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Abstract Propionic acid (PA) is a short-chain fatty acid
with wide industrial application including uses in pharma-
ceuticals, herbicides, cosmetics, and food preservatives.
As a three-carbon building block, PA also has potential as
a precursor for high-volume commodity chemicals such
as propylene. Currently, most PA is manufactured through
petrochemical routes, which can be tied to increasing
prices and volatility due to difficulty in demand forecasting
and feedstock availability. Herein described are research
advancements to develop an industrially feasible, renew-
able route to PA. Seventeen Propionibacterium strains were
screened using glucose and sucrose as the carbon source
to identify the best platform strain. Propionibacterium
acidipropionici ATCC 4875 was selected as the platform
strain and subsequent fermentation optimization studies
were performed to maximize productivity and yield. Fer-
mentation productivity was improved three-fold to exceed
2 g/l/h by densifying the inoculum source. Byproduct lev-
els, particularly lactic and succinic acid, were reduced by
optimizing fermentor headspace pressure and shear. Fol-
lowing achievement of commercially viable productivi-
ties, the lab-grade medium components were replaced with
industrial counterparts to further reduce fermentation costs.
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A pure enzymatically treated corn mash (ECM) medium
improved the apparent PA yield to 0.6 g/g (PA produced/
glucose consumed), but it came at the cost of reduced pro-
ductivity. Supplementation of ECM with cyanocobalamin
restored productivity to near lab-grade media levels. The
optimized ECM recipe achieved a productivity of 0.5 g/l/h
with an apparent PA yield of 0.60 g/g corresponding to a
media cost <1 USD/kg of PA. These improvements signifi-
cantly narrow the gap between the fermentation and incum-
bent petrochemical processes, which is estimated to have a
manufacturing cost of 0.82 USD/kg in 2017.
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Introduction

Propionic acid (PA) is a short-chain fatty acid that is com-
monly used as a food preservative and is also used as a
chemical intermediate for the manufacture of pharmaceuti-
cals, herbicides, and cosmetics. As a three-carbon building
block, PA also has potential for being a precursor for high-
volume commodity chemicals such as propylene. Currently,
the vast majority of propionic acid is manufactured through
petrochemical processes using the hydroformylation or
“ox0” process where ethylene is oxidized in the presence of
a transition catalyst and syngas to produce propionaldehyde,
then propanol, and ultimately PA. Unfortunately, the eco-
nomic viability and sustainability of this process is depend-
ent on the availability and price of petroleum feedstock,
which has proven to be geographically dependent and vola-
tile. Market demand for propionic acid is currently ~300 kta
in both Europe and the US [2]. Latin America currently has
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a small (9 kta) market, but has shown a significant annual
growth rate, exceeding 5 % [2]. This growth, in combina-
tion with the availability of sugar feedstock, represents an
opportunity to switch from the petrochemical route to a bio-
based alternative. Some of these opportunities, such as the
production of polyethylene from fermentation-derived etha-
nol, have already come to fruition [13].

A PA fermentation process provides not only a more sus-
tainable approach, but it also opens the door for PA manu-
facturing capacity in geographies with limited petroleum
supply. PA fermentation processes require an abundant and
economical feedstock such as sucrose (sugar cane deriva-
tives), glucose (corn derivatives), glycerol or cellulosics [7,
8, 15, 17-19, 24, 27, 31]. While cellulosic-based feedstocks
have several advantages including cost, reduced competition
with food sources, and more widespread availability, their
application remains very challenging at an industrial scale
[21]. On the other hand, glucose- and sucrose-based PA
fermentations are well studied and have achieved PA titers
exceeding 100 g/l with yields near theoretical maximum
[1, 11, 14, 19, 25]. Flexibility between glucose and sucrose
as fermentation substrates is desired as availability is geo-
graphically dependent. United States (US) sugar production
is primarily glucose from corn while in countries like Brazil
production is primarily sucrose from sugar cane [6].

Propionic acid is naturally produced by a group of bac-
teria classified as Propionibacteria when fermented under
anaerobic conditions [23, 24, 28, 29]. At least 60 differ-
ent Propionibacterium strains have been characterized, but
unfortunately much of this data is limited and was collected
under a variety of fermentation conditions, making it diffi-
cult to compare strain performance. Most, if not all, Propi-
onibacteria produce propionic acid from pyruvate through a
dicarboxylic acid cycle known as the Wood-Werkman cycle
(see Figure S1 of Supplementary Materials). Unfortunately,
this pathway is redox-constrained when either glucose or
sucrose is catabolized via glycolysis, limiting substrate
yield to ~0.55 g/g [35, 15, 18]. Propionibacteria also produce
significant amounts of byproducts such as succinic, lactic,
and acetic acids, which detract from PA yield and compli-
cate product recovery. Previous work has shown that some
of these byproducts can be reduced, but not eliminated, by
controlling the fermentation process conditions [23].

PA itself causes significant growth and product inhibition
in Propionibacterium making strain selection and adaptation
necessary [7, 11, 25, 29, 30]. In fact, just 1 % (w/v) of PA was
shown to reduce Propionibacterium growth rate by 50 % [3].
Inhibition occurs because at high PA concentrations, undis-
sociated PA can diffuse into the cell where it dissociates in
the presence of the alkaline cytoplasm forming an abundance
of protons within the cell. This ultimately disturbs the pH
gradient across the plasma membrane, affecting metabolism
and ultimately cell growth [10]. Attempts have been made
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to engineer an extractive fermentation system to prevent the
PA concentration from achieving inhibitory levels; however,
these systems require large amounts of solvent and increased
capital expenditure [9, 16]. Thus, in order to achieve the most
industrializable and economical bioprocess, a strain must be
selected that is sufficiently tolerant to high titers of PA such
that the concentration is amenable to efficient recovery opera-
tions. Furthermore, byproducts must be minimized as it is
very difficult to selectively remove PA from similar organic
acids. Unfortunately, the formation of some byproducts could
be required to maintain redox potential, while the formation
of other byproducts are likely caused by over-flow metabo-
lism as a result of rapid sugar catabolism.

Relatively little progress has been made in improving
the yield of PA from sugars, which despite over 50 years
of research has remained in the range of 0.55-0.65 g/g,
depending on the substrate. Fermenting a more reduced
substrate such as glycerol generally produces higher PA
yields, but the economics and centralized availability
of glycerol as a large-scale feedstock remains question-
able [27, 28, 30]. For this reason, a high-yield glucose or
sucrose process is likely the most economically viable
route to high-volume PA.

In this work, we describe a survey of 17 different Pro-
pionibacterium strains in serum bottles to identify the
best platform strain for PA production. The top perform-
ing strains were then evaluated at the fermentor scale to
gauge performance in terms of PA productivity, yield, and
purity. Using the Propionibacterium strain with the highest
baseline fermentation performance as a development plat-
form, overall performance was then improved by modify-
ing the media and process conditions. Lastly, fermentation
costs were reduced by identifying industrially available
media sources to replace the traditional lab-grade media
components.

Materials and methods
Strain

Seventeen different Propionibacterium strains were
acquired from the American Type Culture Collection
(ATCC) strain bank as identified in Table 1. Each strain
was initially cultured as described in “Medium” and “Cul-
ture conditions” in serum bottles. An optical density (OD)
of 0.5 AU (600 nm) culture was then preserved in 15 %
(v/v) glycerol stock stored at —80 °C.

Medium

Propionibacterium strains were cultured in a complex
medium containing (per liter): 10 g yeast extract (Fisher
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Scientific BP14222, Indianapolis, IN, USA), 5 g trypti-
case soy broth (Fisher Scientific B11768), 0.25 g dibasic
potassium phosphate (Fisher Scientific BP363), 0.056 g
MnSO, * H,O (Sigma Aldrich M7899, Indianapolis, IN)
and varying amounts of glucose or sucrose. If mentioned
in the experimental design, 50 g/l of calcium carbonate
was used for pH buffering in serum bottles. The medium
was made concentrated to accommodate the addition of
500 g/l carbon source and was sterilized (void of carbon
source) by treatment in an autoclave or by steam in place
technology for 30 min at 121 °C and 15 psig. The carbon
source was sterilized separately and aseptically combined
with the sterile medium to typically target a concentration
of 100 g/l. If enzymatically treated corn mash (ECM) was
used in the experiment, the material was supplied by Aben-
goa Biosciences as a milled and alpha amylase treated corn
mash with a solid content of about 30 %. The ECM was
subsequently prepared as follows. ECM was treated with
glucoamylase to hydrolyze starch fragments into free glu-
cose by adding 14 ppm of glucoamylase (1,425 glucose
units per gram) to the corn mash and then heating the mate-
rial to 60 °C in a 30-1 fermentor with 200-rpm agitation for
approximately 15 min to activate the enzymatic hydrolysis.
After the saccharification, the corn mash was cooled, the
glucose content was measured, and then the material was
diluted appropriately with water to achieve the desired
glucose concentration for the experiment. In ECM experi-
ments utilizing vitamin and mineral supplementations,
the ECM supplements were added post-sterilization under
aseptic conditions as described. The minerals comprised
of ZnCl,, FeCl,, MnCl,, and CaCl, at a final fermenta-
tion concentration of 0.05 mM each. The vitamins com-
prised of riboflavin, pantothenic acid, biotin, thiamine, and
cyanocobalamin at a final fermentation concentration of
2 mg/1 each. In medium-optimization studies, the complex
nitrogen components (i.e., yeast extract, trypticase) were
directly replaced with an industrial counterpart by weight.

Anaerobiosis was achieved initially by sparging 99.9 %
pure nitrogen through the medium in fermentors or by
purging the headspace of serum bottles immediately fol-
lowing sterilization.

Culture conditions

Fermentations were conducted in Biostat C plus, 30-1
fermentation vessels (Sartorius AG, Goettingen, Ger-
many). The post-inoculation fermentation volumes were
15 1. During fermentation, overlay 99.9 % pure nitrogen
was used to maintain anaerobic conditions in fermen-
tors and supply headspace pressure. The temperature was
controlled at 32 °C. Automatic addition of concentrated
ammonium hydroxide (14.6 M) was used to control pH at
6.5 in fermentors. Pressure was maintained in fermentors

at 0-1,500 mBar, typically 700 mBar. Fermentor agita-
tion was provided by three 4.75”-diameter Rushton design
impellers with tip speeds ranging from 0.31 to 6.79 m/s,
typically 0.61 m/s.

Small-scale fermentations were completed in 125-ml
stoppered and crimp-sealed serum bottles (Fisher Scientific
06-406J). No atmospheric control was implemented with
the serum bottles. However, during sampling, some of the
gas pressure that had built up in the bottles was released.
Serum bottles were generally inoculated from a seed cul-
ture at 0.6 % (v/v) as described below. During strain com-
parative studies, a 0.6 % (v/v) inoculum amount was tar-
geted but inoculum volumes were normalized by ODg.
Sampling occurred typically every 12 h and all samples
were immediately frozen at —20 °C until fermentation
completion.

To prepare seed serum bottles, 300 nl of culture was
thawed in an anaerobic vial and cryogenically sealed with
a septum. The 300-p1 culture was transferred via syringe
to 50 ml of medium described above in a serum bottle sup-
plemented with glucose or sucrose and incubated statically
at 32 °C. After approximately 24 h, this culture typically
achieved an ODg, of 0.5 and could be used to inoculate
subsequent production serum bottles at 0.6 % (v/v). If addi-
tional biomass accumulation was required for bioreactor-
scale experiments, 8 ml of the typically ODg, of 0.5 serum
bottle seed was transferred into an anaerobically treated
2-1 bottle with 11 of identical media, grown under the same
conditions to again reach an ODgy, of 0.5. This culture
was then used to inoculate a seed bioreactor at 5 % (v/v)
and operated at the conditions described above. Once the
seed bioreactor achieved an ODyy, of 5-10, it was used to
inoculate production fermentors at 5-10 % (v/v). A figure
detailing the process steps involved in this cultivation from
the inoculation of the seed serum bottle to the production
fermentation is available in the Supplementary Information
(see Figure S2).

For high cell-density experiments in serum bottles and
bioreactors, the seed culture was aseptically concentrated
by centrifugation. Sampling occurred typically every 12 h
and all analytical samples were immediately frozen at
—20 °C until fermentation completion.

Analytical methods

Optical density measurements were made using blank
medium for background subtraction and dilution where
applicable. Optical density was measured using 1-cm path
cuvettes on a Thermo Genesis A10 UV spectrophotometer
immediately after sampling.

After thawing and sufficient mixing of frozen sam-
ples, 1 ml was centrifuged and clarified by 0.2-pm filtra-
tion. Propionic (PA), acetic (AA), succinic (SA), and lactic
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acid (LA), as well as glucose or sucrose, concentrations
were determined by high-performance liquid chromatog-
raphy using an ion exclusion column Aminex HPX-87H,
300 x 7.8 mm (Bio-Rad, Hercules, CA, USA). The opera-
tion temperature was 45 °C with an isocratic elution of
0.005 M H,SO, at a rate of 0.6 ml/min. The injection vol-
ume was 5 l and the detector monitored refractive index
for comparative quantitation to authentic standards.

Results and discussion
Organism selection

Approximately 60 different strains of Propionibacteria
were identified through searches of the DSMZ, ATCC,
NRRL, and CCC strain banks. While many of these strains
had little or no PA fermentation data in the scientific litera-
ture, it was clear that the P. acidipropionici and P. freuden-
reichii species were consistently strong producers of PA.
Based on this observation, 17 strains were selected for fer-
mentation screening (see Table 1), of which ten were of P,
acidipropionici and P. freudenreichii species. The remain-
ing seven strains were selected in a manner to acquire a
representative set from other species, but were somewhat
contingent on strain availability from the strain banks.

Serum bottle screen

P. acidipropionici ATCC 4875 is one of the most well-
studied Propionibacterium strains for PA production.
Since there is an abundance of both internal and literature
data for this strain, it was chosen as a reference to evalu-
ate the relative performance of the remaining 16 strains.
The goal of the screen was to identify a strain with high
PA tolerance, high productivity, and PA purity compa-
rable to or better than P. acidipropionici ATCC 4875. A
two-tier, three-metrics system was devised to identify
both PA tolerance and PA productivity mutants without
compromising on PA purity. In the first tier, the two met-
rics for strain evaluation were PA titer at 120 h of fer-
mentation and PA productivity between 24 and 72 h of
fermentation. PA titer at 120 h was selected as a metric
because the titer accretion curve of many strains began
to flatten between 72 and 120 h, presumably due to PA
or pH inhibition. Strains that had higher productivity
and were tolerable to higher PA titers would produce the
highest titers at 120 h of fermentation. The downside to
this metric is that strains with longer lag phases or strains
that were highly susceptible to PA inhibition would score
poorly based on this metric. In order to not miss mutants
that had an innate capacity to produce PA at higher rates,
PA productivity between 24 and 72 h was also used as
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a metric. The 24-72 h time period was selected because
many of the strains had a 24 h lag period for PA produc-
tion. If productivities were calculated from the begin-
ning of the fermentation, strains with longer lag phases
would be penalized for a phenotype that could potentially
be removed by strain adaptation or process optimiza-
tion. Strains selected from both the 120-h PA titer and
24-72-h productivity were advanced to the second-tier
screen where a PA/AA ratio was used as the sole metric.
The PA/AA ratio was used as the second-tier metric since
AA is a main byproduct that complicates product recov-
ery and is very difficult to minimize during fermentation
by modifying the fermentation conditions. Removal of
AA production by metabolic engineering has also proven
to be very challenging [25].

Table 1 and Fig. 1 summarize the glucose and sucrose
screen data for the 17 Propionibacterium strains. Four
strains (P. acidipropionici ATCC 55737, P. jensenii ATCC
4868, P. intermedium ATCC 14072, and P. acidipropio-
nici ATCC 25562) out-performed P. acidipropionici ATCC
4875 in terms of 120-h titer on glucose. Two strains (P.
acidipropionici ATCC 55737 and P. theonii ATCC 4874)
out-performed P. acidipropionici ATCC 4875 in terms of
24-72 h productivity on glucose. Unfortunately, when
these five strains were subjected to the PA/AA metric, only
P. acidipropionici ATCC 55737 showed performance better
than P. acidipropionici ATCC 4875 on glucose.

On sucrose, the strains (P. acidipropionici ATCC 4965,
P. acidipropionici ATCC 25562, and P. theonii ATCC
4874) had 120-h PA titers higher than P. acidipropionici
ATCC 4875. All three of these strains also had improved
2472 h productivity when compared to P. acidipropionici
ATCC 4875. In addition to these three strains, P. cyclohex-
anicum ATCC 700612 had higher 24-72-h productivity
relative to P. acidipropionici ATCC 4875. When these four
strains were subjected to the PA/AA metric, only P. acidi-
propionici ATCC 4965 and P. acidipropionici ATCC 25562
met the advancement criteria. Therefore, considering all
three evaluation criteria for both the glucose and sucrose
screens, only three strain-substrate combinations, P. acidi-
propionici ATCC 4965-sucrose, P. acidipropionici ATCC
25562-sucrose, and P. acidipropionici ATCC 55737-glu-
cose, showed performance superior to P. acidipropionici
ATCC 4875 in serum bottles.

Fermentor-scale strain evaluations

The serum bottle screen unfortunately cannot be perfectly
predictive of fermentor-scale performance since serum
bottles do not have pH control, continuous gas sparging,
or internal agitation. Due to the limitation that serum bot-
tles do not have pH control, the serum bottle screen will
favor strains that are more tolerant to low pH or high free
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Table 1 Serum bottle
screening data for the 17
Propionibacterium strains
grown on glucose and sucrose.
The first column is the strain
name. The second column

is the carbon source. The

third column represents the
120-h PA titer and respective
standard deviation. The fourth
column is the productivity
measured between 24 and 72 h
of fermentation and the last
column is the byproduct ratio
defined as the PA titer divided
by the AA titer at 120 h

Strain Carbon PA titer at ~120 Productivity Byproduct
source h + PA titer 24-72h ratio
STDev (g/l) (g/l/h) PA/AA
P. acidipropionici ATCC 4875 Glucose 5.55 £ 0.06 0.084 7.33
P. acidipropionici ATCC 55737 Glucose 7.89 £0.17 0.095 8.28
P. jensenii ATCC 4868 Glucose 7.37 £0.06 0.082 3.24
P. intermedium ATCC 14072 Glucose 6.02 +£0.23 0.074 2.9
P. acidipropionici ATCC 25562 Glucose 6.01 £0.15 0.081 7.15
P. acidipropionici ATCC 4965 Glucose 5.79 £ 0.25 0.074 5.5
P. theonii ATCC 4874 Glucose 5.6 £0.15 0.085 5.57
P. freudenreichii ATCC 9617 Glucose 5.25 £0.06 0.049 3.43
P. freudenreichii ATCC 39393 Glucose 5.21 £0.26 0.062 2.24
P. freudenreichii ATCC 9614 Glucose 5.13 £0.06 0.027 3
P. cyclohexanicum ATCC 700612 Glucose 447+0 0.06 1.25
P. avidium ATCC 25577 Glucose 362+0 0.058 2.85
P. freudenreichii ATCC 9616 Glucose 3.55+0.01 0.013 2.59
P. freudenreichii ATCC 6207 Glucose 353+£1.1 0.023 1.51
P. freudenreichii ATCC 8262 Glucose 3.33 £0.31 0.021 3.46
P. acnes ATCC 6919 Glucose 2.02 £+ 0.06 0.023 3.05
P. granulosum ATCC 25564 Glucose 1.32 £ 0.12 0.002 4.69
P. acidipropionici ATCC 4875 Sucrose 3.35 +0.06 0.049 3.22
P. acidipropionici ATCC 4965 Sucrose 5.28 £0.38 0.08 4.14
P. acidipropionici ATCC 25562 Sucrose 4.63 £0.76 0.074 4.75
P. theonii ATCC 4874 Sucrose 3.58 £0.15 0.075 2.92
P. avidium ATCC 25577 Sucrose 34+0 0.033 3.71
P. cyclohexanicum ATCC 700612 Sucrose 3.4 4+ 0.06 0.062 1.97
P. acidipropionici ATCC 55737 Sucrose 292 £0.32 0.034 3.05
P, jensenii ATCC 4868 Sucrose 201 £0 0.025 3.14
P. intermedium ATCC 14072 Sucrose 1.92 £ 0.06 0.032 3.04
P. acnes ATCC 6919 Sucrose 1910 0.021 2.86
P. freudenreichii ATCC 9617 Sucrose 1.63 £ 0.02 0.024 3.75
P. freudenreichii ATCC 39393 Sucrose 135+£0 0.018 2.83
P. freudenreichii ATCC 8262 Sucrose 1.21£0 0.011 2.57
P. freudenreichii ATCC 6207 Sucrose 1.17 £ 0.46 0.016 1.49
P. granulosum ATCC 25564 Sucrose 1.1 £0.06 0.01 5.33
P. freudenreichii ATCC 9614 Sucrose 1.08 £ 0.06 0.013 3.13
P. freudenreichii ATCC 9616 Sucrose 0.38 £ 0.06 0 3.38

PA concentrations, but these phenotypes might not trans-
late into improved PA productivities or byproduct ratios at
the industrial fermentor scale. In the serum bottle screen,
most fermentations reached a final pH of 4.0-5.0 with the
higher-titer strains having a pH closer to 4.0. In the fermen-
tor, pH was controlled at 6.5, so strains with lower free acid
or pH tolerance would not have been disadvantaged.

The top three strain-substrate combinations from the
serum bottle screen were evaluated in 30-1 fermentors
under identical conditions using pH control, headspace sup-
plied nitrogen, and agitation. In a bioreactor fermentation
on glucose, P. acidipropionici ATCC 55737 produced only
roughly half the titer of P. acidipropionici ATCC 4875. As

shown in Fig. 2, P. acidipropionici ATCC 55737 PA titer
was considerably lower throughout the entire fermentation.
This is a surprising result considering the serum bottle data
indicated P. acidipropionici ATCC 55737 achieved a signif-
icantly higher 120-h PA titer and had a higher PA produc-
tivity between 24 and 72 h compared to P. acidipropionici
ATCC 4875. Even more interesting is that the media com-
position used in the serum bottle and fermentor evaluations
were identical, except for the 2.5-fold higher glucose con-
centration in fermentors. There are at least three potential
explanations for the lower-than-expected P. acidipropionici
ATCC 55737 performance in fermentors: differences in PA
inhibition at higher titers or pH values, variable substrate
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Fig. 1 The strain evaluation
metrics used for platform strain
selection in this study. Strains
that passed each metric are

120 h titer > ref

Glucose Screen

PAProd 5,5, > ref

listed below the respective No No
metric. Only strains that passed ) .
a first-tier metric (diamonds) Strain(s) Strain(s)
were evaluated in the second- ATCC 55737, Yes Yes ATCC 55737,
tier metric (rounded rectangles) ATCC 4868, ATCC 4874
8 ATCC 14072
ATCC 25562
PA/AA > ref
No
Yes
Strain(s)
ATCC 55737
Sucrose Screen
120h titer > ref PAProd 5, 55, > ref
No No
Strain(s) Strain(s)
ATCC 4965, Yes Yes ATCC 4965,
ATCC 25562, ATCC 25562,
ATCC 4874 ATCC 4874,
ATCC 700612
PA/AA > ref
No
Yes
Strain(s)
ATCC 4965,
ATCC 25562

inhibition due to higher glucose concentrations in the fer-
mentor, or metabolic shifts induced by the headspace pres-
sure of the fermentor. The metabolic shift hypothesis is
supported by the fact that P. acidipropionici ATCC 55737
accumulated 25 g/l of LA in the fermentor compared to
only 6 g/l of LA for P. acidipropionici ATCC 4875. Clearly,
P. acidipropionici ATCC 55737 metabolism was shifted
towards LA production relative to P. acidipropionici ATCC
4875. Further optimization of fermentor conditions could
lead to improved P. acidipropionici ATCC 55737 perfor-
mance. However, it is clear that under the experimental
conditions employed in the fermentors, P. acidipropionici
ATCC 4875 is the superior strain when grown on glucose.
Both P. acidipropionici ATCC 4965 and P. acidipro-
pionici ATCC 25562 were evaluated in fermentors with
sucrose relative to P. acidipropionici ATCC 4875. Similar
to the P. acidipropionici ATCC 55737 results on glucose,
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P. acidipropionici ATCC 25562 produced less than half
the titer of P. acidipropionici ATCC 4875 (see Fig. 3). The
results with P. acidipropionici ATCC 4965 were however far
more positive. After 72 h of fermentation, P. acidipropionici
ATCC 4965 had produced ~40 g/l of PA, roughly 90 % of
the P. acidipropionici ATCC 4875 PA titer. P. acidipropion-
ici ATCC 4965’s LA levels were comparable to P. acidipro-
pionici ATCC 4875, but it had produced ~4 g/l less AA and
~10 g/l less SA after 72 h of fermentation (data not shown).
Thus, in this case, the P. acidipropionici ATCC 4965 PA/AA
improvement identified in the serum bottle screen translated
to the fermentor scale. Although P. acidipropionici ATCC
4965 has merit as a platform strain for PA production, it did
produce a slightly lower final titer than P. acidipropionici
ATCC 4875 during the fermentor evaluation. Furthermore,
P. acidipropionici ATCC 4965 yield was lower at 0.37 g/g
compared to 0.48 g/g for P. acidipropionici ATCC 4875. It
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is worth noting that despite all three strains outperforming
P. acidipropionici ATCC 4875 in terms of 120 h PA titer and
productivity between 24 and 72 h in serum bottles, none of
the three selected strains reproduced this result at fermen-
tor scale. Clearly the serum bottles, which are widely used
as a strain evaluation and process development platform,
were not very predictive of fermentor scale performance.
Based on this observation, it is conceivable that one of the
strains that underperformed in serum bottles, and therefore
were not advanced to fermentor scale testing, could pro-
duce higher PA titers than P. acidipropionici ATCC 4875 in

time (h)

fermentors. However, fermentor-scale evaluations with all
16 strains would require a substantial amount of research
capacity and would further delay process development work
with P. acidipropionici ATCC 4875. So despite the risk, P.
acidipropionici ATCC 4875 was chosen as the platform
strain for process development research.

Fermentation process development with ATCC 4875

After selection of P. acidipropionici ATCC 4875 as the
platform strain for fermentation process industrialization,
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a series of representative studies were conducted to opti-
mize PA productivity, improve PA purity, and reduce media
costs. The following three sections describe process and
medium optimization studies which each resulted in a sig-
nificant improvement in fermentation performance.

Optimization of fermentation process conditions
to minimize byproducts

As shown in Figs. 2 and 3, ATCC 4875 fermentations accu-
mulate significant amounts of organic acid byproducts.
In order to maximize PA yield and minimize the cost of
PA recovery, an industrializable PA fermentation process
should minimize byproduct accumulation. As previously
mentioned, we have found that AA accumulation is largely
unaffected by the fermentation process conditions. This is
likely related to the fact that AA accumulation is required
for ATP or NADH generation (See Supplementary Data
Figure S1). For this reason, we employed a strain selec-
tion criterion to identify strains with reduced AA levels and
later focused fermentation process development activities

40
- 0 mBar
~ 35 -o- 350 mBar
< -« 700 mBar
2 - 1100 mBar
g 30 - >« 1500 mBar
s propionic=solid
b 4
£ 25 lactic=dashed
8
c 1
S 20
[3)
o
5 15 4
© ~
o ~
E 10 A S~
2 ~
O 54 ~
—~ - S -
0 = ‘ == _;1— —_—
0 12 24 36 48 60 72

Fig. 4 Thirty-liter fermentor propionic and lactic acid titers as a
function of headspace pressure. Propionic acid titers are shown as the
solid lines and lactic acid titers are shown as the dashed lines

around minimizing LA and SA. We have shown that LA
is catabolized into PA under glucose-starvation conditions
and therefore can be eliminated from the fermentation
broth by simply extending the fermentation time beyond
glucose exhaustion [22]. However, the approach of running
PA fermentations under glucose limited conditions to mini-
mize byproduct levels is not desirable from an industrial
perspective because limiting glucose levels also limits pro-
ductivity. Figure 4 below shows that fermentor headspace
pressure can be used to significantly minimize LA produc-
tion obviating the need to run the fermentation to glucose
exhaustion. Neither SA nor AA titers were significantly
affected by backpressure in the ranges tested. 1,500 mbar
of pressure prevented the LA titer from exceeding 3 g/l,
a 3—4 fold reduction compared to fermentations run at
0-350 mbar. The exact mechanism behind how headspace
pressure reduces LA accumulation is unknown. However, it
is known that the solubility of gases, such as carbon diox-
ide, increases at higher headspace pressures and can have
an effect on cellular metabolism. As shown by Table 2, AA
and SA titer were unaffected by headspace pressure so it
is unclear where the LA metabolic flux is redirected to at
higher pressures. However, considering that 1,100 and
1,500 mbar pressures produced marginally higher titers
and propionic acid yields, one hypothesis is that the higher
pressures drive the conversion of pyruvate to PA and away
from LA by providing additional carbon dioxide substrate
for pyruvate carboxylase. However, this hypothesis could
explain only half of the carbon differential between the
0 and 1,500 mbar conditions considering that LA titer is
reduced by ~8 g/l and PA titer increased by only ~4 g/I.

As shown in Fig. 5, fermentor agitation rate or shear also
had an effect on byproduct accumulation levels, although
in most cases, the effects were less significant than was
seen when varying fermentor headspace pressure. Higher
shear rates tended to increase LA production (Fig. 5d) and
reduce SA production (Fig. 5c). PA yield was not signifi-
cantly affected by agitation rate. The highest agitation rate,
1,100 rpm, produced marginally lower ~70 h titer, but it is
difficult to say this difference is significant considering the
earlier PA titer points were comparable to the fermentations

Table 2 Organic acid titers, yield, and productivity as a function of fermentor backpressure

Pressure (mBar) Propionic (g/1) Acetic (g/1) Succinic (g/1) Lactic (g/1) Yield (g/g) Productivity (g/l/h)
0 30.4 4.8 73 3.0 0.29 0.48
350 30.6 5.1 8.9 9.1 0.31 0.48
700 30.0 32 10.9 0.8 0.29 0.47
1,100 343 4.2 10.8 0.0 0.34 0.54
1,500 32.7 5.2 8.8 0.0 0.37 0.51

Yield is shown as grams of propionic acid produced per gram of glucose consumed. Productivity is defined as the grams of propionic acid pro-

duced per liter per hour throughout the entire fermentation
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Fig. 5 Thirty-liter fermentor titers as a function of agitation rate: a propionic acid, b acetic acid, ¢ succinic acid, d lactic acid

with lower agitation rates. The increase in LA at higher shear
rates is not of huge concern considering that LA accumula-
tion can likely be avoided by using high pressures or running
the fermentation to glucose starvation. It is, however, worth
noting that high shear rates are often difficult to avoid at
large scale due to the increased agitator tip speed and super-
ficial gas velocities of large scale fermentors. Thus, pres-
sures even higher than evaluated in this study may need to be
employed to maintain LA titers at acceptable levels.

Fermentation productivity optimization

PA fermentation productivity with ATCC 4875 was sub-
stantially increased by densifying the biomass level of the
inoculum. Triplicate serum bottles with complex medium
including 50 g/ calcium carbonate to provide pH buffering
and inoculated with variable biomass levels that were asep-
tically concentrated from identical stock culture. In each

18 —-e- Control - 2.5 g DCW/L Inoculum
161 | -= 5gDCWIL Inoculum
=< 10 g DCW/L Inoculum
141 | .+~ 17.5 g DCWIL Inoculum
124 L= 25 g DCW/L Inoculum

propionic acid concentration (g/L)

0 6 12 18 24
time (h)
Fig. 6 Serum bottle fermentation titer as a function of inoculum den-

sity for P. acidipropionici ATCC 4875. Error bars are shown as +1
standard deviation across triplicate fermentations
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case, the volume of inoculum remained constant, but the
biomass varied from 1x (control), 2x, 4x, 7x, and 10x,
where 1x corresponds to 2.5 g DCW/I and 10x corre-
sponds to 25 g DCW/I. Figure 6 shows that the productivity
was significantly enhanced with higher cell density inocu-
lum, but the effect was highly non-linear. Doubling the
inoculum density had no measurable effect in productivity
at 24 h, but increasing the inoculum by tenfold improved
final productivity by ~45 %. Increasing inoculum level
slightly improved PA/AA ratio, but no effect on the PA/SA
ratio was observed. At an inoculum level of 2.5 g DCW/I,
the final PA/AA ratio was 5.6 £ 0.7 compared to 8.6 £ 0.7
at an inoculum density of 25 g DCW/I. We suspect that the
higher PA/AA ratio at higher inoculum densities is related
to the fact that the higher inoculum cultures tended to grow
less, as evident by a smaller increase in post-inoculation
OD, and therefore required less ATP, which is produced
through acetate generation.

A similar experiment was conducted in 30-1 fer-
mentors at 1x (control), 5x and 30x inoculum levels,
where 1x corresponded to 0.14 g DCW/I biomass. Here,
in order to demonstrate an integrated example, we also
applied our learnings regarding fermentor backpres-
sure and shear to minimize lactic acid accumulation.
Thus, for all three inoculum levels, fermentor backpres-
sure was held at 1,100 mbar and agitation was held at
50 rpm. As seen in the serum bottles, higher inoculum
densities achieved substantially higher productivities. In
fact, as shown in Fig. 7, the 30x inoculum achieved a
sustained productivity of more than 2 g/l/h, one of the

highest PA fermentation productivities reported to date.
This is roughly a threefold improvement in productiv-
ity compared to the 1x inoculum condition, which had a
productivity of 0.73 g/I/h. Furthermore, this was achieved
while accumulating only ~2 g/l lactic acid by keeping
backpressure high and agitation shear low. While further
improvements in productivity are likely attainable, our
previous work has shown that productivity improvements
beyond 1 g/I/h have little return on investment for PA
process economics [22]. For this reason, the remainder
of our process development work focuses on variable fer-
mentation cost reduction.

Medium optimization to reduce manufacturing cost

The ATCC 4875 fermentation media was industrialized to
reduce fermentation cash costs while preserving PA pro-
ductivity and byproduct ratios. As detailed in the “Materi-
als and methods” section of this paper, the base lab-grade
medium consisted of tryptic soy broth (TSB), yeast extract
(YE), dibasic potassium phosphate, manganese sulfate,
and a carbon source such as glucose or sucrose. The most
costly components of the lab-grade medium are the TSB
and the YE. These two components alone account for 70 %
of the media cost for the production of PA using lab-grade
medium. In these studies, the yeast extract was directly
replaced with an industrial equivalent and the TSB was
replaced with an industrial-grade soy product. Although
TSB in the lab-grade medium contains ~60 % casein and
~10 % soy, medium optimization was focused purely on

Fig. 7 Thirty-liter fermentor
organic acid titers as a function
of inoculum density. Propionic
acid is shown as the thick solid
lines, lactic acid is shown as the
long dashed lines, acetic acid is
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soy products since these products are often less expensive
than casein-based products.

Six different soy products from Marcor Corp. were eval-
uated in serum bottles relative to the standard lab media
recipe. Three of the products were hydrolyzed through
papaic digestion: soy peptone A, soy peptone H and soy
peptone G, while the other three soy products were unhy-
drolyzed: Alpha DS, Alpha 5800, and Supro 595. The three
peptones are fully soluble products whereas the unhydro-
lyzed soy products are not. The results of Fig. 8 show that
the Soy Peptone A product improved the 168-h titer by
more than 50 %, while Alpha DS, Alpha 5800, and Soy
Peptone H had equivalent to slightly improved 168-h titer.
Interestingly, all six of the products showed a statistically
significant titer improvement 48 h into the fermentation
(See Supplementary Information Figure S3). It is impor-
tant to note that soy protein hydrolysis does not necessarily
improve titer as two of the top three performers were unhy-
drolyzed. Furthermore, the lab-grade BBL TSB, which is
hydrolyzed, produced the lowest 48- and 72-h titers (See
Supplementary Information Figure S3). The relatively poor
performance of the BBL TSB could be due to a difference
in starting material or processing (hydrolysis, filtering,
etc.). The titer improvement with the industrial soy prod-
ucts strongly correlates to a difference in biomass level as
shown by the linear regression of OD and titer in Supple-
mentary Information Figure S4. Thus, the improvement the
soluble products afforded seems to be related to increased
biomass and not an increase in specific cell productivity.
Although all seven conditions were inoculated identically,

Soy Replacements

{» Yeast Extract Replacements

?LjL

& & L L P 2 & e &
QQQ QQ‘Q g N 0‘2}\ & 60@\ o\b '\0(\ o{\\6
3 %& MR c70\b (SO © &

the Soy Peptone A fermentations had produced up to twice
the biomass by 72 h. OD could not be measured in the three
unhydrolyzed soy products due to the presence of solids so
it is unclear whether a correlation between cell growth and
PA titer exists for these products.

The screening of eight yeast extract products with the
ATCC 4875 strain gave nearly a threefold difference in
final titers. As shown in Fig. 8 and Supplementary Figure
S5, five of the eight commercially available yeast extract
products produced higher final titers than the lab-grade
yeast extract. The three Bionis yeast extracts had the high-
est final titers with a range of 5.93-8.94 g/l, a 25-88 %
improvement over the lab-grade yeast extract. The yeast
extract screening titers had no statistically significant cor-
relation with OD, but a weak correlation can be seen with
the protein content of each material as shown in Supple-
mentary Figure S6. The Bionis yeast extract products had
a minimum protein content of 64.4-71.7 % (w/v), whereas
the other products had 42.5-53.3 % (w/v) minimum protein
content or lower. Since there was no correlation between
titer and OD, it is clear that yeast extract protein content
can affect PA specific productivity. The presence of addi-
tional protein could alleviate nitrogen, or more specifically
an amino acid, limitation that allows the culture to produce
PA at higher rates. More testing would be required to deter-
mine the specific molecule that is limiting PA productivity.

Based on the serum bottle yeast extract and soy product
screening results, and considering the cost of each prod-
uct, two yeast extract—soy product combinations were
evaluated at the 30-1 fermentor scale using pH control.
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Despite the superior performance of the soy peptone in
the serum bottle screen, it was not selected for fermentor
evaluation due to high relative cost. Rather independent
Bionis YE NS—AIlpha 5800 and Bionis YE NZ—Alpha
DS combinations were evaluated. Figure 9 shows that the
Bionis YE NZ—Alpha DS fermentation underperformed
producing about 40 % lower PA titers, where the Bionis
YE NS—AIlpha 5800 fermentation closely matched the
lab-grade medium performance. The Bionis YE NZ—
Alpha DS fermentation accumulated ~15 g/l of LA,
whereas the other media recipes had negligible amounts
of LA at the end of the fermentation. There was very lit-
tle difference in SA and only a modest difference in AA
across the three media recipes (see Table 3). It is unclear
whether the poor performance of Bionis YE NZ—Alpha
DS is due to the Bionis YE NZ, Alpha DS, or a combina-
tion of both products. More experimentation could reveal
that one of the products could be used without deteriora-
tion in performance.

In order to further reduce cost and simplify the fermenta-
tion process for industrialization, fermentation experiments

were conducted using enzymatically treated corn mash
(ECM) as both a replacement for sugar (glucose) and as a
complete medium. ECM is an intermediate product to corn
syrup and has been used for several years in ethanol fer-
mentation [4]. ECM contains glucose as well as unrefined
free sugars and other corn-based organic compounds such
as proteins, amino acids, and trace minerals. ECM typically
contains about 30 % dry solids, but only about 20 % glu-
cose on a solids basis, meaning roughly 10 % of the mate-
rial remains as a mixture of fermentable and non-fermenta-
ble substrates.

ECM was previously evaluated as a glucose replace-
ment in lab-grade medium and shown to produce compa-
rable results to lab-grade medium in fibrous bed bioreac-
tors (FBB) [12]. We found a similar result in conventional
free-cell fermentations using strain ATCC 4875 (data not
shown). Far more surprising is that our experiments show
that pure ECM itself is a suitable medium for PA produc-
tion using ATCC 4875. With minimal supplementation,
ECM performance can achieve 68 % of lab-grade medium
performance in terms of productivity with no loss in
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Table 3 Organic acid titers, yield, and productivity as a function of media type
Raw materials Propionic (g/l) Acetic (g/l) Succinic (g/l) Lactic (g/1) Yield (g/g) Productivity (g/1/h)
Lab-grade media 50.5 12.5 19.4 0.5 0.51 0.30
NS/5800 53.1 10.6 18.4 1.4 0.53 0.32
NZ/DS 31.2 7.8 19.9 14.2 0.31 0.19

Yield is shown as grams of propionic acid produced per gram of glucose consumed. Productivity is defined as the grams of propionic acid

produced per liter per hour throughout the entire fermentation
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Fig. 10 Organic acid titers and 45
glucose residuals for enzymati-
cally treated corn mash (ECM)
fermentations with and without
vitamin supplementation
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fermentation yield and lower byproduct levels compared
to lab-grade medium (see Fig. 10). In fact, Fig. 10 shows
that the 25 g/l of PA was made from only 40 g/l of glu-
cose indicating that in the ECM fermentation the apparent
yield from glucose is enhanced, albeit likely artificially,
from 0.48-0.55 g/g in lab-grade medium to 0.60 g/g in
ECM. It seems likely that the apparent yield enhancement
is due to the catabolism of non-glucose fermentable sugars
within the ECM. In any case, since ECM is sold based on
glucose content, this additional yield comes at practically
no additional cost relative to using a more refined glucose
supply. Supplementation with vitamins can significantly
enhance productivity such that 0.5 g/l/h of propionic acid is
produced during the first 40 h of fermentation as shown in
Fig. 10. Further experimentation (data not shown) revealed
that cyanocobalamin, which is a known Propionibacterium
growth stimulant [26], was responsible for the productiv-
ity enhancement. Supplementation with inorganic min-
erals such as zinc, manganese, magnesium, or iron had
no detectable effect on fermentation productivity or yield
(data not shown). Overall, the supplemented ECM results
represent the most attractive medium for an industrialized
PA fermentation process since the medium is both low
cost and simple. Based on the data shown with lab-grade
medium, additional experimentation with higher-density
inoculums could lead to even higher ECM productivities.
The main disadvantage to this process is that ECM is avail-
able in large quantities only in certain geographies. ECM
is widely available in the US, but not in countries such
as Brazil where sugar production is heavily focused on
sucrose from sugar cane. Sugar cane has been shown to be

=~ glucose
—>¢ acetic
—O— propionic

Pure ECM = short dash
ECM + vitamins = solid

- succinic
—— lactic

time (h)

a suitable carbon source for PA fermentations [8]; however,
analogous experiments using crude sucrose products such
as direct sugar cane extracts as the main medium source
have yet to be completed. It is certainly conceivable that
sugar cane juice medium could be developed using mini-
mal supplementation.

Process economics

The main purpose of industrializing a fermentation process
is to deliver a process with lower overall cost such that the
process is competitive with alternative, or in the case of PA,
existing petrochemical routes. Two cost parameters are typ-
ically important from an industrial perspective: (1) capital
cost or the investment required to initially build the indus-
trial scale process, which typically includes equipment and
installation costs, (2) cash costs which are the operating
costs for the industrialized process, which typically include
the cost of raw materials, utilities, labor, and permitting. Of
most importance for our work is the fermentation operating
or cash costs, which are largely dominated by the feedstock
and fermentation media costs. Details on the capital cost
estimates for an industrialized PA process can be found in a
separate publication [22].

In this work, industrialization of the media composition
using commercially available yeast extract and soy prod-
ucts, reduced the media cost nearly sevenfold. Still, due to
limitations on yield and the cost of the other media compo-
nents (trace minerals, potassium phosphate, etc.), the media
cost per kilogram of PA was still ~ fourfold higher than the
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market cost for PA. Based on this observation, alternative
media recipes were investigated with the intent of drasti-
cally reducing the fermentation media cost. ECM with or
without vitamin B12 supplementation gave a final media
cost of ~$1 per kilogram of PA, which is near the current
market price for PA. A comparison of media costs and pro-
ductivities is provided in Fig. 11.

Utilizing the fermentation cash cost factors developed
in this study and assuming a fermentation yield of 0.50—
0.60 g/g and product recovery costs detailed elsewhere, a
comparison to the cash costs of the incumbent petrochemi-
cal “oxo” process can be done as shown in Fig. 12 [22]. The
comparison reveals that in today’s dollars the PA fermen-
tation process is still not competitive; however, at a yield
of 0.55 g/g or greater, today’s process would be economi-
cally advantaged over the petrochemical route within the
next 10-15 years. Further improvements in fermentation
yield could drastically reduce the time for the bio-based PA
process to become the more profitable route. As previously
mentioned, the ECM process can produce apparent yields
of 0.60 g/g PA, but productivity suffers with ECM causing
a significant increase in capital expenditure and making it
unreasonable for industrialization at this point [22]. Fur-
thermore, biomass recovery becomes complicated due to
the insolubles present in the ECM resulting in a yield pen-
alty for losses in biomass between cycles. As a result, our
current cash cost model assumes zero biomass recycle per
fermentation batch in order to reflect an un-optimized pro-
cess capable of significant refinement. Despite the fact that
0.60 g/g process is not yet industrially viable due to low
productivity, a 0.60 g/g yield cash cost curve is shown in
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Fig. 12 for representative purposes. This curve shows that
a 0.60 g/g PA fermentation process would be competitive
as early as year 2020. The details of this economic analysis
including an evaluation of cash cost sensitivity to produc-
tivity, yield, and raw material cost as well as estimations
for capital costs based on fermentation productivity can be
found in a separate publication [22].

Conclusions

Seventeen different Propionibacterium strains were
screened in serum bottles and evaluated based on PA titer,
productivity, and purity relative to organic acid byproducts.
P. acidipropionici ATCC 4875 was selected as the plat-
form strain when fermented on both glucose and sucrose in
fermentors. To the best of our knowledge, this is the most
extensive screen of Propionibacterium strains reported in
a single study. Fermentation optimization was conducted
using P. acidipropionici ATCC 4875 to reduce byproduct
levels and increase productivity and yield. Optimization of
agitation rate and fermentor head space pressure led to a
sixfold reduction in LA and a 20 % reduction in SA. These
optimization strategies provide a scalable method for con-
trolling byproduct levels to potentially improve yield and
product recovery efficiencies. Fermentation productiv-
ity was also increased more than threefold to achieve one
of the highest sustained productivities reported to date of
2 g/l/h by densifying the inoculum source.

Medium optimization studies were conducted to reduce
media costs and improve economics using industrial-grade
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media components. Fermentation with Bionis YE NS yeast
extract and Alpha 5800 soy protein gave results comparable
to the lab-grade medium components and reduced media
costs more than sevenfold. Fermentation with pure and
slightly supplemented ECM gave the most attractive results.
Pure ECM media produced an apparent fermentation yield
on glucose of 0.60 g/g compared to 0.48-0.55 for the previ-
ously evaluated media recipes, but unfortunately productiv-
ity was reduced significantly. An optimized ECM recipe with
2 mg/l cyanocobalamin supplementation partially restored
productivity to 0.5 g/l/h. Further optimization, particularly
looking at inoculum density, could lead to even higher ECM
productivities. The optimized ECM recipe further reduced
media costs fourfold to a final media cost of less than 1 USD
per kilogram of PA, the lowest achieved in this study.

A cash costs comparison between an industrialized PA
process and the current petroleum-based “oxo” process
revealed than an economically competitive fermentation
process is within reach, but fermentation yield must be fur-
ther improved to be competitive in today’s dollars. Improv-
ing the actual fermentation yield from glucose or sucrose
beyond 0.55 g/g will likely entail metabolic engineering to
redistribute the carbon flow within the dicarboxylic acid
pathway and alleviate redox constraints. While significant
progress has been made in metabolic flux analysis and
pathway engineering, metabolic engineering still remains
as a major challenge in P. acidipropionici due to low trans-
formation efficiencies and the lack of replicative plasmids.
However, recently a transformation method was published
for Propionibacterium that enabled the conversion of pro-
pionic acid into propanol [20].

Although significant progress was made in the devel-
opment of an industrializable process, several challenges
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2025 2027 2029 2031 2033 2035

Year

T T T T
2021 2023

still remain. Utilization of the ECM as a medium supply
will be limited to geographies with a large corn glucose
supply such as the US, leaving countries such as Brazil
without a feasible process. Furthermore, ECM PA pro-
ductivity must be further improved to at least 1 g/l/h to
reduce capital costs to economically viable levels [22].
Increasing biomass levels in the ECM media could
improve productivity as seen with lab-grade media in this
study, but at an industrial scale, recovery of biomass in a
solid laden media could be challenging. Thus, the utiliza-
tion of cell recovery and recycling methods must be thor-
oughly evaluated. Despite all of these remaining chal-
lenges, this work demonstrates that fermentation using P.
acidipropionici ATCC 4875 to produce PA has significant
potential as an economically competitive, industrializable
process.
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