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Abstract: M13 bacteriophage is a promising biomolecule capable of various bionano and material
science applications. The biomaterial can self-assemble into matrices to fabricate bioscaffolds using
high phage concentration and high phage purity. Previous studies aimed to acquire these conditions
in large-scale phage production and have identified the optimal culture temperature range at 28–31 ◦C.
However, explanations as to why this temperature range was optimal for phage production is absent
from the work. Therefore, in this study, we identified the relation between culture temperature and
M13 phage production using ATP expenditure calculations to comprehend the high yield phage
production at the optimal temperature range. We extended a coarse-grained model for the evaluation
of phage protein and ribosomal protein synthesis with the premise that phage proteins (a ribosomal
protein) are translated by bacterial ribosomes in E. coli through expenditure of ATP energy. By
comparing the ATP energy for ribosomal protein synthesis estimated using the coarse-grained model
and the experimentally calculated ATP expenditure for phage production, we interpreted the high
phage yield at the optimal temperature range and recognized ATP analysis as a reasonable method
that can be used to evaluate other parameters for phage production optimization.

Keywords: M13 bacteriophage; batch culture; liter-scale production; temperature; coarse-grained
modeling; adenosine triphosphate; specific growth rate; ribosomal efficiency

1. Introduction

M13 bacteriophage (M13 phage) is a versatile biomolecule that is capable of vari-
ous bionano and material science applications. M13 phage is constructed from a few
copies of minor coat proteins p3, p6, p7, and p9, located at the ends of the phage and
~2700 copies of major coat protein p8, constituting the main body, which create a high
aspect ratio of the phage, ~880 nm in length and 6 nm in diameter [1,2]. This high aspect
ratio provides liquid crystalline properties that enable spontaneous ordering of the phage,
termed self-assembly [3,4]. Matrices of self-assembled M13 phage have unique proper-
ties (e.g., biopiezoelectricity, coloration) that can be used for several applications, such as
biopiezoelectric systems [5,6], tissue regeneration [3], and colorimetric matrix sensors [7].
To facilitate the fabrication of bioscaffolds through self-assembly, high concentration and
high purity (95% or above) of the M13 phage are required [8].

For large-scale production of M13 phage, it is essential to optimize certain production
processes. Previous studies have investigated the optimal conditions for phage production
through adjustment of various parameters, such as culture temperature, medium, incuba-
tion time, pH, and initial concentration of phage and/or E. coli [9–13]. However, detailed
explanations on why these optimal conditions produce high yields of M13 phage are not
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provided in these studies. There is also a lack of information regarding the actual opti-
mized conditions for M13 phage production, and even the little information on filamentous
phages like M13 is relatively less than studies using lytic phages [14–16]. Nevertheless, of
all the conditions, temperature was considered as a major factor in every study for phage
production regardless of the phage type [9–13,17–19]. Particularly, 28–31 ◦C was suggested
as the optimal temperature by most study groups, but an analysis on why the specific
temperature was optimal for phage production was not disclosed [16,20]. Therefore, we
investigated the underlying factor that accounted for the high yield phage production at
the specific temperature range.

In our study, we used adenosine triphosphate (ATP) expenditure as an index for
evaluating M13 phage production with temperature changes. In general, viruses, especially
influenza and T4 phage, have been deeply studied regarding the ATP expenditure during
infection [21,22]. Nevertheless, ATP expenditure for M13 phage has not been sufficiently in-
vestigated, and we aimed to examine the ATP expenditure based on previous observations.
Similar to other viruses, ATP molecules produced in E. coli are partially used for phage
DNA replication, phage protein translation, and phage assembly/extrusion [23–27]. After
E. coli is infected with phage, various bacterial polymerases consume ATPs to replicate
phage DNA and translate M13 phage proteins using ribosomes in the E. coli [28]. Since a
portion of the ATP in infected E. coli is allocated to M13 phage protein translation/phage
DNA replication and higher production of E. coli increases the amount of ATP available,
we examined the relationship between phage production and E. coli growth at different
culture temperatures by estimating the energy used for phage production and comparing
it to ATP expenditure measurements to identify the cause of high yield phage production
at the specific optimal temperature range.

We analyzed the results of the E. coli growth and phage production correlation at
different culture temperatures via ATP expenditure by extending a coarse-grained model
(originally used for evaluation of E. coli protein synthesis) to phage protein synthesis [29].
E. coli growth was measured for the log phase, which is an interval of fermentation that
produces the highest number of cells in a short period of time (highest growth rate). The
course-grained model states that the synthesis of ribosomal proteins, phage proteins and
E. coli proteins translated by ribosomes (including the E. coli ribosomes themselves), is
most advantageous at this log phase and non-ribosomal protein translation levels can be
ignored [30–32]. Therefore, higher growth rates at the log phase enable more production of
ribosomal proteins (higher mass fraction and ribosomal efficiency), which could directly
enhance phage protein synthesis and ultimately phage production [30,33–35]. Because a
portion of the ATP in E. coli is used by the bacterial ribosomes for phage protein transla-
tion [36], we hypothesized that log phases of E. coli fermentation with higher growth rates
enabled higher percentages of ATP molecules used for ribosomal protein synthesis, and
for E. coli infected with phage, enabled higher amounts of ATP for M13 phage production.
Growth rates of E. coli batches fermented with phage infection at different temperatures
were compared to identify if the optimal temperature range produced the highest growth
rate for maximum ribosomal protein synthesis. Additional comparisons between E. coli
batches fermented with and without phage infection at different temperatures were con-
ducted to estimate the energy percentage used for ribosomal protein synthesis, excluding
the energy used for cell growth. The estimated energy percentages were further compared
to ATP expenditure percentages produced from experimental measurements of intracellular
ATP levels of E. coli produced with and without phage to identify if the estimated energy
percentage was actually used for phage production.

Based on previous studies, the optimal temperature for analysis that was selected
to represent the optimal culture temperature range was 30 ◦C for our system. Analysis
results using the 30 ◦C optimal temperature and control temperatures (25 ◦C and 37 ◦C)
showed that 30 ◦C produced the highest growth rate and enabled the highest percentage of
energy to be used for ribosomal protein synthesis (highest mass fraction of all ribosomal
proteins and ribosomal efficiency), which was identified to be significantly similar to the
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ATP expenditure percentage for phage production. Therefore, it was confirmed that the
high yield phage production observed at the optimal temperature range was attributed to
the high growth rate of E. coli that enabled higher portions of ATP to be used for ribosomal
protein synthesis, specifically for phage production. We examined the correlation between
temperature and ATP expenditure and identified ATP expenditure analysis as a critical
method for confirmation of optimal conditions. Furthermore, we considered various
possibilities of ATP expenditure analysis for verification of the optimum values of other
parameters such as pH, ionic environment and E. coli strain.

2. Materials and Methods
2.1. Preparation for M13 Phage Production

XL1-Blue (Agilent, XL1-Blue Competent Cells, Santa Clara, CA, USA) was used as the
host E. coli strain. Wild-Type (WT) M13KE bacteriophage was selected as the phage for
production and was genetically engineered to display the 4E (glutamate; EEEE) and Y3E
(tyrosine; YEEE) peptide sequences at the N terminus of the major coat protein p8 (Figure
S1). Luria broth (LB, Sigma-Aldrich, for molecular biology, Seoul, Korea) was dissolved in
distilled H2O (4.2 L) to prepare the LB medium and was autoclaved before use.

2.2. M13 Phage Production

All fermentation was conducted in a pre-autoclaved stirred tank bioreactor with two
6-plate turbines (Sartorious, Biostat B, Göttingen, Germany) filled with LB medium (4.2 L).
E. coli and M13 phage were mixed and preincubated in a flask containing LB medium
(50 mL) for 12 h at 37 ◦C. After incubation, the E. coli-phage solution was centrifugated at
4 ◦C, 12,100× g, for 20 min to obtain the phage stock. Fresh E. coli and phage stock were
inoculated in the bioreactor LB medium with 1.25 × 109 colony-forming unit per milliliter
(cfu/mL) E. coli stock concentration and 3.90 × 109 plaque-forming unit per milliliter
(pfu/mL) phage stock concentration, in average. The bioreactor parameters for M13 phage
production were set at 3 lpm (liters per minute) air injection and 220 rpm (revolutions per
minute) stirring speed to mix the contents at specific temperatures (25 ◦C, 30 ◦C, and 37 ◦C)
for 16 h. The pH value for fermentation was maintained at ~7.4 pH.

2.3. M13 Phage Purification via Polyethylene Glycol (PEG) Precipitation

E. coli culture fermented with M13 phage was purified via polyethylene glycol (PEG)
precipitation using a PEG-NaCl solution [2], prepared with PEG (Fisher BioReagents,
Polyethylene Glycol 8000, H(OCH2CH2)nOH, Pittsburgh, PA, USA) and sodium chloride
(Fisher BioReagents, Pittsburgh, PA, USA), mixed in deionized water (Merck, DI water,
Milli-Q Direct Water Purification System, Seoul, Korea). After PEG precipitation, the phages
were dissolved in 1X tris buffered saline (Fisher BioReagents, TBS, pH 7.4, Pittsburgh, PA,
USA). Absorbance of purified M13 phage was measured using a UV-vis spectrophotometer
(Shimadzu, UV-1990I, Kyoto, Japan) [37]. The phage concentration using the measured
absorbance was calculated using the following equation [11]:

(mg of phage)/mL = Dilution Factor× (A269 − A320)/3.84 (1)

A269 and A320 represents the M13 phage absorbance at 269 nm wavelength and the
background absorbance at 320 nm wavelength.

2.4. E. coli Growth Level Analysis via Optical Density Measurements

E. coli culture samples were extracted every three hours from the bioreactor during the
16 h fermentation process and were subjected to optical density (OD600) measurements at
600 nm wavelength using a UV-vis spectrophotometer (Shimadzu, UV-1800, Kyoto, Japan),
with the LB medium used as the background.
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2.5. Intracellular ATP Analysis via Luminescence Assay

Intracellular ATP levels of E. coli were measured using a cell viability luminescent
assay reagent (Promega, Bactiter-Glo Microbial Cell Viability Assay Reagent, Madison, WI,
USA), which produced luminescent signals proportional to ATP content [38]. Pre-treatment
solution was prepared by adding methanol (Sigma-Aldrich, ~50%, pH 7.4, Seoul, Korea) to
20 mM Tris-HCl (LPS solution, pH 7.4, Daejeon, Korea), 50 mM MgSO4 (Sigma-Aldrich,
Seoul, Korea), and 4 mM EDTA (Sigma-Aldrich, (HO2CCH2)2NCH2CH2N(CH2CO2H)2,
Seoul Korea) [39–41]. E. coli culture samples were extracted from the bioreactor during
fermentation were extracted every three hours and centrifuged at 4 ◦C, 16,500× g, for
5 min. The supernatants were discarded, and the collected pellets were stored at 4 ◦C until
use. Pre-treatment solution (100 µL) was poured into the E. coli pellets, mixed thoroughly,
and incubated in a water bath for 30 min at 70 ◦C. After incubation, the mixtures were
centrifuged at room temperature, 10,000× g, for 5 min. The supernatants (50 µL) were
separated and mixed with an equal volume of cell viability luminescent assay reagent
in a 96-well plate and mixed gently on an orbital shaker for 5 min at room temperature.
After shaking, luminescence was analyzed using a microplate reader (BioTek, Synergy
Mx Microplate Reader SMA, Winooski, VT, USA). The intracellular ATP level per E. coli
was standardized by dividing the obtained ATP level by the OD600 of the corresponding
E. coli sample.

2.6. M13 Phage Titer Calculation via Titration

Titer of M13 phage was measured using plaque forming assay [42]. X-Gal/IPTG
solution was prepared by mixing isopropyl β-D-thiogalactoside (0.625 g, Sigma-Aldrich,
C9H18O5S, IPTG, Seoul, Korea), bromo-4-chloro-3-indolyl-β-D-galactopyranoside (0.5 g,
Roche, C14H15BrClNO6, X-Gal, Seoul, Korea), and N, N-Dimethylformamide (12.5 mL,
Sigma-Aldrich, HCON(CH3)2, DMF, Seoul, Korea). X-Gal/IPTG plates were made by
mixing X-Gal/IPTG solution with LB and agar (Sigma-Aldrich, (C12H18O9)n, microbio-
logically tested, Seoul, Korea). Top agar was made by mixing LB (25 g), agar (7 g), and
magnesium chloride hexahydrate (1 g, Fisher BioReagents, MgCl2·6H2O, ≥99.0%, Seoul,
Korea). Bacterial culture samples were extracted after 16 h of incubation and centrifuged
at 4 ◦C, 16,000× g, for 5 min. The supernatants (phage stock) were transferred to clean
1.5 mL microtubes and diluted into different concentrations via serial dilution. Diluted
solution (10 µL) with a specific dilution factor was mixed with E. coli solution (200 µL) in
a monodisperse manner. The mixture was added to top agar and applied evenly on an
X-Gal/IPTG plate. The plate was left to cool until the agar solidified and was incubated
O/N at 37 ◦C. The measured number of plaques were converted to PFU (plaque forming
units)/mL using the following equation [43]:

PFU/mL = Dilution Factor× Nplaque ×Vsample (2)

Nplaque represents the number of plaques and Vsample represents the volume of the sample.

3. Results and Discussion
3.1. Comparison between Optimum and Control Temperatures for M13 Phage Production

Five liter-scale production of M13 phage was conducted at different culture temper-
atures (25 ◦C, 30 ◦C, and 37 ◦C) during batch culture fermentation to confirm that the
optimum culture temperature (30 ◦C) produced the highest the phage yield in our system
as shown in previous studies [20] (Figure 1). These temperature variations were selected
due to the following reasons: 21–49 ◦C is the conventional temperature range that is capable
of E. coli production, which all three selected temperatures fell within. Among previous
studies, the temperature range of 28–31 ◦C was identified as the optimal range regarding
the temperature parameter for M13 phage production [20]. Therefore, 30 ◦C was selected
as the representative temperature of the optimal temperature range. We selected 25 ◦C,
and 37 ◦C as the control temperatures, because 37 ◦C is generally known as the optimal
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temperature for E. coli growth [44–46] and 25 ◦C represents no temperature alteration
(room temperature). Among these temperature variations, M13 phage production at 30 ◦C
produced the highest phage titer as shown in previous studies (Figure 1a), with batches
at 25 ◦C and 37 ◦C producing significantly lower phage titers. To ensure the reliability of
the measurements produced from our system and validate the parameters for production,
we applied an amplification ratio value to the titer results (Table 1). The values in Table 1
were selected based on studies which disclosed the initial phage titer at 0 h and final phage
titer at 16 h of fermentation in their articles. The amplification ratio was calculated by
dividing the final phage titer by the initial phage titer. Comparison of the amplification
ratios showed that our system produced the highest value. Based on the parameters, this
result was produced under general conditions (LB medium, 7.4 pH, XL1-Blue E. coli, etc.)
with no additives, emphasizing the performance of our system that produces high phage
yield while lowering the dependence of external substances. Furthermore, the results also
indicated that the applied conditions were optimal for phage production including the
optimal temperature shown in previous studies (between 28–31 ◦C) [11,13,20].

The phage titers for each temperature were also in accordance with the specific produc-
tivity (Qp) values, which indicated the phage production efficiency of the E. coli expressed
as the level of phage production per individual E. coli cell (= the ratio of phage titer to E. coli
cell number [13]). Phage titer (Figure 1a) and cell growth at 16 h fermentation (Figure 1b)
for each temperature were identified and titer was divided by E. coli cell number to calculate
Qp. The overall Qp values were higher than normal (Figure 1c) due to larger amounts of
production (five-liter scale) [13]. In addition, Qp and phage titer values showed a simi-
lar trend over the entire temperature range, which implies the proportional relationship
of Qp with phage titer (Figure 1a,c). Contrary to the cell growth measurements where
E. coli cell number increased with the temperature (Figure 1b), phage titer and Qp did
not show positive correlations with temperature. These results suggest that the effect of
culture temperature on phage production is not straightforward like with E. coli growth,
implying a more complex relationship with various interrelated factors between M13 phage
production, E. coli growth, and culture temperature.
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Table 1. Amplification ratios of various M13 bacteriophage production-related studies. 

No. a Amplification Ratio b Temperature (° C) pH Medium Additives E. coli 
Strain 

Ref. 

1 2.50 × 103 30 7.4 LB N/Ac XL1-Blue Our 
Study 

2 2.00 × 103 34 N/A c Hanawalt Vitamin B1 
Thymidine 

HfrH 165/70 [19] 

3 1.76 × 103 29 N/A c LB d Tetracycline XL1-Blue [13] 
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5 1.40 × 102 31 N/A c 2xYT d 
Chloramphenicol 

Tetracycline 
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Figure 1. Phage titer, E. coli cell number (16 h fermentation), and specific productivity (Qp) at each
culture temperature. (a) Phage titer was measured via Blue-White screening after 16 h of fermentation
in an XL1-Blue E. coli batch culture. The highest value was identified at 30 ◦C culture temperature,
which was 10-fold the value at 25 ◦C and 16-fold the value at 37 ◦C. (b) E. coli cell number after
16h of fermentation was estimated OD600 measured using UV-vis spectroscopy with the correlation
of 1 OD600 = 1 × 109 cells per mL culture. (c) Qp was calculated by dividing E. coli cell number
per mL culture from phage titer at each temperature and multiplying the values by ten to identify
phage production efficiency per each E. coli. The highest Qp value was identified at 30 ◦C culture
temperature, which was 9.6-fold the value at 25 ◦C and 18.5-fold the value at 37 ◦C. n = 3 for each
data point. *** p < 0.001.
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Table 1. Amplification ratios of various M13 bacteriophage production-related studies.

No. a Amplification
Ratio b Temperature (◦C) pH Medium Additives E. coli

Strain Ref.

1 2.50 × 103 30 7.4 LB N/A c XL1-Blue Our Study

2 2.00 × 103 34 N/A c Hanawalt Vitamin B1
Thymidine HfrH 165/70 [19]

3 1.76 × 103 29 N/A c LB d Tetracycline XL1-Blue [13]

4 1.00 × 103 32→44→33 N/A c LB d N/A c BT100 [18]

5 1.40 × 102 31 N/A c 2xYT d
Chloramphenicol

Tetracycline
Glucose

XL1-Blue [20]

6 1.30 × 102 37 7.4 NZY d Tetracycline K91 [10]

a Results of studies numbered in the order of high to low amplification ratio. b Amplification ratio is defined as
ratio of final plaque forming units (pfu) to initial pfu for comparison of the optimal phage production temperature
of each study. c These parameters were not considered in these studies. d LB: Luria broth, YT: yeast extract and
Tryptone, NZY: NZ amine (casein hydrolysate) and yeast extract.

3.2. E. coli Specific Growth Rate Analysis and Estimation of Residual Energy for M13
Phage Production

To comprehend the high phage yield at 30 ◦C culture temperature (Figure 1), we
observed how the growth rates of E. coli changed as culture temperatures varied. The
coarse-grained kinetic model was used to identify how the growth rates of E. coli affected
production of ribosomal proteins, phage proteins and E. coli proteins translated by ribo-
somes, including the E. coli ribosomes themselves [29]. According to this model, the energy
efficiency used for ribosomal protein production is much higher during the log phase of
E. coli fermentation, which uses a maximum 80% of total ATP for production of ribosomal
proteins and ribosomal RNA (rRNA) (Equation (S1)) [30–32]. Since M13 phage proteins
are synthesized by ribosomes in E. coli [6], a faster growth rate in the log phase is much
more advantageous for liter-scale production of phage (Table S1, Equations (S1) and (S2)).
Therefore, we predicted that the optimal temperature (30 ◦C) induced a faster growth
rate of the log phase to maximize the expenditure of ATP for ribosomal protein synthesis,
enabling a significant enhancement of phage production.

To evaluate this hypothesis, growth curves of E. coli batch cultures fermented with
and without phage infection were constructed by conducting OD600 measurements of
E. coli samples extracted at different fermentation intervals (Figure 2a–c). The log phase
(exponential phase) is a period of fermentation that produces the highest growth rate, in
which the number of E. coli cells increase exponentially over a certain amount of time [47].
The growth rates (specific growth rates) during the exponential phase at different culture
temperatures were calculated using a specific method for comparison (Equation (3)). The
growth rate corresponds to the change in the number of cells per minute, which can be
calculated using the change in OD600 of the cells per minute. The equation is as follows [47]:

ln(
Nx

Ny
) = α(tx − ty) (3)

The x and y values were designated as the end and start of the exponential phase for
each culture temperature batch, respectively. A represents the specific growth rate between
x and y hours of fermentation, tx and ty represent x and y hours of fermentation, Nx
represents the OD600 of E. coli cells at x hours of fermentation, and Ny represents the OD600
of E. coli cells at y hours of fermentation. For 25 ◦C and 30 ◦C culture temperature batches
fermented with and without M13 phage, the measured OD600 at different fermentation
periods all produced logarithmic curves, which enabled the calculation of specific growth
rates using Equation (3) (Figure 2a,b). However, the 37 ◦C culture temperature OD600
produced broken lines, which restricted the calculation of specific growth rates to the
average slope of the two lines in the broken line (Figure 2c). The relatively sharp increase
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in OD600 of the 37 ◦C sample at the early fermentation (0–6 h) can be attributed to the
conventional optimized culture temperature and batch conditions of our culture system,
enabling the E. coli to grow more rapidly at initial stages compared to batches with deviated
temperatures deviating from 37 ◦C. As shown in Table S1, 30 ◦C produced the highest
specific growth rate for batches produced with phage as predicted, which provided the
most optimal condition for ribosomal protein synthesis as expressed in the mass fraction
values of all ribosomal protein and the ribosomal efficiency values in the table. The OD600
graphs of each batch produced without phage at each temperature showed similar trends
to the phage infected batches but with overall higher levels at each exponential phase,
indicating higher specific growth rates of E. coli without phage infection (0.225, 0.286, and
0.1 for 25 ◦C, 30 ◦C, and 37 ◦C).
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Figure 2. Growth curves and residual energy estimations of E. coli fermented with and without phage
infection. Fermentation was conducted with the following conditions: 220 rpm stirring speed, 3 lpm
of air injection, and 16 h fermentation term at each culture temperature (25 ◦C, 30 ◦C, and 37 ◦C). The
OD600 of XL1-Blue E. coli fermented with and without phage infection was measured through UV-vis
spectroscopy at each culture temperature. Contrasts between OD600 of E. coli produced with and
without phage under the same conditions at (a) 25 ◦C, (b) 30 ◦C, and (c) 37 ◦C culture temperature.
(d) Percentage of estimated residual energy at each culture temperature was obtained as mentioned
in the main text, with the highest percentage at 30 ◦C culture temperature and 25 ◦C and 37 ◦C. n = 3
for each data point. *** p < 0.001.
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The differences in specific growth rates between batches fermented with and without
phage implied that the energy from ATP that was used for E. coli cell growth in batches
fermented without phage was partially used for other applications in batches fermented
with phage, which was assumed to restrict E. coli growth while promoting phage produc-
tion [24,25]. Therefore, it was perceived that phage production increased with the amount
of ATP energy that was not used for cell growth. This energy was termed residual energy
and was defined as the amount of ATP energy for cell growth consumed for purposes
other than cell growth, which in terms of the coarse-grained model, was mostly for phage
protein synthesis. The average percentage of the estimated residual energy for each culture
temperature was calculated with Equation (S3) using the OD600 differences between E. coli
fermented with and without phage over the entire 16 h fermentation process. As shown in
Figure 2d, the average percentage of ATP used to produce phage proteins for each culture
temperature was 15.89%, 29.60%, and 8.96% for 25 ◦C, 30 ◦C, and 37 ◦C, respectively. These
results were proportional to the specific growth rates of batches fermented with phage for
each culture temperature (Figure 2a–c). Of all the culture temperatures, 30 ◦C produced the
largest portion of residual energy for phage protein synthesis, which indicated the optimum
temperature for phage production. Because the 30 ◦C culture temperature induced the
highest specific growth rate with batches infected with phage and the highest average
percentage of estimated residual energy (Figure 2a–d), along with the observation that
average estimated residual energy percentages of the three temperatures were proportional
to the specific growth rate values of batches produced with phage at each temperature, it
was reasonable to hypothesize that the specific growth rate of E. coli infected with phage
at 30 ◦C culture temperature created the most optimal condition for ribosomal protein
synthesis and enabled larger amounts of residual energy to be used for phage protein
synthesis, producing the highest phage yield at 30 ◦C shown in Figure 1.

3.3. ATP Expenditure Analysis and Comparison with Residual Energy for M13 Phage Production

From the residual energy calculations, we hypothesized that the optimal culture
temperature of 30 ◦C produced the highest phage yield because it enabled a larger portion
of ATP energy to be used as residual energy for phage protein synthesis. To confirm this
hypothesis, we experimentally investigated the detailed expenditure of the ATP produced
in E. coli and the percentage of the ATP expenditure for phage production. Considering the
inter-relationship between the translation system of E. coli, M13 phage replication, culture
temperature, and other elements of phage production, we established ATP as the main
intersecting factor that most significantly affects phage production. As mentioned before, a
portion of ATP in phage-infected E. coli is used for phage DNA replication, phage protein
translation, and phage assembly/extrusion, with phage protein synthesis requiring the
largest amount of ATP [23–27]. Particularly, the expenditure of ATP for p8 major coat
protein monomer synthesis is ~8 × 105 ATP molecules per monomer while ~1.6 × 104 ATP
molecules are required per phage assembly [24]. Therefore, the ATP expenditure for phage
production was represented as the ATP expenditure for phage protein synthesis when
applying the coarse-grained model. Using this model, we investigated the correlation of
estimated residual energy with ATP expenditure of phage protein synthesis to confirm that
the large residual energy produced with 30 ◦C culture temperature was indeed used for
phage production.

Initially, the ATP expenditure of the E. coli for ribosomal protein synthesis was ana-
lyzed to verify the previous model-derived residual energy estimations. To experimentally
identify the portion of ATP used for ribosomal protein synthesis, and particularly, the pro-
portion of ATP expenditure for M13 phage production, the intracellular ATP percentages
of E. coli fermented with and without phage infection during the exponential phase at
each culture temperature were measured via ATP luciferase assay (Figure 3a–c). In the
case of E. coli fermented without phage, the majority of intracellular ATP is naturally used
for cell doubling (single cell scale: cell doubling, bulk batch scale: cell growth) and not
phage production. The ATP expenditure percentage of the intracellular ATP used for cell
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doubling at a specific time of fermentation was calculated using Equation (S4). The ratio
of OD600 of E. coli without phage infection to OD600 of E. coli with phage infection was
applied to the ATPDoubling (E. coli w/o phage), t values to induce the Intracellular ATP ex-
penditure percentage for cell doubling per E. coli fermented with phage and was calculated
using Equation (S5). As previously mentioned, the relatively lower specific growth rates
of batches fermented with phage were attributed to the expenditure of intracellular ATP
for uses other than cell growth (residual energy), particularly phage protein synthesis in
terms of the coarse-grained model [24]. Therefore, the percentage of intracellular ATP used
for phage production (which was represented as the ATP expenditure for phage protein
synthesis) was calculated by subtracting the percentage of ATP for cell doubling from the
total ATP expenditure percentage of E. coli fermented with phage (Equations (S6) and (S7)).
The total intracellular ATP expenditure percentage for M13 phage production calculated
using Equation (S7) for 25 ◦C, 30 ◦C, and 37 ◦C culture temperatures were identified as
11.68%, 24.14%, and 5.30%, respectively (Figure 3d). The data in Figure 3d were similar and
proportional to the percentages of the model-based estimated residual energy derived from
E. coli specific growth rate measurements (Figure 2d), with percentage differences of only
~5% (presumably due to the limitation of modeling [29]). The similarity between the data
further confirmed our hypothesis that the superior specific growth rate at 30 ◦C culture
temperature enabled higher ribosomal protein mass fraction and ribosomal efficiency for
ribosomal protein synthesis (Table S1) and larger portions of energy to be used for phage
protein production and not cell growth.

For further accurate comparison of the theoretically calculated residual energy and
experimentally measured ATP expenditure in the same bulk batch scale, we normalized the
25 ◦C, and 30 ◦C data in Figures 2d and 3d with the 37 ◦C data because ATP luciferase assay
was conducted at a single cell scale while residual energy was analyzed using measurements
from a bulk batch scale (Figure 4). For normalization, the 25 ◦C and 30 ◦C data in Figure 2d
was divided by the 37 ◦C data, whereas the 25 ◦C, 30 ◦C, and 37 ◦C data in Figure 3d
were multiplied by the corresponding cell number of E. coli in Figure 1b and subsequently
divided by the multiplied 37 ◦C value. The normalized data sets were matched and
analyzed for similarity. The two normalized ratio datasets at 25 ◦C showed ~89% similarity,
while the data at 30 ◦C produced ~79%. These minor discrepancies between the data sets
are generated from the limitation that non-infected E. coli cells can exist in batches of E. coli
fermented with phage. Nevertheless, the results proved that the estimated residual energy
values sufficiently matched the experimental values and were able to represent the ATP
expenditure for phage production. Therefore, it was confirmed that the ATP for phage
production originated from the ATP of E. coli used for ribosomal protein synthesis, and
that 30 ◦C culture temperature provided the conditions to maximize the proportion of ATP
for the synthesis of ribosomal proteins. In comparison, T4 phage consumes only 1% of the
host’s energy budget, while the calculated ATP expenditure of M13 phage was identified
as ~30%. Energy for replication, translation, and packaging of M13 phage was shown as
~0.26%, ~0.7%, and ~0.006% of the host’s total energy, respectively [21].

Similar to the relationship of temperature-dependent ATP expenditure and M13 phage
production, other major parameters for phage production such as pH and ionic condition of
medium could also be interpreted in the same manner. M13 phage assembly/extrusion is
considered as a significant process for phage yield and is affected by many parameters such
as pH and ionic environment, despite the relatively lower ATP expenditure proportion
compared to phage protein synthesis [20,48,49]. The gp1/gp11 complex expressed by M13
phage is used for phage assembly/extrusion as an ATPase for ATP hydrolysis. The Walker A
and Walker B motif in the gp1 protein is known to bind and hydrolyze ATP to assemble and
extrude phage [24]. We compared the optimal parameters for ATPase activity of structures
containing Walker A and Walker B motifs like the gp1/gp11 complex (Table 2). The overall
optimum pH value for ATPase activity was identified to be 7.5 pH, which is close to
the pH value in our study. In the case of the ionic environment, especially the divalent
magnesium cation (Mg2+) in particular was found to affect the activity of ATPase, which
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was consistent with a study which produced large amplification ratio results by applying
Hanawalt medium [19]. The Hanawalt medium, which contains MgCl2·H2O, is suggested
to enhance phage production as shown in Table 1 No.2, indicating the role of Mg2+ as an
agonist for ATPase activity [50]. Based on these parameters, we interpreted the optimal
parameter values by estimating the ATP expenditure for phage production. In addition,
the regular of ribonuclease activity A (rraA) gene, which is activated in M13 phage infected
E. coli, stimulates phage production by inhibiting activity of RNase E [51–53]. The rraA
gene in infected E. coli is activated ~1.5-fold compared to non-infected E. coli. Inhibition of
RNase E leads to stabilization of the primary phage transcript RNA, which enhances mRNA
transcription and protein translation of phage. Thus, the ATP expenditure proportion for
phage production is expected to be higher than other E. coli at the same condition.
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Figure 3. Intracellular ATP comparison and ATP expenditure for phage production at each culture
temperature. Overnight cultures of XL1-Blue E. coli infected with and without M13 phage were
fermented at different culture temperatures for 16 h. Samples of cells were extracted at 0, 3, 6, 9, 12,
and 16 h of fermentation to calculate intracellular ATP percentages residing in the cells measured via
ATP luciferase assay (a) at 25 ◦C, (b) 30 ◦C, (c) and 37 ◦C culture temperature. The ATP percentages
were normalized by OD600 of each sample. (d) Percentage of ATP expenditure for phage production
was obtained using Equation (S7), which was highest at 30 ◦C culture temperature, followed by 25 ◦C
and 37 ◦C. n = 3 for each data point. *** p < 0.001.
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Figure 4. Normalized comparison between model-based estimated residual energy and experimen-
tally calculated ATP expenditure for M13 phage production. Data of each culture temperature was
normalized with the data at 37 ◦C to compare the similarity of the estimated residual energy and
experimentally calculated ATP expenditure for phage production in the same bulk scale. Total ATP
expenditure level for phage production was calculated by multiplying the ATP percentage for phage
production with E. coli cell number per mL at each temperature followed by normalization. In a bulk
dimension, the normalized ratio of the two data sets at 25 ◦C produced 89.1% similarity while data at
30 ◦C showed 79.3% similarity.

Table 2. Optimal conditions of ATPase with Walker A and Walker B structure from bacterial hosts.

No. b Temperature (◦C) pH Ionic
Concentration ATPase Type Function Ref.

1 37~42 7~8 5 mM Mg2+ ExeA Secretion of exotoxins [54]

2 56 7.5 2.5 mM Mg2+ Rep c Initiation of replication [55]

3 N/A a 7.5~8.5 3 mM Mg2+

50 mM KCl
ATPase of

Beta vulgaris L. Transport of solutes [56]

4 N/A 6.5 1.5~2.0 mM
MgCl2

Has1p Remodel macromolecular
interaction [57]

a N/A: not available. b Results of studies numbered in the order of high to low amplification ratio. c Rep:
replication associated protein.

3.4. Verification of the Optimum Culture Temperature for Genetically Engineered M13
Phage Production

As previously mentioned, high concentration and purity are essential conditions
needed for application of M13 phage. Other types of M13 phage, such as genetically
engineered M13 phages, must also acquire these concentration and purity levels to be
used for bionano and material science applications. The modified physical and chemical
properties of major coat protein p8 on genetically engineered phage can react differently to
temperature alterations [2], but the phage itself should maintain a concentration and purity
level comparable to WT phages under the same temperature conditions. Therefore, to
optimize phage concentration and purity of genetically engineered phages for application,
we examined whether the optimal 30 ◦C culture temperature that produced the highest
yield for WT phage could also produce high yields of genetically engineered phage. To
verify the effect of temperature on the production yield for genetically engineered phages,
WT phage and phages with 4E and Y3E peptides expressed at the ends of the major coat
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protein p8 were fermented with E. coli at different culture temperatures and subsequently
analyzed for phage concentration (Figure 5). WT phage concentration at 25 ◦C, 30 ◦C,
and 37 ◦C were identified as 30.54 mg/mL, 186 mg/mL, and 6.12 mg/mL, respectively.
Y3E-expressed phage produced the highest phage concentration at 30 ◦C with 98.3 mg/mL,
followed by 32.1 mg/mL at 25 ◦C and 1.14 mg/mL at 37 ◦C. For 4E-expressed phage, the
highest concentration of 142 mg/mL was produced at 30 ◦C, with 59.2 mg/mL at 25 ◦C and
1.8 mg/mL at 37 ◦C. The overall phage concentration of 4E and Y3E genetically engineered
phage were lower than WT phage at all culture temperatures excluding 25 ◦C, possibly
because of the effect of temperature on p8 protein. Although a difference in the overall
concentration existed between the phage types, it was confirmed that phage production
was affected by culture temperature regardless of genetic modification and that 30 ◦C
temperature produced the highest yield for both types of genetically modified phage.
Regarding the purity of the phage, we identified that M13 phages of high concentration
also express high levels of purity (Figure S2), which was observed via gel electrophoresis
of each type of phage.
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Figure 5. Concentration of genetically engineered M13 phage (4E and Y3E) and WT phage fer-
mented at each culture temperature. Genetically engineered M13 phages were produced from 16 h of
fermentation with XL1-Blue E. coli and were measured using UV-vis spectroscopy after concentra-
tion/purification via PEG precipitation to identify phage concentrations. Similar to WT, both Y3E
and 4E phages produced the highest concentrations at 30 ◦C culture temperature, followed by 25 ◦C
and 37 ◦C. n = 3 for each data point. *** p < 0.001.

4. Conclusions

In this study, we investigated that enhancement of M13 phage production at the 30 ◦C
optimal culture temperature in five liter-scale E. coli fermentation using the coarse-grained
model to identify the ATP expenditure for phage production. Because M13 phage uses
ATP and ribosomes of the E. coli host cells to produce phage proteins, we identified the
relationship of the optimal culture temperature and high yield phage production by ex-
amining the ATP expenditure of E. coli in terms of the coarse-grained model. The optimal
temperature provided a more advantageous condition for phage production by increasing
the specific growth rate of the E. coli cells, which enhanced the mass fraction of ribosomal
proteins and ribosomal efficiency in E. coli to maximize ribosomal protein synthesis. Fur-
ther investigation regarding the residual energy showed that the highest percentage of
energy for ribosomal protein synthesis that was not used for cell growth was produced
at the optimal temperature, which suggested that most of the energy was used for phage
protein synthesis. This hypothesis was examined by comparing the theoretically estimated
energy values derived from specific growth rate analysis and the experimentally mea-
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sured ATP expenditure percentages for M13 phage production derived from intracellular
ATP expenditure analysis which showed that the highest values for both data sets were
at 30 ◦C temperature (24–29%) with 3–5% discrepancy between the two values. These
results identified that the experimentally calculated ATP expenditure percentages were
proportional to the estimated residual energy values using the coarse-grained model, which
confirmed that 30 ◦C culture temperature maximized the residual energy for ribosomal
protein synthesis that was indeed used for production of phage mostly by expenditure
of ATP for phage protein synthesis. The culture temperature addressed in this study is a
relatively simple, easy-to-control parameter that can be altered to produce large amounts
of phage at the laboratory level without additives and with fewer restrictions. Through the
various measurements conducted in this study, we recognized a specific method that can
be used to identify certain optimal conditions for M13 phage production. In addition to
comparison with T4 phage, further studies regarding the ATP expenditure of M13 phage is
needed due to the ambiguity of the energetic cost. We anticipate that this method can be
used to investigate other optimal parameters of phage production that were not discussed
in this study, such as pH (another major factor) or ionic environment of medium, and E. coli
strain. Furthermore, by identifying these optimal conditions, we can produce M13 phage
solutions with high concentration and high purity that enable construction of hierarchically
self-assembled bioscaffolds that can be used for various bionano and material science field
applications such as in bone and cartilage for regeneration of tissues.
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the ribosomal efficiency based on specific growth rates, Equation (S3): Calculation of the average
estimated residual energy for M13 phage production, Equation (S4): Calculation of ATP expenditure
for E. coli cell doubling without phage infection, Equation (S5): Calculation of ATP expenditure
for E. coli cell doubling with phage infection, Equation (S6): Calculation of total ATP expenditure
E. coli with phage, Equation (S7): Calculation of experimental ATP expenditure for phage production,
Figure S2: Gel electrophoresis results of M13 phage purity.
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