inhibited by
lactate depletion, whereas nitrate consumption was much
lower because of repression of denitrification by high
oxygen access regulated by a homologue of the oxygen-
sensing transcription factor Fnr called MgFnr [34]. In M.
gryphiswaldense nitrate reduction is the only pathway
for energy production instead of oxygen respiration in
anoxia resulting in rapid nitrate depletion [33]. Accord-
ingly, anoxic growth was limited by nitrate depletion in
the growth medium. Additionally, weakest growth was
observed under anoxic conditions, caused by consump-
tion of nitrate as the sole electron acceptor [33]. Since the
results show rapid nitrate depletion and increasing the
initial nitrate concentration is limited due to the accumu-
lation of toxic intermediates in batch processes, a way to
increase biomass yield would be a dynamic nitrate feed-
ing strategy in future studies. While ammonium seems to
be the preferred nitrogen source for several bacteria like
Escherichia coli [45, 46], nitrate enabled highest growth
and magnetite yields in magnetospirilla under microoxic
conditions [33, 47].

The main scope of our study was the automation
of the process and characterization of magnetosome
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parameters, rather optimization of high cell yields.
Indeed, despite of the high reproducibility of our method,
yields of biomass were still substantially lower (1 ODg5)
compared to previous fed-batch processes (14—42 OD;;)
[38, 39]. However, by employing feeding strategies based
on the substrate consumption rates determined in our
study, and an improved understanding of the metabolic
mechanisms affecting cell growth and magnetosome
formation, e.g. by metabolomic studies of M. gryph-
iswaldense [48], also biomass production can likely be
substantially increased in future efforts using our oxystat
regime.

Oxically grown cells (95% dO,) were essentially devoid of
magnetosomes and displayed a C,,,,, of nearly 0 and a cel-
lular iron content of 3.3 mg g3... Decreasing the dO, led to
initiation of magnetosome biomineralization with an iron
content of 14.4 mg, . g5} at 1% dO, and 25.3 mg;,,, g5, at
0% dO, marking maximal magnetosome production. The
size of magnetite particles increased during anoxic and
microoxic fermenter growth, as well as the uniformity of
both size and morphology, whereas uncontrolled oxygen
conditions, such as in shaking flasks, led to a much wider
distribution in magnetite particle diameter (Fig. 4).

Taken together, if we assume, that as much as 99% of
the intracellular iron content is bound in magnetite [49],
the highest overall magnetite productivity of the complete
process was obtained at a dO, of 1% of 0.109 mg L' h™*
resulting from the highest maximal cell densities meas-
ured in this study (ODs¢; of 1). In contrast optimal mag-
netosome biosynthesis was reached anaerobically, yielding
0.048 mg L™! h™. Highest proportion (66.4%) of magneto-
somes larger than 30 nm in diameter was obtained at 0%
dO,, compared to 48.0% at 1% dO, (Fig. 5). Furthermore,
smaller magnetosomes (<30 nm) are lost during magneto-
some isolation and purification [50].

Small-angle X-ray scattering (SAXS) intensities I(q) of
magnetite producing cells (0% and 1% dO,, Additional
file 2: Figure S3 A symbols) exhibited pronounced oscil-
lations at low and intermediate q, which are not visible in
the scattering pattern of magnetosome deficient cells (95%
dO,, Additional file 2: Figure S3 B solid lines). In contrast
to these magnetosome-deficient samples, the scattering
intensities of different batches of magnetosome-rich bac-
teria produced at identical dO, conditions was remarkably
reproducible concerning the size and polydispersity of the
magnetosomes, which underlines the precise biological
control of magnetite biomineralization (Additional file 2:
Figure S3 B symbols, 3 batches, 0% dO,).

Although nearly no magnetosomes were detected in
aerobically grown cells, differences between oxic samples
(Additional file 2: Fig S3 B solid lines) in the q range of
0.01-0.15 A~! hint towards the presence of flake-like par-
ticles with a radius of about R=10 nm and a thickness
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of about 3.5 nm, which may point to precursor parti-
cles of hematite resulting from the disturbed magnetite
biomineralization.

Conclusion

The streamlined seed-train and automated oxystat
regime presented in this study provides well character-
ized and stable culturing environments for reproduc-
ible magnetosome production. By further expanding
this regime with an optimized feeding strategy, future
approaches can overcome growth limitations caused by
substrate depletion. This would lead to higher yields with
improved and reproducible magnetosome characteris-
tics. In addition, variable oxygen control may be used to
adjust the size of magnetite particles with distinct mag-
netic characteristics ‘tailored’ for the desired applica-
tion. The future development of high-yield fermentation
protocols combined with high process reproducibility
and magnetosome characteristics, will pave the way for
industrial production for wide-spread application in vari-
ous fields.

Materials and methods

Bacterial strains

Magnetospirillum gryphiswaldense strain MSR-1 (DSM
6361; [28, 51]) was used in all experiments.

Determination of storage influence on cell viability

For investigation of effects on cell viability after pro-
longed storage at 4 °C, the number of passages, which are
needed for minimal lag-phase length, was determined.
Therefore, cells were inoculated from 4 °C stock cultures
in 30 mL FSM in 50 mL conical centrifuge tubes incu-
bated shaking at 120 rpm and 28 °C for 24 h. After each
passage (maximal 4 passages), cell growth was monitored
with an initial ODg¢; of 0.01 using an Infinite 200pro
microplate reader (Tecan, Minnedorf, Switzerland) in
24-well microtiter plates with 1 mL FSM and incubated
shaking at 28 °C. In case of first passage, growth experi-
ments were inoculated directly from 4 °C stock cultures.

Seed-train standardization

We first sought to establish a robust seed-train under
microoxic conditions by optimizing scale up, incubation
conditions, aeration (by variation of agitation, headspace
to volume ratio, and closed lids vs. free exchange with
air) and media composition (peptone and iron concen-
trations). Microoxic conditions were chosen for practi-
cal reasons, since they are known to provide a reasonable
trade-off between growth and magnetosome biomineral-
ization, whereas anoxic and oxic conditions cause limited
or impaired growth, respectively [32].
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Fig. 5 Transmission electron micrographs and magnetosome particle sizes at process end among seed-train (n = 2925), microoxic (1% dO,)
(n=3180) and anoxic (0% dO,) conditions (n = 3025) with representative TEM micrographs of cells under the respective conditions (scale bar
200 nm). In box plots, the box indicates the interquartile range, the bar indicates the median, and the red dot represents the mean. Grey dots
represent data points above or below the 95th and 5th percentile. The violin plots show the magnetosome particle size distribution of measured
particle sizes. For statistical comparison of particle sizes, Wilcoxon rank sum test was performed (****, p < 0.0001)

anoxic

As first step of the seed-train, M. gryphiswaldense
cells were incubated at 24 °C in 15 mL conical centrifuge
tubes with 10 mL flask standard medium (FSM) com-
prising: 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid (HEPES) (pH 7.0), 15 mM potas-
sium lactate, 4 mM NaNO;, 0.74 mM KH,PO,, 0.6 mM
MgSO, x 7H,0, 50 uM iron citrate, 3 g L™! soy peptone
and 0.1 g L ™! yeast extract [32] . For cultivation in screw-
cap bottles, preculture medium was used comprising of
10 mM HEPES (pH 7.0), 15 mM potassium lactate, 4 mM
NaNO,, 0.74 mM KH,PO,, 0.6 mM MgSO, x 7H,O,
150 uM iron citrate, 1 g L™! soy peptone and 0.1 g L™!
yeast extract.

For standardization of the flask cultivation, growth
and C,,,,, were tested of cultures cultivated in 50 mL and
100 mL firmly closed screw-capped bottles with 30 mL
medium incubated at 24 °C for 24, 40 and 48 h. Cultures
were inoculated 1:10 with cells cultured in 15 mL tubes
as described before. Samples were taken at the end of
incubation to not disturb growth conditions by the sam-
pling procedure. The same experimental setup was used
for cultivation in 500 mL and 1000 mL slightly opened

screw-capped bottles with 300 mL medium incubated at
28 °C for 16 or 20 h.

For routine cultivation, liquid stock cultures of 10 mL
are usually stored at 4 °C, which however gradually
decreases viability after prolonged storage (4—9 weeks)
as observed in growth experiments (Additional file 3: Fig-
ure S1). We found that incubation of two successive pas-
sages at 28 °C for 24 h with slight agitation exposed to air
resulted in efficient reactivation and robust outgrowth.
Accordingly, the two passages were adapted for initial
subcultures incubated in 10 mL at room temperature
(24 °C) for 40 h, followed by one step in a 100 mL screw-
capped bottle with 30 mL medium at 24 °C for 40 h and
one step in a 500 mL slightly opened screw-capped bot-
tle with 300 mL at 28 °C for 16 h. All culturing steps
described in this section were inoculated with a culture
to medium ratio of 1/10 and incubated at 120 rpm in an
orbital shaking incubator.

Oxystat cultivation
A stirred-tank 3 L jacketed bioreactor was employed in
this study (Bioflo"" 320, Eppendorf Bioprocess, Jiilich,
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Germany) equipped with four baffles and a stirrer with
one pitched-blade impeller at the end of the agitator shaft
and one Rushton impeller 4 cm above the pitched-blade
impeller. Two cable ties were installed at the headspace
part of the stirrer shaft leading to adequate, mechanical
foam dispersion in fermentation experiments. The con-
trol units of the fermenter system were equipped with
thermal mass flow controllers for gas inlet.

During the process, pH was monitored online with an
InPro3253i (Mettler-Toledo, Columbus, USA) pH probe
and was controlled at pH=7=+0.1 by automated addi-
tion of 1 M H,SO, to compensate for the basification
during main growth or 1 M KOH in stationary phase.
Oxygen concentration was measured online with an
InPro6850i (Mettler-Toledo, Columbus, USA) O, sensor
with a lower limit of 6 parts per billion (ppb) an accuracy
of £1%. After sterilization and cooling of the fermenter
vessel to process temperature (28 °C), the medium was
sparged first with nitrogen (dO, 0%) until measured raw
current values were stable prior to zero calibration, fol-
lowed by sparging with air to saturation (dO, 100%) for
O, probe calibration.

Cultivation in bioreactors was carried out in 2.8 L of
large-scale medium (LSM) comprising 15 mM potas-
sium lactate, 4 mM NaNO,, 0.74 mM KH,PO,, 0.6 mM
MgSO, x 7H,0, 150 uM iron citrate, 3 g L' soy peptone
and 0.1 g L™! yeast extract. For anaerobic fermentation
processes, additional sodium nitrate was supplemented
to 10 mM to prolong the main growth phase due to the
increased nitrate requirement. Prior to inoculation of
anoxic and microoxic processes, oxygen was gassed out
with nitrogen. During anaerobic processes, the medium
was continuously sparged with 0.2 SLPM nitrogen to
prevent oxygen diffusion into the system. Agitation was
kept constant at 100 rpm. For processes under con-
trolled oxygen conditions (dO, set point 1% and 95%),
a programmed cascade controlled dO, by automated
adjustment of agitation (100-300 rpm) and airflow
(0-10 SLPM) with compressed air (see results for cas-
cade specifications).

Cell growth and magnetic response

Cell growth and magnetic response was monitored turbi-
dimetrically by measuring the optical density at 565 nm
(ODgg) with an Ultrospec2000 pro spectrophotom-
eter. Magnetic response of the culture was measured as
described in Schiiler et al. [29]. Briefly, cells were mag-
netically aligned perpendicular and vertical to the light
beam of a photometer resulting in a change of the ODg;.
The ratio of maximal and minimal scattering intensi-
ties subtracted by 1 (C,,,) represents the magnetic
response of the cells as estimation for magnetosome
biomineralization.
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Substrate monitoring

The lactate concentration was measured with the hand-
held device DiaSpect Tm (EKF Diagnostics, Germany)
according manufacturer’s instructions.

The nitrate concentration was measured using the
Szechrome NAS reagent (Polysciences inc., Warrington,
USA) according to manufacturer’s instructions. Briefly,
the working solution was prepared by mixing 85-86%
phosphoric acid and 95-97% sulfuric acid in equimolar
amounts. Afterwards 5 g L™ reagent were added and
mixed until the reagent was completely dissolved. Sam-
ples were diluted with ddH,O to the expected sensitivity
ratio (1-20 mg L) of the reagent, followed by mixing
of 100 pL of diluted sample with 1000 pL of the work-
ing solution in a cuvette. After 5 min of incubation, the
absorption at 570 nm was measured using an Ultro-
spec2000 pro spectrophotometer.

Nitrite concentration was determined by using the
Griess reagent kit (Sigma-Aldrich, st. Louis, USA)
according to manufacturer’s instructions. Briefly, 1 g
of Griess reagent was mixed with 25 mL ddH,O. After-
wards, 500 pL of the working solution were mixed with
500 pL of the sample and after 5 min of incubation, meas-
ured photometrically at 540 nm.

Determination of iron content

To follow iron enrichment within cell pellets of M.
gryphiswaldense, iron content was determined by
atomic absorption spectroscopy (AAS) throughout
the cultivation. 10 mL of fermentation broth from the
bioreactor were pelleted at 3700 g for 10 min at room
temperature using an Allegra® X-15R centrifuge (Beck-
man Coulter, Brea, USA). The pellet was resuspended
in 5 mL 0.5 M HEPES pH 7.0 and was subsequently
analyzed using an Analytic Jena contrAA300 high-res-
olution atomic absorption spectrometer (Analytik Jena,
Jena, Germany) equipped with a 300 W xenon short-
arc lamp (XBO 301, GLE, Berlin, Germany) as contin-
uum radiation source. Detection was carried out with
a compact high-resolution double monochromator and
a charge-coupled device (CCD) array detector with a
resolution of 2 pm per pixel in the far ultraviolet range.
The wavelength for detection was set to 248.3 nm using
an oxidizing air/acetylene flame. The measured val-
ues are given in mean values representing averaged
values from three experiments measured in technical
quintuplicates.

Transmission electron microscopy (TEM)

Transmission electron microscopy of whole cells was
performed with specimens directly deposited onto
carbon-coated copper grids (Science Services, Munich,
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Germany). For TEM imaging a Jeol Jem 1400 + (Freis-
ing, Germany) was operated at an acceleration volt-
age of 80 kV. Image acquisition was performed with
a Gatan Erlangshen ES500W CCD camera. Aver-
age particle sizes were measured by data processing
with Image] software package v1.52i. For quantitative
assessment of magnetite particle biomineralization at
different timepoints, specifically at the process start,
in the mid-exponential growth phase and at end of
growth 1000 magnetosome particles per triplicate were
counted and combined for evaluation.

Small-angle X-ray scattering (SAXS)

Nanostructural investigation of magnetosomes was per-
formed as described in Rosenfeldt et al. [43]. Briefly, har-
vested cells were centrifuged at 8300 g for 10 min using a
Sorvall RC-5B Plus centrifuge (Thermo Fisher Scientific,
Waltham, USA), resuspended in 50 mM HEPES buffer
pH 7.0 and filled into glass capillaries (¢ =1 mm, Hilgen-
berg, Germany). Samples were measured using a Double
Ganesha AIR system (SAXSLAB, Skovlunder, Denmark).
A rotating anode (Cu, MicroMax 007HEF, Rigaku Corpo-
ration, Japan) served as source for monochromatic radia-
tion with a wavelength of A=1.54 A. Two dimensional
scattering patterns were recorded with a position-sen-
sitive detector (PILATUS 300 K, Dectris) and converted
into 1-dimensional intensity profiles of I(q) vs q by radial
averaging. The obtained 1D-SAXS data were normalized
to accumulation time, sample thickness and transmission
before subtraction of the scattering contributions of the
solvent. A glass capillary filled with HEPES buffer was
used for background correction. The scattering curves
were analyzed based on a model of monodispersed, non-
interacting spheres arranged in a chain using the soft-
ware SasView 4.2.

Statistical analyses

Group data are reported as mean = standard deviation.
For determination of statistical significance, Wilcoxon
rank sum test was performed using R-software.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512934-020-01469-z.

Additional file 1: Figure S1. Influence of storage duration in weeks on
cell viability.

Additional file 2: Figure S2. Oxystat fermentations at 1% dO..

Additional file 3: Figure S3. Representative small-angle X-ray scattering
curves of M. gryphiswaldense cells.
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