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Introduction
ABSTRACT: The bacteriophage M13 has found frequent applications
in nanobiotechnology due to its chemically and genetically tunable
protein surface and its ability to self-assemble into colloidal
membranes. Additionally, its single-stranded (ss) genome is
commonly used as scaffold for DNA origami. Despite the manifold
uses of M13, upstream production methods for phage and scaffold
ssDNA are underexamined with respect to future industrial usage.
Here, the high-cell-density phage production with Escherichia coli as
host organism was studied in respect of medium composition,
infection time, multiplicity of infection, and speciﬁc growth rate. The
speciﬁc growth rate and the multiplicity of infection were identiﬁed as
the crucial state variables that inﬂuence phage ampliﬁcation rate on
one hand and the concentration of produced ssDNA on the other hand.
Using a growth rate of 0.15 h"1 and a multiplicity of infection of
0.05 pfu cfu"1 in the fed-batch production process, the concentration
of pure isolated M13 ssDNA usable for scaffolded DNA origami could
be enhanced by 54% to 590 mg L"1. Thus, our results help enabling
M13 production for industrial uses in nanobiotechnology.
Biotechnol. Bioeng. 2016;9999: 1–8.
! 2016 Wiley Periodicals, Inc.
KEYWORDS: Bacteriophage M13; high-cell-density fermentation;
single-stranded DNA; DNA origami; Escherichia coli

Conflict of interest: The authors have declared no conflict of interest.
Correspondence to: D. Weuster-Botz
Contract grant sponsor: Deutsche Forschungsgemeinschaft (DFG)
Contract grant sponsor: TUM International Graduate School of Science and
Engineering (IGSSE)
Contract grant sponsor: Excellence Cluster Center for Integrated Protein Science
Contract grant sponsor: Nano Initiative Munich
Contract grant sponsor: Sonderforschungsbereich
Contract grant number: SFB863
Contract grant sponsor: European Research Council
Contract grant number: t256270
Received 29 July 2016; Revision received 30 September 2016; Accepted 10 October
2016
Accepted manuscript online xx Month 2016;
Article first published online in Wiley Online Library
(wileyonlinelibrary.com).
DOI 10.1002/bit.26200

! 2016 Wiley Periodicals, Inc.

Since the discovery of the bacteriophage M13 in 1963 by
Hofschneider, this virion was used to develop molecular biology
tools and to further understand gene regulation. Due to its simple
structure, with a single-stranded genome coding for 11 proteins,
it is an attractive vehicle, for example, used as cloning vector or
for phage display technologies (Hofschneider, 1963; Rakonjac
et al., 2011). More recently, the bacteriophage M13 has emerged
as a powerful tool in nanobiotechnology, owing to the genetically
and chemically alterable protein surface and the ability to form
colloidal membranes (Sharma et al., 2014). Bacteriophage M13
applications range from—but are not limited to—nanotemplates
for organic and inorganic modiﬁcations (Bernard and Francis,
2014), nanoscale electrical material for lithium-ion batteries (Lee
et al., 2009; Moradi et al., 2015; Whaley et al., 2000), biofuel cells
(Blaik et al., 2016), and biomimetic self-templating structures
(Chung et al., 2011) to colorimetric sensors (Oh et al., 2014). In
addition to applications in nanobiotechnology, the bacteriophage
M13 showed powerful potential in the disaggregation of
misfolded proteins, for example, alpha-synuclein. According to
the predominant hypothesis today, the deposition of polymerized
synuclein is an indicator for Parkinson’s disease (Dimant et al.,
2009; Messing, 2016).
Furthermore, the ssDNA genome of bacteriophage M13 is
commonly used as scaffold for the so-called “scaffolded DNA
origami” technology (Rothemund Paul, 2006). In this bottom-up
method, the long scaffold ssDNA strand and a set of short “staple”
oligonucleotides self-assemble into user-deﬁned two- or threedimensional shapes. Application of these nanostructures as
alignment media in NMR spectroscopy (Berardi et al., 2011), as
nanopores in lipid membranes (Burns et al., 2016; Langecker et al.,
2012) and as drug delivery systems (Douglas et al., 2012; Yan et al.,
2015) or as nanomachines (Ketterer et al., 2016), have already been
shown or are conceivable in the future. However, applications of
DNA origami ultimately depend on the availability of scaffold
ssDNA in good quality and high quantities.
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The bacteriophage M13 infects male Escherichia coli (E. coli) cells
by attaching to the F-pilus and injecting its ssDNA genome into the
host. Intracellularly, the ssDNA is converted into the doublestranded replicative form (RF) by bacterial enzymes. The RF DNA
serves as template for the transcription of the phage genes and
rolling circle ssDNA ampliﬁcation (Henry and Pratt, 1969; Schr€oder
et al., 1973). During assembly of phage coat protein and ssDNA
genome, the phage is secreted through the cell membrane without
lysis of the host cell.
Large-scale utilization of bacteriophage in material science,
pharmaceutical applications or as ssDNA scaffold for DNA
origami requires investigation to enable industrial usage.
Progress was achieved by Branston et al. (2011) concerning
the robustness of ﬁlamentous bacteriophage M13 for large-scale
processing. Recently, a new technology was developed for
endotoxin removal from bacteriophages for pharmaceutical
applications (Branston et al., 2015). Despite these improvements,
the fermentation process with bacteriophage M13 is hardly
studied in bioreactors.
Recently, a fed-batch process was described for the production of
scaffold ssDNA with bacteriophage M13 in a lab-scale stirred-tank
bioreactor, upgrading the scale of produced ssDNA from the
milligram to the gram (Kick et al., 2015). Nevertheless, the limiting
state variables for achieving high ssDNA concentrations remained
unclear. These may include medium components or produced
byproducts, as well as speciﬁc growth rate in combination with the
time and multiplicity of infection.

Materials and Methods
Bacterial Strain, Bacteriophage M13, and Medium
Preparation
An E. coli XL1-Blue MRF’ Kanþ strain (D(mcrA)183 D(mcrCBhsdSMR-mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac [F’
proAB lacIqZDM15 Tn5 (Kanr)]) (Stratagene) was used as host
organism. Stock suspensions of bacteriophage M13mp18 and
variants in ssDNA genome length (Douglas et al., 2009), medium
and preculture preparation were performed as described
previously (Kick et al., 2015). To accomplish variation in
multiplicity of infection, phage suspensions were used with titers
up to 1014 pfu mL"1, which were produced in a fed-batch
process.
Bioreactor, Fermentation Process, and Feeding Solution
All fermentations were carried out in a stirred-tank bioreactor
with two 6 plate Rhuston turbines (KLF Advanced System 3.6 L,
Bioengineering AG, Wald, Switzerland) using 1.6 L deﬁned basal
medium according to Riesenberg et al. (1991), with a batch
glucose concentration of 25 g L"1, 1 mM Thiamin-HCl, and
50 mg L"1 Kanamycin A at 37# C. A pH of 6.7 was maintained
with 25% NH4OH. If required, 0.1% v/v antifoam solution
(Antifoam 204, Sigma–Aldrich, Taufkirchen, Germany) was
added autonomously during fermentation after response of the
antifoam probe in the reactor headspace. The dissolved oxygen
concentration was controlled at 25% air saturation at 2 vvm
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sterile air ﬂow by increasing the stirrer speed and pressure up to
1,500 rpm and 2.0 bar, respectively. Exponential growing cells
from shake ﬂasks without bafﬂes were concentrated and
resuspended in 20 mL Riesenberg basal medium to inoculate
the bioreactor. If not mentioned otherwise, a glucose limiting
exponential feeding phase was applied with a predeﬁned speciﬁc
growth rate of 0.15 h"1, which started after depletion of the batch
glucose. The exponential feeding lasted 12.5 h up to maximal
20.7 gGlc L"1 h"1, followed by a linear decrease for 1.5 h until the
constant glucose mass ﬂow rate of 7.7 gGlc L"1 h"1 was reached.
The exponential feeding phase was designed with the following
simpliﬁed equation ignoring substrate consumption for maintenance and increase of reaction volume:
!
"
1 mset
cX0 emset ðt"t0 Þ V
V_ ¼
cS0 Y XS;m
_
whereVdenotes
the volumetric ﬂow rate, cS0 the substrate
concentration in the feed, mset the speciﬁc growth rate, YXS,m the
biomass yield, cx0 the biomass at the end of batch phase, t the
time after feeding started, and V the reaction volume at the end
of batch phase. The volume speciﬁc mass ﬂow of glucose was
calculated using the glucose concentration and the actual reaction
volume. The feeding solution consisted of 750 g L"1 glucose,
20 g L"1 MgSO4 ' 7 H2O, and 18.5 g L"1 (NH4)2SO4, if not
mentioned otherwise. Criteria were deﬁned to design comparable
experiments with varying speciﬁc growth rate: ﬁrst, the
exponential feeding proﬁle was terminated at a cell concentration
of 60 g L"1. Secondly, the total amount of glucose fed into the
reactor was ﬁxed to 572 g. To achieve a comparable process time
at the growth rate of 0.1 h"1, the constant feeding rate was
increased to 11.1 gGlc L"1 h"1.
The downstream processing of ssDNA was performed as
described recently (Kick et al., 2015) after every fed-batch process
to analyze quantity and quality of the isolated ssDNA.
Analytic Methods
The cell growth was determined at-line by measurement of optical
density at 600 nm (Genesys 10S UV–VIS, Thermo Fisher Scientiﬁc
Inc., Waltham, MA). The cell dry weight was measured ofﬂine by
centrifugation (13,000 rcf, 10 min) and drying until constant weight
of 2 mL culture broth. Concentration of glucose, ammonium,
acetate, magnesium, and phosphate were measured in the
supernatant after cell removal using enzymatic or colorimetric
assays according to vendors instructions (D-glucose: 10 716 251 035,
ammonium: 11 112 732 035, acetate: 10 148 261 035 R-Biopharm
AG, Darmstadt, Germany, magnesium: MF01000100-2, Centronic
GmbH, Wartenberg, Germany, phosphate: MAK030-1KT, Sigma–
Aldrich, Taufkirchen, Germany). The direct plating plaque assay
was used to carry out the enumeration of bacteriophages in the
supernatant (Clokie and Kropinski, 2009). The phage ampliﬁcation
rate was calculated using the decadic logarithm of the phage titer.
The sigmoidal behavior of the phage titer progress (decadic
logarithm) was ﬁtted using nonlinear regression over the whole
period after phage addition (Sigma Plot 12.5, Systat Software)

according to
y ðt Þ ¼ y 0 þ

a
#
$
Þ
1 þ exp " ðt"c
b

where y0 is the decadic logarithm of the phage titer at time of
infection, a, b, and c are ﬁtted coefﬁcients. The slope of the
approximated curve was deﬁned as phage ampliﬁcation rate. The
uncertainty of the phage ampliﬁcation rate was estimated by error
propagation of the 95% conﬁdence interval of the approximated
phage titer progress.
For the ofﬂine analytic of ssDNA concentration, the ssDNA
genome of bacteriophage was isolated on a milliliter scale. To
separate cells and phages, 2 mL fermentation broth was centrifuged
for 10 min and 13,000 rcf at 20# C (Espresso Microcentrifuge,
Thermo Fisher Scientiﬁc Inc.). By addition of 72 mg polyethylene
glycol and 54 mg sodium chloride the phages were precipitated for
30 min at room temperature. After centrifugation (10 min,
13,000 rcf, 20# C) the precipitated phages were resuspended in
200 mL TE-buffer (10 mM Tris HCL, 1 mM EDTA, pH 8.5). The
phages were lysed by addition of 400 mL lysis buffer (200 mM
NaOH, 1% SDS, 1 min) and 300 mL neutralization buffer (3 M
potassium acetate, pH 5.5) and subsequently chilled on ice for
15 min. The supernatant (10 min, 13,000 rcf, 20# C) containing
ssDNA was mixed with 900 mL chilled ethanol (99%, "20# C) and
incubated for 30 min on ice. The precipitated ssDNA (10 min,

13,000 rcf, 20# C) was again washed with ethanol (75%, "20# C,
10 min) and centrifuged afterward. The supernatant was completely
discarded and the precipitated ssDNA was solved and diluted in TEbuffer. The ﬂuorescent stain SYBR1 Gold nucleic acid (Thermo
Fisher Scientiﬁc Inc.) in black mClear1 MTPs (Greiner-Bio-One
GmbH, Frickenhausen, Germany) was used for ssDNA quantiﬁcation with excitation at 495 nm and emission at 550 nm. The
ﬂuorescent intensity was measured with a MTP reader (Tecan
Inﬁnite1 M200, Tecan, Crailsheim, Germany), with a linearity in
the range of 0.01–0.5 nM using M13mp18 ssDNA as reference.
Quality control of puriﬁed ssDNA was performed using agarose gel
electrophoresis as previously described (Kick et al., 2015). The
concentration of ssDNA was normalized before loading the gel. The
migration analysis of agarose gel electrophoresis was performed
with puriﬁed, coiled ssDNA diluted in TE-buffer.

Results and Discussion
Medium Composition
During fed-batch fermentation with bacteriophage infection the
amount of biomass produced was signiﬁcantly lower compared to
host cell fermentation. Without phage infection, cell dry weights of
93 g L"1 were achieved, whereas the maximal cell dry weight was
65 g L"1 with phage production (Fig. 1A). This implies a possible
medium limitation in fed-batch process due to differences in cell
metabolism after phage infection. We analyzed the medium

Figure 1. Additional phosphate feeding during high-cell-density fermentation. Fed-batch fermentation of E. coli XL1-blue MRF’ was performed without phage infection (gray
symbols), with phage infection (white symbols), and with additional (NH4)2HPO4 feeding (0.35 gPhosphate L"1 h"1) (black symbols). The cell dry weights (A), the phosphate
concentrations (B), the phage titers (C), and the isolated ssDNA (D) are plotted against process time in the feed phase. The vertical line indicates the time of infection and the start of
additional phosphate feeding.
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components ammonium, magnesium, phosphate, and acetate as
possible byproduct, beneath the limiting substrate glucose. Owing
to the glucose limiting feed proﬁle and the sufﬁcient oxygen supply,
the acetate concentration was below 0.01 g L"1 at any time. The
concentration of ammonium and magnesium was never limiting or
inhibiting, referring to the literature data for ammonium (<3.0
g L"1) and magnesium (<8.7 g L"1) for the fermentation of E. coli
(Lee, 1996; Shiloach and Fass, 2005). In contrast, the phosphate
concentration decreased drastically in the fed-batch process from
10.9 to 0.7 g L"1 (Fig. 1B). Applying an additional phosphate
feeding of 0.35 gPhosphate L"1 h"1 ((NH4)2HPO4), the phosphate
concentration was kept above 8 g L"1 at any time. Nevertheless, this
revealed no positive effect regarding biomass or phage or ssDNA
concentration (Fig. 1C and D).
But the phosphate source seems to be a crucial parameter
inﬂuencing ssDNA quality. The fed-batch experiments performed
with KH2PO4 instead of (NH4)2HPO4 as additional phosphate
source, yielded lower quality of isolated ssDNA (Fig. 2). The
presence of impurities and, thus, a lower quality of the ssDNA in
lane 1 is represented by higher intensities in the area above the
leading band, especially in the pocket (Fig. 2).
Anderson et al. (1975) described a dissociation of the protein P5
and ssDNA complex at concentrations of 0.1 M divalent or 0.5 M
monovalent cations in vitro. In the M13 phage life cycle, the P5 and
ssDNA complex prevents the conversion into the replicative form
(RF) (Stassen et al., 1995). Subsequently, the P5 protein is replaced
by phage coat protein P8 during extrusion through the cell

Figure 3.

Cell dry weight and phage titer as function of time of infection. Fedbatch phage fermentations were carried out with infection at a cell dry weight of
15 g L"1 (white symbols), 26 g L"1 (black symbols), and 40 g L"1 (gray symbols). The cell
dry weights (A), the phage titers and the glucose mass flow (B) are shown.

membrane. The additional KH2PO4 feeding resulted in a 50%
increase in potassium concentration to a theoretical maximal of
0.3 M at the end of the fed-batch process. Although the used
Riesenberg medium contained KH2PO4, the alteration of one single
medium component reduced the ssDNA quality. This demonstrates
the sensitivity of the whole process regarding medium composition.
Nevertheless, any medium limitation was excluded in the fed-batch
process due to the analysis of medium components and the addition
of (NH4)2HPO4 as additional phosphate source.
Time of Infection

Figure 2. Influence of phosphate source on ssDNA quality. Image of an agarose
gel containing ssDNA samples from fed-batch experiments with KH2PO4 (1), without
additional phosphate (2), and with (NH4)2HPO4 (3). Lane 1 shows higher intensities in
the area above the leading band, indicating the presence of impurities and thus lower
quality of the ssDNA. Differences in the migration distance of the leading band can be
attributed to the difference in length between the ssDNA samples (7249 bases in 1 and
2, 7560 bases in 3).
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Infection with bacteriophage M13 was performed at different cell
densities (15, 26, and 40 g L"1, respectively) during the exponential
feeding phase with an averaged multiplicity of infection (MOI) of
0.0025 ( 0.0012 pfu cfu"1 (Table I). Applying a poisson distribution, the proportion of cells infected with at least one phage can be
calculated using the MOI (Ellis and Delbr€uck, 1938). At the time of
infection, a minor proportion of 0.1–0.3% of the cells is
theoretically infected. Despite the high standard deviation of the
single MOIs, this indicates the comparability of the experiments.
The addition of phages at a dry cell mass concentration of
40 g L"1 led to the highest maximal cell dry weight of 80 g L"1,
whereas the maximal phage titer reached the same magnitude up to
1014 pfu mL"1 in comparison to the other infection times
(Fig. 3A and B). Furthermore, the maximal phage ampliﬁcation
rate is independent of the time of infection, under the investigated

Table I. Maximal phage amplification rate and final ssDNA concentration in fed-batch processes with varying infection times.
CDW [g L"1]

MOI [pfu cfu"1]

Infected cells at time
of infection [%]

Max. phage amplification
rate [h"1]

c (ssDNA) [g L"1]

15.1 ( 0.3
26.4 ( 0.5
40.7 ( 0.2

3.5 ( 1.2 ' 10"3
2.9 ( 0.9 ' 10"3
1.1 ( 0.6 ' 10"3

0.3 ( 0.1
0.3 ( 0.1
0.1 ( 0.06

1.7 ( 0.1
1.5 ( 0.05
1.6 ( 0.09

0.24 ( 0.02
0.37 ( 0.03
0.28 ( 0.01

Normalized ssDNA
concentration
0.65
1.00
0.76

The proportion of cells infected at time of infection was calculated following a poisson distribution.

conditions (Table I). The phage ampliﬁcation rate describes the
increase of phage titer in magnitudes per hour. For an early
infection time, the stagnation in phage ampliﬁcation rate occurred
already during exponential feeding and is thus not caused by the
end of exponentially growing cells (Fig. 3). Infection at 26 g L"1
after 5 h of exponential feeding resulted in the highest isolated
ssDNA amount of 0.37 g L"1 (Table I).
In shake ﬂask experiments, the infection was executed at optical
densities of 0.5 or below (Douglas et al., 2007; Sambrook et al.,
2001). Here, the time of infection at cell dry weights of 15–40 g L"1
showed no inﬂuence on the phage ampliﬁcation rates and can be
chosen arbitrary. This ﬁnding can be attributed to longer substrate
supply, higher cell dry weights, and longer process times in fedbatch processes in contrast to batch experiments in shake ﬂasks.
Nevertheless, the infection with bacteriophage M13 in the mid
phase of exponential feeding gave the highest concentration of
isolated ssDNA. In accordance with fed-batch fermentations for
heterologous protein expression with E. coli, the choice of optimal
induction time is important for productivity (Choi et al., 2006).
Specific Growth Rate
To investigate the inﬂuence of the speciﬁc growth rate of E. coli
XL1-blue on phage production, different predeﬁned exponential
feeding proﬁles were applied to achieve growth rates between
mset ¼ 0.1–0.2 h"1. To avoid glucose accumulation and acetate
formation, the controlled speciﬁc growth rate was limited to
mset ¼ 0.2 h"1 at the maximal, since infected E. coli XL1-blue can
grow with a maximal growth rate of 0.24 h"1 in batch processes
with this deﬁned medium (Kick et al., 2015). A slower cell speciﬁc

growth rate resulted in a higher maximal biomass concentration,
although the total fed glucose amount was identical in every fedbatch process (Fig. 4).
The variation of feed proﬁles revealed that increasing the speciﬁc
growth rates from 0.1 to 0.2 h"1 enhanced the maximal phage
ampliﬁcation rate from 0.7 to 2.2 h"1. Furthermore, the lower
growth rate led to a longer phage production period, nevertheless
yielding a phage titer in the same order of magnitude at the end of
the process (Fig. 5A and B).
The isolated ssDNA concentration conﬁrmed a relationship
between growth rate and phage production rate. The fed-batch
fermentation with the growth rate of 0.2 h"1 achieved the maximal
cell speciﬁc ssDNA formation rate of 1.7 mg gCDW"1 h"1 and a
volumetric productivity of 74.4 mg L"1 h"1. Although the cell
speciﬁc ssDNA productivity was increased by higher growth rate,
the overall amount of ssDNA produced was the same at growth rates
of 0.15 and 0.2 h"1. Only the lowest growth rate of 0.1 h"1 yielded
25% less ssDNA and the highest cell dry weight concentration
(Fig. 5C and D). In Figure 6, the phage ampliﬁcation rate is plotted
against the ratio of phage to cell. The maximal values for the phage
ampliﬁcation rate were reached between 0.4 and 1.9 pfu cfu"1,
where theoretically 33–85% of the cells were infected with at least
one phage according to the poisson distribution (Ellis and Delbr€uck,
1938).
Although more slowly growing cells produce more phages in
batch experiments in shake ﬂasks (Salivar et al., 1964), the fully
controlled fed-batch studies in a stirred-tank bioreactor indicate a
contrary relationship. To exclude a strain speciﬁc behavior between
growth rate and phage production rate, another E. coli strain (JM
109, data not shown) was studied in the fed-batch process, showing

Figure 4.

Variation of exponential feeding profiles. Left: The predefined feed profiles with growth rates of mset ¼ 0.2 h"1 (white symbols), 0.15 h"1 (black symbols), and 0.1 h"1
(gray symbols) in the exponential feeding phase are plotted against process time in the feed phase. Right: The cell dry weight is plotted semi-logarithmically against the process time
in feed phase. The horizontal line indicates the cell dry weight at phage infection.
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Figure 5. Phage titer and ssDNA concentrations at varying specific growth rate of E. coli. The fed-batch fermentations were performed with a predefined specific growth rate
of mset ¼ 0.2 h"1 (white symbols), 0.15 h"1 (black symbols), and 0.1 h"1 (gray symbols). The corresponding feed profiles are shown in Figure 4. The phage titers (A), the phage
amplification rates (B), the amount of isolated ssDNA (C), and the cell specific ssDNA formation rates (D) are shown as function of the process time after phage infection.

the same relationship. Furthermore, batch experiments are not
suitable to control the speciﬁc growth rate at deﬁned values with
substrate excess.
The intracellular concentration of the replicative form of
bacteriophage M13 genome is independent of the speciﬁc growth
rate of the cells (Hohn et al., 1971). Considering this, the rolling
circle ampliﬁcation of ssDNA executed by the DNA Polymerase III of

E. coli might be independent of growth rate and might not be the
rate-determining step in phage life cycle. In contrast, the RNA
polymerase and ribosome concentration has been shown to
increase with increasing cell growth rate (Scott et al., 2010) and may
therefore increase phage protein translation and phage ampliﬁcation rate at high growth rates.
In comparison to high-cell-density fermentation for heterologous
protein production, the growth and production phase are usually
separated. Thus, only few publications deal with the inﬂuence of
speciﬁc growth rate on protein expression in E. coli. Nonetheless,
higher pre-induction speciﬁc growth rates have been shown to
increase the productivity of alpha consensus interferon in E. coli
(Curless et al., 1990). In the case of the production of 2-Deoxyribose5-phosphate aldolase, higher speciﬁc growth rates have been shown
to enhance the volumetric productivity (Pei et al., 2010).
Variation of Multiplicity of Infection

Figure 6.

Phage amplification rate at different cell growth rates. The phage
amplification rates are plotted against the ratio of phage to cell. The host cell growth
rate was set to mset ¼ 0.2 h"1 (white symbols), 0.15 h"1 (black symbols), and 0.1 h"1
(gray symbols) during exponential feeding.
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The multiplicity of infection (MOI) represents the ratio of phage to
host cell at the time of infection and was varied over a range from
0.002 to 2.3 pfu cfu"1. The infection was carried out at a biomass
concentration of 25 g L"1 and a speciﬁc growth rate of 0.15 h"1,
since the growth rate of 0.2 h"1 did not improve the overall ssDNA
concentration. MOI of 0.002 and 0.05 pfu cfu"1 revealed a
comparable phage titer progress with a maximal phage ampliﬁcation rate of 1.3 magnitudes per hour, whereas an MOI of 2.3 led to a
slower increase of the phage titer reaching a maximal phage
ampliﬁcation rate of 0.5 magnitudes per hour (Fig. 7A and B).
Furthermore, fermentations with a MOI of 4 ' 10"7 resulted in a

Figure 7. Influence of multiplicity of infection (MOI). Fed-batch phage fermentations were performed with MOIs of 0.002 pfu cfu"1 (black symbols), 0.05 pfu cfu"1 (white
symbols), and 2.3 pfu cfu"1 (gray symbols). The specific growth rate during exponential feeding was set to 0.15 h"1. The cells were infected after reaching a cell dry weight of
26 g L"1. The phage titers (A), the phage amplification rates (B), the isolated ssDNA concentrations (C), and the cell specific ssDNA formation rates (D) are plotted against the
process time after phage infection.
maximal phage ampliﬁcation rate of 1.5 magnitudes per hour and
maximal phage titers of 1.5 ' 1014 pfu mL"1 (data not shown in
Figure 7, further data comparison see Supporting Information).
Additionally, the MOI inﬂuences the produced ssDNA concentration. The highest isolated ssDNA concentration of 590 ( 5 mg L"1
at the end of the process was achieved with a MOI of 0.05 pfu cfu"1.
Accordingly, the cell speciﬁc ssDNA formation rate was enhanced up
to 1.3 mg gCDW"1 h"1 (Fig. 7C and D).
A high MOI of 2.3 pfu cfu"1 resulted in a signiﬁcant reduction of
phage ampliﬁcation rate and correlated with the reduced adsorption
rate of phage and cells at high MOI of 3–7 and maximal adsorption
rate at 0.007–0.7 (Tzagoloff and Pratt, 1964). Reddy and McKenney
(1996) investigated the inﬂuence of MOI between 10"7 and
10"4 pfu cfu"1 in batch experiments using shake ﬂasks. They
postulated that higher MOI will result in higher maximal phage titer.
This ﬁnding was conﬁrmed and extended with regard to a MOI
range between 10"7 and 5 ' 10"2 in the fed-batch fermentation
process. A further increase of MOI up to 2.3 pfu cfu"1 resulted in a
lower maximal ssDNA concentration. Compared to the best so far
published results, a MOI of 0.05 pfu cfu"1 increased the production
process for scaffold M13 ssDNA by 54 % (Kick et al., 2015).

Conclusions
The characterization of the high-cell-density fermentation of E. coli
infected with bacteriophage M13 revealed no medium limitation
using deﬁned salt medium (Riesenberg et al., 1991). The variation of
time of infection during exponential growth phase (15–40 g L"1
CDW) had little effect on the phage ampliﬁcation rate. Nevertheless,

infection in the mid exponential feeding phase gave rise to higher
ssDNA concentrations. In contrast, increasing the cell speciﬁc growth
rate from 0.1 to 0.2 h"1 enhanced the phage ampliﬁcation rate from
0.7 to 2.2 h"1. Regarding the multiplicity of infection, an optimum
value of 0.05 pfu cfu"1 was identiﬁed to achieve the highest ﬁnal
ssDNA concentration of 590 mg L"1 in the fed-batch process.
The improved fed-batch process discussed herein robustly
provides high amounts of scaffold ssDNA that may be used for DNA
origami. However, large-scale DNA origami production also
requires high amounts of single-strand DNA oligonucleotides,
which are currently obtained via solid-phase chemical synthesis. It
will be an important task for the future to explore biotechnological
methods for also producing custom DNA oligonucleotides in large
amounts. In addition to uses in DNA origami, a high phage titer is
useful for other areas of applications of M13, such as nanoscale
electrical wiring for lithium-ion batteries (Lee et al., 2009).
This work was supported by Deutsche Forschungsgemeinschaft (DFG)
through the TUM International Graduate School of Science and Engineering
(IGSSE), the Excellence Cluster Center for Integrated Protein Science, Nano
Initiative Munich, the Sonderforschungsbereich SFB863, and a European
Research Council starting grant t256270 to Hendrik Dietz. The support of
Benjamin Kick, Samantha Hensler, and Florian Praetorius by the TUM
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substrate concentration in feed, g L"1
biomass concentration, g L"1
cell dry weight, g L"1
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pfu
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Escherichia coli
specific growth rate, h"1
multiplicity of infection, pfu cfu"1
optical density at 600 nm, "
plaque forming unit
replicative form
single-stranded DNA
time, h
biomass yield coefficient, g g"1
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