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Abstract
Autoinducible, 2-stage protein expression leveraging phosphate inducible promoters has
been recently shown to enable not only high protein titers but also consistent performance across
scales from screening systems (microtiter plates) to instrumented bioreactors. However, to date
small scale production using microtiter plates and shake flasks rely on a complex autoinduction
broth (AB) that requires making numerous media components, not all amenable to autoclaving. In
this report, we develop a simpler media formulation (AB-2) with just a few autoclavable
components. We show that AB-2 is robust to small changes in its composition and performs
equally, if not better, than AB across different scales. AB-2 will facilitate adoption of phosphate
limited 2-stage protein expression protocols.
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Introduction
Heterologous protein expression is a ubiquitous workflow used in numerous labs
performing biological research. (1) Additionally, E. coli is still a key workhorse host for protein
expression and purification. (2, 3) We have recently reported improved strains and plasmids for
tightly controlled expression upon phosphate limitation in 2-stage cultures (Figure 1). (4, 5) This
method requires placing the gene for the protein of interest under the control of a phosphate
inducible promoter which becomes activated under low-phosphate conditions through the PhoRB
two-component signal transduction system.(6, 7) Further, we have evaluated a comprehensive set
of such promoters and characterized a few to be robust to media composition and scalable from
microtiter plates to instrumented bioreactors in commercially relevant minimal media (8) In this
2-stage expression method, protein expression is induced upon entry into stationary phase when
phosphate becomes depleted, thereby decoupling cell growth from protein production. Decoupling
growth from protein production lessens the metabolic burden of heterologous protein expression
on growth, facilitating the adoption of standardized protocols across proteins of interest and
scales.(9) Our 2-stage protocol further eliminates the need to optimize induction conditions while
maintaining high protein titers; which improves workflows when compared to routinely-used
growth-associated expression protocols.(10, 11)
These strains and plasmids offer robust expression, which is readily scalable from microtiter plates to instrumented bioreactors.(4, 8) Additionally, several of these strains enable rapid
autolysis and auto DNA/RNA hydrolysis simplifying protein purification.(12) While expression
in instrumented fermentations uses defined minimal mineral salts media, small scale production
of proteins using these strains and protocols relies on an optimized phosphate limited
Autoinduction Broth (AB).(4) The initial formulations of this media are quite complex and require
the preparation of 11 components from 17 ingredients, several of which cannot be autoclaved. This
complexity limits the ease of adopting these new protocols. To address this limitation, in this study,
we report the development of a simpler autoinduction broth (AB-2), with far fewer components
and a simpler preparation, which allows for equivalent protein expression levels.
Materials & Methods
Chemicals and Media Components
MOPS and Bis-Tris were purchased from GoldBio (St Louis, MO). Yeast extract and
Casamino acids were purchased from BioBasic (Amherst, NY). Ammonium sulfate anhydrous and
glucose were purchased from VWR (Radnor, PA). All other reagents were purchased from SigmaAldrich (St. Louis, MO). Stock solutions used in this study are shown in Supplemental Table 1.
All components were autoclaved except for CaSO4, MgSO4, thiamine-HCl, Trace Metals and ferric
sulfate which were filter sterilized. Glucose, MOPS and Bis-Tris were filter sterilized unless
otherwise stated.
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Plate and Flask part numbers
250 ml Erlenmeyer flasks were purchased from VWR (Cat#89095-270), 96 well microtiter
plates were purchased from Genesee Scientific (San Diego, CA; Cat#25-104) and 384 well plates
were purchased from VWR (Cat#10814-224).
Strains and Plasmids
Strain DLF_R002 and plasmid pHCKan-yibDp-GFPuv (Addgene #127078) were
constructed as described previously. (4)
Media Preparation
Autoinduction broth (AB) was prepared as described previously.(4) AB media variations
used in initial experiments to simplify media composition were prepared in the same manner as
AB, but dropping the indicated media components. To prepare media used in experiments to
evaluate the effect of autoclaving glucose and buffers, all components were mixed from stock
solutions and autoclaved except when noted, in which case the component was filter-sterilized and
added to the cooled-down autoclaved media mixture. To make AB-2 medium, 6.2 g of yeast
extract, 3.5 g of casamino acids, 5.4 g of ammonium sulfate anhydrous and 41.8 g of Bis-Tris were
mixed and water added to a volume of 907 mL. 3 ml of 12 M HCl was then added to adjust pH. A
second solution of 500 g/L glucose was made and autoclaved. After both solutions were cooled
down, 90 ml of the 500 g/L glucose solution was added to the first mixture to make AB-2. For
AB-2 robustness studies, media were made according to the AB 2.0 formulation, but leaving the
component being varied out. Then the missing component was added beginning with 75% and
ending at 125% at 5% increments to the media and aliquoted for use at each increment for testing.
Micro-fermentations
Micro-fermentations were performed as described previously.(4) Briefly, a 5 ml of LB
culture was started from a frozen stock of DLF_R002 with pHCKan-yibDp-GFPuv and grown
overnight at 37 °C and 150 rpm. The overnight culture was used to inoculate at 1% v/v 100 µl and
15 µl of media per well in 96 well and 384 well plates, respectively. AB-2 was supplemented with
0.05% of polypropylene glycol (2000 Da MW) for 384 well plate micro-fermentations. Microfermentations were incubated at 37 °C and 300 rpm for 24 hours. Sandwich covers were used to
prevent evaporation and were purchased from EnzyScreen (Haarlem, The Netherlands; 96 well
plate cover Cat#CR1596 and 384 well plate cover Cat#CR1384).
BioLector Studies
Biolector studies were conducted as described previously.(4) Briefly, an overnight LB
culture of DLF_R002 with pHCKan-yibDp-GFPuv was normalized to 25 OD (600 nm) and used
to inoculate at 1% v/v 792 µl of AB or AB-2 in a Flower-Plate (Cat no MTP-48-B, m2p-labs).
Growth and fluorescence measurements were obtained using a BioLector (m2p-labs, Baesweiler,
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Germany) over 36 hours using a 20 biomass gain, 20 GFP gain (488 nm excitation and 620 nm
emission), 1300 rpm, 37 °C and 85% humidity.
Shake Flask Production
An overnight LB culture of DLF_R002 with pHCKan-yibDp-GFPuv was used to inoculate
20 ml of AB or AB-2 in vented baffled Erlenmeyer flasks and incubated at 37 °C and 150 rpm for
24 hours.
OD and GFP measurements
OD600 and GFP measurements were made using a Tecan Infinite 200 plate reader and 200
ul black-walled plates purchased from Fisher Scientific (Hampton, NH; Cat#07-000-136) at a 40fold dilution. OD was read at 600 nm and GFP was measured using excitation at 412 nm and
emission at 530 with filters purchased from Omega Optical (Brattleboro, VT; Cat#3019445,
#3024970 and #3032166, respectively).
Results & Discussion
Our original autoinduction broth (AB) was derived from a minimal mineral salts media
(FGM10) used in instrumented bioreactors. (4) As a result, AB retained the components used in
minimal media including numerous salts and trace metals. AB was modified from FGM10 to
include complex nutrient sources (yeast extract and casamino acids) that were added to reduce the
lag phase in smaller batch cultures in microtiter plates and shake flasks. (Figure 2a) As these
complex nutrient sources also are expected to supply many salts and trace metals, we first sought
to evaluate the impact of dropping out these individual components (alone and in combination) on
growth and protein expression. Toward this goal, we measured endpoint biomass (OD600nm) and
GFP levels (GFPuv) in modified AB missing several components as illustrated in Figure 2a. In
these experiments, GFP was expressed from the low phosphate inducible yibDp promoter from
pHCKan-yibDp-GFPuv (Addgene 127078), using E. coli strain DLF_R002. DLF_R002 has
deletions for ackA-pta, pflB, adhE, ldhA and poxB which reduce production of mixed acid
fermentation products from overflow metabolites, including acetate which can lower growth and
protein production. (4, 13, 14) Additionally, DLF_R002 has deletions of iclR and arcA which
result in increased biomass yield and reduced overflow metabolism.(4, 15) Together, the
modifications in DLF_R002 completely eliminate organic acid byproducts, including acetate, even
under excess glucose fermentation conditions.(4) Cultivations using DLF_002 with pHCKanyibDp-GFPuv were performed in 96 well microtiter plates. As seen in Figure 2a, a formulation
consisting of only glucose, buffer, ammonium sulfate, yeast extract and casamino acids resulted
in comparable expression levels with the original AB, greatly simplifying the media formulation.
Another limitation to the original AB is the use of 3-morpholinopropane-1-sulfonic acid
(MOPS) as a buffer. While MOPS buffers in the appropriate range (pH 6.5-7.9), autoclaving or
prolonged storage at room temperature of sulfonic acid buffers is not recommended because they
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produce unknown yellow degradation products.(16) To overcome this issue, we evaluated the use
of an alternative buffer that is completely stable during sterilization namely Bis-Tris.(17) As can
be seen in Figure 2b, replacing the buffer with Bis-Tris, led to equivalent growth and expression,
while enabling the buffer to be mixed with the ammonium sulfate, yeast extract and casamino
acids prior to sterilization by autoclaving.
By utilizing Bis-Tris as a buffer, we consolidated the AB media to only two components,
i) a concentrated glucose solution and ii) a buffer, ammonium sulfate, yeast extract and casamino
acid mixture, both of which can be sterilized by autoclaving. Next, we investigated the ability to
mix the glucose with the other components prior to sterilization. While autoclaving glucose with
amino acids present in complex nutrient sources can lead to Maillard reactions products, (18)
which have been shown to inhibit growth in some applications, (18, 19) the toxicity of these
products can be strain dependent.(19) Thus, we evaluated single mixture formulations, results of
which are also given in Figure 2b. Unfortunately, as with many other media, glucose needs to be
autoclaved separately from the other components for optimal growth and autoinduction of protein
expression. We additionally showed AB-2 made from powder components and autoclaved
performs similarly to AB or AB-2 made from pre-sterilized stock solutions as shown in Figure 2c.
We settled on a final AB-2 formulation (Table 1) and compared the time course of cellular growth
and GFPuv auto-induction in AB vs AB-2 (Figure 3).While some differences in the growth curves
are observed during mid-stationary phase, the growth and protein production levels are equivalent
or improved in AB-2 over AB.
With the success in simplifying the formulation and preparation of AB-2, we sought to
evaluate how sensitive this formulation was to small changes in the levels of various components.
Toward this goal we changed the concentration of each individual component to its 75% (or -25%)
up to its 125% (or +25%), at 5% increments. Results of these studies are given in Figure 4. Briefly,
growth and auto-induction in AB-2 is quite robust to errors in preparation. We next performed a
head to head comparison of AB and AB-2 at multiple production scales, including 384 well plates,
96 well plates, 250 mL shaker flasks (20mL fill volume). Again these studies used strain
DLF_R002, expressing GFPuv as described above. Results are given in Figure 5. In these studies,
we demonstrated that AB-2 performs as well as AB in terms for growth and protein expression,
across scales.
The new AB-2 formulation is simpler and less expensive than the original AB while
offering near equivalent (if not improved) growth and protein expression. Importantly, the new
formulation is extremely simple to prepare. Key components can be mixed as dry powders, and
after the addition of water, autoclaved as only two components. This new media will simplify the
adoption of phosphate limited autoinduction for 2-stage heterologous protein expression in E. coli.
Acknowledgements
We would like to acknowledge the following support: North Carolina Biotechnology
Center 2018-BIG-6503. R. Menacho-Melgar was supported in part by the Entrepreneurial PostDoctoral fellowship from the Department of Biomedical Engineering, Duke University.

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.08.447502; this version posted June 8, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Author contributions
R. Menacho-Melgar designed, executed and analyzed experiments. J.N.Hennigan
performed microfermention experiments. M.D. Lynch designed and analyzed experiments. All
authors wrote, revised and edited the manuscript.
Conflicts of Interest
M.D. Lynch has a financial interest in DMC Biotechnologies, Inc. M.D. Lynch, J.N.
Hennigan and R. Menacho-Melgar have a financial interest in Roke Biotechnologies, Inc.

References
1.

Rosano, G.L., and E.A. Ceccarelli. 2014. Recombinant protein expression in Escherichia
coli: advances and challenges. Front. Microbiol. 5:172.

2.

Rosano, G.L., E.S. Morales, and E.A. Ceccarelli. 2019. New tools for recombinant
protein production in Escherichia coli: A 5-year update. Protein Sci. 28:1412–1422.

3.

Bill, R.M. 2014. Playing catch-up with Escherichia coli: using yeast to increase success
rates in recombinant protein production experiments. Frontiers in Microbiology 5.

4.

Menacho-Melgar, R., Z. Ye, E.A. Moreb, T. Yang, J.P. Efromson, J.S. Decker, R.
Wang, and M.D. Lynch. 2020. Scalable, two-stage, autoinduction of recombinant protein
expression in E. coli utilizing phosphate depletion. Biotechnol. Bioeng. 117:2715–2727.

5.

Decker, J.S., R. Menacho-Melgar, and M.D. Lynch. 2020. Low-Cost, Large-Scale
Production of the Anti-viral Lectin Griffithsin.

6.

Baek, J.H., and S.Y. Lee. 2006. Novel gene members in the Pho regulon of Escherichia
coli. FEMS Microbiol. Lett. 264:104–109.

7.

Song, H., J. Jiang, X. Wang, and J. Zhang. 2017. High purity recombinant human growth
hormone (rhGH) expression in Escherichia coli under phoA promoter. Bioengineered
8:147–153.

8.

Moreb, E.A., Z. Ye, J.P. Efromson, J.N. Hennigan, R. Menacho-Melgar, and M.D.
Lynch. 2020. Media Robustness and Scalability of Phosphate Regulated Promoters Useful
for Two-Stage Autoinduction in E. coli. ACS Synth. Biol. 9:1483–1486.

9.

Burg, J.M., C.B. Cooper, Z. Ye, B.R. Reed, and E.A. Moreb. 2016. Large-scale
bioprocess competitiveness: the potential of dynamic metabolic control in two-stage
fermentations. Current Opinion in.

10. Mühlmann, M., E. Forsten, S. Noack, and J. Büchs. 2017. Optimizing recombinant
protein expression via automated induction profiling in microtiter plates at different

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.08.447502; this version posted June 8, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

temperatures. Microb. Cell Fact. 16:220.
11. Studier, F.W. 2005. Protein production by auto-induction in high density shaking cultures.
Protein Expr. Purif. 41:207–234.
12. Menacho-Melgar, R., E.A. Moreb, J.P. Efromson, T. Yang, J.N. Hennigan, R. Wang,
and M.D. Lynch. 2020. Improved two-stage protein expression and purification via
autoinduction of both autolysis and auto DNA/RNA hydrolysis conferred by phage
lysozyme and DNA/RNA endonuclease. Biotechnol. Bioeng. 117:2852–2860.
13. Jian, J., S.-Q. Zhang, Z.-Y. Shi, W. Wang, G.-Q. Chen, and Q. Wu. 2010. Production of
polyhydroxyalkanoates by Escherichia coli mutants with defected mixed acid fermentation
pathways. Appl. Microbiol. Biotechnol. 87:2247–2256.
14. Shiloach, J., and R. Fass. 2005. Growing E. coli to high cell density—A historical
perspective on method development. Biotechnol. Adv. 23:345–357.
15. Waegeman, H., J. Maertens, J. Beauprez, M. De Mey, and W. Soetaert. 2012. Effect of
iclR and arcA deletions on physiology and metabolic fluxes in Escherichia coli BL21
(DE3). Biotechnol. Lett. 34:329–337.
16. Promega Corporation. Buffers for Biochemical Reactions.
https://www.promega.com/resources/guides/lab-equipment-and-supplies/buffers-forbiochemical-reactions/. Last accessed on June 8th, 2021
17. Lewis, J.C. 1966. Mono- and bis(2-hydroxyethyl)imino-tris(hydroxymethyl)-methane,
“mono-tris” and “bis-tris”: New buffer bases with pKaT 7.83 and 6.46. Analytical
Biochemistry 14:495–496.
18. Einarsson, H., B.G. Snygg, and C. Eriksson. 1983. Inhibition of bacterial growth by
Maillard reaction products. J. Agric. Food Chem. 31:1043–1047.
19. Helou, C., D. Marier, P. Jacolot, L. Abdennebi-Najar, C. Niquet-Léridon, F.J. Tessier,
and P. Gadonna-Widehem. 2014. Microorganisms and Maillard reaction products: a
review of the literature and recent findings. Amino Acids 46:267–277.

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.08.447502; this version posted June 8, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figures & Captions

Figure 1: 2-stage autoinducible heterologous expression upon low phosphate induction. Cells (black line)
are grown during the growth phase until phosphate in the media (blue line) becomes depleted. Phosphate
depletion activates low phosphate promoters which are used to drive expression of heterologous protein
(green line) during the production phase.
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Figure 2: Autoinduction media optimization. For all panels, green bars correspond to average GFP titer
(g/L) and grey bars indicate average biomass (OD600) resulting from triplicate experiments. (a)
Autoinduction media variations with respect to AB (first data point) resulting from dropping various
components from the AB recipe. The media composition for each medium is indicated in the heat map
immediately below the data bars showing black if the component is present or white if it is not. (b) Effect
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of buffer selection and autoclaving glucose and/or buffer in AB-2 on biomass and GFP production. (c) AB
comparison with AB-2 prepared by mixing components and filter sterilizing (‘AB-2 Filter sterilized’) or by
weighing media components and sterilization by autoclaving where glucose was autoclaved separately from
other components (‘AB-2 Autoclaved’).

Figure 3. Growth and GFP production curves for AB and AB-2 media. Black lines correspond to average
growth curves and green lines correspond to average GFP titer resulting from (n=4) experiments. Lighter
lines correspond to AB medium cell cultures and dark lines correspond to AB-2 medium cell cultures.
Shaded areas correspond to the standard deviation.
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Figure 4. Effect of changing the concentrations of one component at a time in AB-2 from -25% to +25%,
at 5% intervals, on biomass (gray circles) and GFPuv (green circles). Effect of changes in (a) Bis-Tris, (b)
glucose, (c) ammonium sulfate, (d) yeast extract and (e) casamino acids. All experiments were done in
triplicate.

Figure 5: AB-2 performance across scales compared to AB after 24 hours. White and grey bars correspond
to biomass levels in AB and AB-2, respectively. Light and dark green bars correspond to GFP titer in AB
and AB-2, respectively. 15 µl, 100 µl and 20 ml fill volumes were used for 384 well plates, 96 well plates
and 250 ml Erlenmeyer flasks, respectively. Results shown are averages from triplicate experiments.

Table 1: AB-2 Media Formulation

Glucose

Glucose Solution 1
(per L)

Solution 2 (per L)

500g

--
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Bis-Tris

--

41.8 g

Ammonium Sulfate
anhydrous

--

5.4 g

Yeast Extract

--

6.2 g

Casamino Acids

--

3.5 g

12 M HCl

--

3 mL

Deionized Water

QS to 1L

QS to 910 mL

Sterilize

Autoclaving

Autoclaving

For 1 L of AB-2, add 90 mL of sterilized Glucose Solution 1 to 910
mL of sterilized Solution 2.

