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Abstract

Crude glycerol is an excellent carbon source for bacterial production systems. Bacterial fermentation
often generates by-products that can offer an additional carbon pool to improve the product profile for
optimal valorization. In this study, the properties of two phylogenetically distinct bacteria, Acinetobacter
baylyi ADP1 and Clostridium butyricum, were coupled in a one-pot batch process to co-produce 1,3
propanediol (PDO) and long-chain alkyl esters (wax esters, WES) from crude glycerol. In the process, A.
baylyi deoxidized the growth medium allowing glycerol fermentation and PDO production by C.
butyricum. Reaeration of the co-cultivations enabled A. baylyi to metabolize the fermentation by-
products, acetate and butyrate, and synthesize intracellular WEs. To improve PDO production and A.
baylyi growth, carbon and macronutrients in the growth medium were screened and optimized using
Plackett-Burman and Box-Behnken models. The validation experiment revealed a good correlation
between the observed and predicted values. The salting-out method recovered 89.5% PDO from the
fermentation broth and in vacuo extraction resulted in a PDO content of 5.3 g L™%. Nuclear magnetic
resonance revealed a WE content and yield of 34.4+1.4 mg L™ and 34.2+3.2 mg WE g* dry cell weight,
respectively. A molar yield of 0.65 mol PDO mol™and 0.62 pmol WE mol crude glycerol was
achieved with the synthetic consortium. This work emphasizes the strength of response surface
methodology in improving production processes from the mutualistic association of divergent bacterial
species in consortium. The co-production of PDO and WEs from crude glycerol is demonstrated for the

first time in this study.
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Abbreviations

PDO, 1,3 propanediol; WEs, Wax esters; A. baylyi ADP1, Acinetobacter baylyi ADP1; C. butyricum,
Clostridium butyricum; C. kluyveri, Clostridium kluyveri; E. coli, Escherichia coli; spp., species; NaCl,
Sodium chloride; (NH4)2SO4, Ammonium sulfate; MgSO4.7H20, Magnesium sulfate heptahydrate;
CaCl2.2H,0, Calcium chloride dihydrate; ZnCl», Zinc chloride; MnCl2.4H,0O, Manganese chloride
tetrahydrate; H3BOs3, Boric acid; CoCl,.6H.0O, Cobalt chloride hexahydrate; CuCl»2H,0, Copper
chloride dihydrate; NiCl>.6H20, Nickel chloride hexahydrate; FeSO4.7H20, Ferrous sulfate
heptahydrate; Na2Mo004.2H->0, Sodium molybdate dihydrate; H2SO4, Sulfuric acid; ODeoonm, Optical
density measured at 600 nm; TE, Trace element; h, Hours; ANOVA, Analysis of variance; *H NMR,
Proton nuclear magnetic resonance; HPLC, High performance liquid chromatography; NAD" and

NADH, Oxidized and reduced form of nicotinamide adenine dinucleotide; DCW, Dry cell weight.

Introduction

Biodiesel derived from the transesterification of triglycerides represents one of the sustainable
alternatives to petroleum diesel. However, it is important to address the proportionally equivalent
amounts of crude glycerol generated from the oleochemical industries (1 kg glycerol from 10 kg
biodiesel). This glut of crude glycerol, caused by the excess of supply over demand, has lowered the
global glycerol price to $0.33 kg™ ($0.03 mol™), making it competitive with that of sugars [1-3]. Crude
glycerol is an excellent carbon source from which to produce a variety of high-value compounds such as
hydrogen, 1,3 propanediol (PDO), ethanol, glutamate and polyhydroxyalkanoates [4—7]. Of these,

research has mainly focused on PDO production.

The global demand for PDO as a precursor chemical for synthesis of polymers such as polyethers,
polyurethanes and polyesters is rapidly growing [8]. PDO currently sells for $35 kg™ ($2.7 mol™?) [9].

Based on a recent survey, the market value of PDO is projected to $621.2 million by 2021 [10]. PDO
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can be produced through chemical synthesis from petroleum-derived compounds such as acrolein and
ethylene oxide [11,12], and via bioconversion routes. Bioconversion of crude glycerol to PDO has been
reported via anaerobic and micro-aerobic fermentations using pure and recombinant bacterial strains,
and mixed microbial communities. Among the pure strains, Clostridium butyricum is the most efficient
native producer, reported to generate PDO titers of ~90 g L with molar yields of 0.5 - 0.6 mol mol*
substrate [13,14]. In addition to PDO, glycerol fermentation by Clostridium spp. generates other
products such as acetate, butyrate, butanol, ethanol and lactate. Efforts have been made to enhance the
carbon flow towards the target product, by using classical strain improvement [15] and process
optimizations [16]. However, these by-products can serve as an additional carbon pool to augment
glycerol valorization. In one study, co-generation was demonstrated of PDO and caproate from glycerol
and fermentation by-products, respectively, via the synergistic association of C. butyricum, Escherichia
coli, and C. kluyveri present in an anaerobic digesting sludge [17]. Another example described an
unconventional strategy for the combined production of PDO and polyhydroxyalkanoates from crude

glycerol using anaerobic sludge [3].

The present study focused on linking the metabolic activities of two divergent microbial species for the
coupled generation of PDO and long-chain alkyl esters (wax esters, WESs) from crude glycerol. The
WEs, oxoesters of long-chain fatty acids esterified with long-chain alcohols, are exploited in a multitude
of applications such as in, for example cosmetics, lubricants, and food industries. A major share of the
global WE supply relies on plant sources, such as jojoba oil, which is priced at $55 kg ($27 mol ™) [18].
The market value of jojoba oil is forecasted to reach $254 million by 2024 [19]. Certain bacterial genera
such as Acinetobacter and Rhodococcus can natively synthesize WESs as an energy reserve compound. In
contrast to plants, microbial WE production systems benefit from using wide range of substrates and
rational genetic engineering strategies for efficient carbon channeling [20-22]. In bacteria, WE synthesis

commences through the natural lipid metabolism pathway. Acetyl CoA derived from the carbon source



undergoes a series of reduction steps generating fatty alcohol, which is esterified with fatty acyl-CoA to
form WEs. Accumulation of WE in Acinetobacter spp. occurs under carbon-excess conditions and is
associated with cell growth [23]. Under carbon-limited conditions, the accumulated WEs are degraded
for biomass formation. In addition to model substrates, WE synthesis from fermentation metabolites
using rationally designed co-cultures have been reported. Metabolisms of E. coli and A. baylyi mutant
were linked to redirect the carbon in acetate (produced by E. coli) towards biomass and WE
accumulation in A. baylyi cells [24]. A one-pot batch process was recently demonstrated for the co-
production of H> and WEs by pairing the metabolic properties of C. butyricum and an A. baylyi ADP1

mutant [25].

In the present study, the innate fermentation capability of C. butyricum and the aerobic synthesis of A.
baylyi ADP1 were exploited to cogenerate PDO and WEs from crude glycerol. Plackett-Burman model
and Box-Behnken design were employed to improve PDO and WE production. The experimental design
included carbon source and macronutrients in the growth medium, and PDO and A. baylyi ADP1 growth
as model variables and responses, respectively. The model was validated in the predicted optimal
medium composition and the products were recovered from the fermentation broth for analysis. This is

the first evidence of PDO and WE coproduction from crude glycerol in a one-pot batch cultivation.

Materials and Methods

Chemicals and glycerol source

NaCl, KoHPO4, (NH4)2S04, MgSO4.7H20, CaCl2.2H20, and trace element chemicals ZnCly,
MnCl2.4H,0, H3BOs3, CoCl26H20, CuCl22H20 and NiCl2.6H20 were from Merck (Germany).
Tryptone and yeast extract were from Lab M Limited (UK). FeSO4.7H20 was from VWR International

(USA) and Na2Mo004.2H,0 was from J T Baker (USA).



Crude glycerol was generously provided by Perstrop AB (Sweden). This crude glycerol, obtained from
the transesterification of rapeseed oil, had a slightly acidic pH (6.0) and contained 80% glycerol, 3%

non-glycerol organic matter and 3% ash.

Bacterial strains and cultivation conditions

Wild type A. baylyi ADP1 (DSM 24193, Germany) and C. butyricum, isolated from a hydrogen-
producing bioreactor [26], were used in this study. The pre-inocula of A. baylyi and C. butyricum were
prepared by inoculating the cells in aerobic low salt lysogenic broth (10 g L™ tryptone; 5 g L™ yeast
extract; 5 g L™t NaCl) and anoxic Reinforced Clostridial Medium (Merck, Germany), respectively. The

bacterial strains were grown overnight at 30°C and 300 rpm.

The batch process and in unison microbial inoculations were conducted as described previously [25].
Briefly, 400ul of pre-cultivated A. baylyi ADP1 cells (ODgoonm Of 2.5) were inoculated into 50 ml of
minimal medium (JM medium; 1.5 g L K;HPO4, 2.0 g L™ (NH4)2S04, 0.2 g L' MgS0O4.7H,0, 0.015 g
L CaCl,.2H,0, 0.005 g L FeS04.7H20, and 0.3 g L™ yeast extract). The medium was supplemented
with 2 ml L of TE solution containing 1 ml L of 25% HCI and the following compounds: 0.07 g L™
ZnCly, 0.1 g L'*MnCl2.4H,0, 0.06 g L1 H3BOs, 0.2 g L™ CoCl2.6H,0, 0.02 g L CuCl,2H,0, 0.02 g L
NiCl2.6H,0, and 0.04 g L* Na,M004.2H-0. To initiate A. baylyi and C. butyricum growth, the medium
was supplemented with 10 mM acetate and crude glycerol, respectively. The inoculated bottles were
closed with sterile rubber stoppers and tightened with aluminum crimps. Pre-grown C. butyricum cells

(400l of ODeoonm 2.7) were aseptically added to the cultivation vessel containing A. baylyi cells.

Preliminary experiments to investigate the substrate utilization and the requirement for acetate
supplementation in A. baylyi — C. butyricum co-cultures were conducted in a crude glycerol (5 g L™)
amended JM medium with and without acetate (10 mM) in the cultivation set-up as described above.

The co-cultures were grown at 30°C and 300 rpm for 24 h, establishing the anaerobic phase, after which

the cultures were transferred to sterile Erlenmeyer flasks and grown for another 12 h (aerobic phase). A
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cultivation devoid of bacterial cells was included as experimental control. The medium pH was not
adjusted during the experiment. Samples for analysis (pH, substrate and metabolites concentrations and

cell growth) were collected at specified intervals.

Experimental design

The effects of macronutrients in the growth medium and carbon substrate were evaluated for the
improvements in PDO and WE production in batch. In this work, the carbon in the fermentation by-
products, acetate and butyrate, was directed towards A. baylyi biomass and WE production. Thus, for the
optimization studies, both PDO production and A. baylyi ADP1 growth were included as model
responses. The macronutrients in JM medium (above) and crude glycerol were chosen as variables. The
statistical models were designed in Minitab 17.0 (USA). R? and adjusted R? values were calculated using

equations 1 and 2.

RZ =1 — [ SSresidual ] (eq. 1)

SStotal= SScurvature

where SS,csiauar 1S the adjusted sum of square (Adj SS) of the model error, SS;,:4; IS the total Adj SS

and SS_.;vature 1S the Adj SS of the model curvature.

Adjusted R* = 1— [Ssresidual]/[sstotal_ SScurvature] (eq. 2)

Afresidual dftotal— Afcurvature

where df is the degree of freedom and SSresidual represents the adjusted mean square of the model error.

residual

The experiments were carried out in 50 ml JM medium containing altered medium compositions as
suggested by the implemented models. The co-cultivation set-up for all the optimization tests was as

described above.



Plackett-Burman

Plackett-Burman was employed to screen and identify the variables that had significant effects on the

model responses [27]. Plackett-Burman is based on the first order polynomial model,
Y= B +ZBi X (eq. 3)

where Y is the response, f3, is the model intercept, S; is the linear coefficient and X; is the level of an

independent variable.

For the construction of the model, variable concentrations at high (+1) and low (-1) levels were kept at
twice and half their corresponding values in the original medium composition (above). The generated
design (Table 1) contained 14 randomized experimental runs, with three runs at the center points (0;
original JIM medium composition). The uncoded +1, 0 and -1 values were : 3, 1.5and 0.75 g L™
KoHPO4; 4,2 and 1 g L™t (NH4)2S04; 0.4, 0.2 and 0.1 g L™t MgS04.7H20; 0.03, 0.15 and 0.0075 g L™!

CaCl,.2H20; 0.01, 0.005 and 0.0025 g L FeS04.7H,0; 10, 5 and 2.5 g L crude glycerol.

The ANOVA selected model variables with statistically significant (p-value < 0.04) effect. Since PDO
production and A. baylyi growth is influenced by the metabolic pairing between the bacterial species,
variables with significant effects on both responses were analyzed. Multiple response optimizer tool was

chosen to predict solutions facilitating maximal PDO production and A. baylyi ADP1 growth.

Box-Behnken

FeS04.7H20, KoHPO4 and (NH4)2S04, selected from the Plackett-Burman experiments were optimized
using a three-variable Box-Behnken design with PDO and A.baylyi ADP1 growth as responses [28].
Table 2 presents the randomized design. The uncoded +1, 0 and -1 values were: 0.1, 0.055 and 0.01 g L~

L FeS04.7H20; 6, 4.5 and 3 g L KoHPO; 1, 0.75 and 0.5 g Lt (NH4)>SOs.

The ANOVA analyzed the statistical significance of the model terms on each response. The observed

data points were fitted through response surface regression using the second order polynomial equation,

8



Y = Bo+ ZBiXi+ LhuXl + X BijXiX; (eq. 4)

where Y is the predicted response, X; and X; are independent variables, 5, a constant, ; linear

coefficients, B;; quadratic coefficients, and g;; the cross-product coefficient.

Validation experiment

The validation experiments were conducted in optimized JM medium (4.0 g L™ K;HPO4; 0.54 g L
(NH4)2S04; 0.4 g L't MgS04.7H,0; 0.0075 g L™ CaCl».2H,0; 0.01 g L* FeSO4.7H,0; 10 g L crude
glycerol; 0.3 g L yeast extract; 2 ml L™t TE solution and 10 mM acetate). The co-cultivation was

conducted as described above.

For the PDO and WE analysis, A. baylyi and C. butyricum cocultures were grown in 500 ml serum
bottles containing a working volume of 300 ml of the optimized JM medium. Until the anaerobic phase,
the cultivation set-up was as previously described. After analyzing the headspace gaseous composition,
the bottles were opened, ensuring resupply of air and utilization of the fermentation by-products by A.

baylyi cells, and the cultures were grown at 30°C and 300 rpm.

Analytical methods

Bacterial growth was measured as ODegoonm Using an Ultrospec 500 pro spectrophotometer (Amersham
Biosciences, UK). The medium pH was analyzed using 330i pH meter (WTW, USA). Lipid extraction
from the freeze-dried biomass and quantitative *H NMR analysis of the WEs were performed as
previously described [25]. To calculate the WE content (mg L), an average WE molar mass of 506 g
mol (corresponding to WE molecule with 34 C atoms and one double bond) was used [29]. Glycerol,
PDO, acetate and butyrate in the cultivation medium were analyzed using an LC-20AD prominence
liquid chromatograph (Shimadzu, Japan), equipped with a Rezex™ RHM-Monosaccharide H* column

(300%8 mm; Phenomenex, USA), an RID-10A Shimadzu refractive index detector and a mobile phase of



0.01N H2S04 as described in [30]. The molar yields (mol PDO mol™ crude glycerol) were calculated by

dividing the PDO concentration (mM) by the utilized crude glycerol content (mM).

PDO in the fermentation broth was extracted and the recovery yield was calculated as described in [31].

Results and Discussion

Suitability of A. baylyi ADP1 in assisting C. butyricum fermentation

We have previously shown A. baylyi ADP1 to deoxygenize and remove C. butyricum growth inhibitors,
facilitating Hz production from rice straw hydrolysate [32]. In a recent study, ‘metabolic pairing” was
established between C. butyricum and A. baylyi mutant for the co-generation of H> and WEs [25]. Here,
the suitability of A. baylyi to assist C. butyricum in crude glycerol (5 g L) fermentation was studied in
an oxic JM medium with and without acetate (10 mM). After a 24 h cultivation period, bacterial growth
was not observed in the JM medium without acetate supplementation. A. baylyi ADP1 cells cannot
natively metabolize glycerol [33]. The absence of a suitable carbon source (acetate) in the oxic
cultivation medium restricted A. baylyi cells in biomass formation and medium deoxygenation, thereby
limiting C. butyricum fermentation. In the case of acetate-added medium, C. butyricum in the co-culture
produced PDO (20.1+0.9 mM), acetate (2.6£0.0 mM) and butyrate (3.8£0.1 mM), utilizing 52% (2.6 g
L) of crude glycerol. The supply of air after the anaerobic phase established the aerobic phase (12 h),
permitting the A. baylyi cells to utilize acetate and butyrate. These results demonstrates metabolic
pairing in acetate-added JM medium. Rationally designed microbial consortia allow to build systems
with metabolic capacities surpassing those of single-cell cultures. For instance, a three-species ‘cross-
feeding’ consortium was designed comprising of E. coli, Bacillus subtilis and Shewanella oneidensis to
generate electricity from glucose [34]. In that community, E. coli converted glucose to lactate, which
was oxidized by S. oneidensis. S. oneidensis in turn produced acetate feed for B. subtilis and E. coli

cells. B. subtilis produced riboflavin, an electron shuttle required for electricity generation by S.
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oneidensis. Another study reported a starch-sucrose based L-lysine production by a sucrose-negative o-
amylase-secreting E. coli strain and a fructose-secreting L-lysine-producing Corynebacterium
glutamicum strain [35]. These studies shed light on how non-native production routes can be achieved

through mutualistic association of bacterial species in synthetic consortia.

Screening for medium components that have significant effects on PDO production and A.
baylyi ADP1 growth

The effects of the JM medium components, K2HPOa4, (NH4)2SO04, MgS04.7H20, CaCl,.2H20,
FeS0..7H20, and crude glycerol concentrations on PDO production and A. baylyi ADP1 growth were
studied using Plackett-Burman design. The incomplete utilization of the substrate by C. butyricum cells
after a 24 h cultivation period (above) suggested to extend the anaerobic phase to 48 h. Table 1 presents
the results from the Plackett-Burman runs. After 48 h, C. butyricum completely metabolized 2.5 and 5 g
Lt crude glycerol. At 10 g L%, the substrate utilization ranged from 46+0.1% in Run 4 to 68+0.3% in
Run 14. This can be attributed to a non-optimal nutrient content in the growth medium and operational
conditions, such as pH, cultivation temperature and fermentation period, all of which have been reported
to influence C. butyricum fermentation [36—39]. In Run 14, C. butyricum metabolized 68% of the
substrate producing 52.3+1.8 mM PDO, 7.3+0.1 mM acetate and 11+0.5 mM butyrate. Apart from Runs
2, 7 and 10, A. baylyi utilized acetate and butyrate for growth (ODgoonm 0.3£0.0 to 1.2+0.1), indicating

that the growth restrictions can be attributed to the low medium pH (pH 5.1).

The ANOVA data from PDO production and A. baylyi ADP1 growth models are shown in Table 3 and

the linear regression equations are presented in equations 5 and 6, respectively.

PDO = 13.74 + 0.59 K,HPO, — 0.643 (NH,),S0, — 2.74 MgS0,.7H,0 — 50.1 CaCl,.2H,0 +

183 FeS0,.7H,0 + 3.5186 Crude glycerol + 11.029 Ct Pt (eqg. 5)
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A.baylyi ADP1 growth = 0.154 + 0.3156 K,HPO, — 0.1944 (NH,),S0, + 0.861 MgSO0,.7H,0 —

8.44 CaCl,.2H,0 — 3.56 FeS0,.7H,0 + 0.01667 Crude glycerol + 0.6789 Ct Pt (eq. 6)

The model F-value and the ‘lack-0f-fit” determines the association of the variable with the response and
the fitness of the model, respectively. The model factors with p-value < 0.04 indicates that there is only a
4% chance that the significance is due to error. The degree of significance is evaluated based on its

effect, either positive or negative, towards the response.

The PDO production as the response variable resulted in a model with an F-value and a p-value of
360.51 and <0.01, respectively. The fitted model showed minimal variation (S-value 0.9 mM, standard
deviation in uncoded response values) between the experimental and predicted values (Table 1). The
correlation coefficient of 0.998 for the regression equation implies that 99.8% variability in PDO
production could be explained with the model. The R? value was in reasonable agreement with the
adjusted R? (99.5%), indicating the model fitness. A p-value of 0.047 indicates a slight chance (4.7 %)
that the model ‘lack-of-fit” is significant. As indicated by the model coefficients, K.HPO4, and crude
glycerol had a significant positive effect on PDO production, whereas (NH4)2SO4 showed a negative
effect on the response. The observed positive effects of Ko;HPO4 relates to the importance of phosphate
and potassium in cellular biosynthesis. Potassium ions constitute the main inorganic cellular cation and
as a cofactor in enzyme function. Phosphate is an integral component for nucleic acid, nucleotide and
phospholipid biosynthesis. This suggests that higher K2HPO4 concentrations can improve phosphate and

potassium availability in the medium and thereby improve metabolic activities.

For A. baylyi ADP1 growth, a regression model with an F-value of 38.41 and a p-value of <0.01, an
insignificant lack-of-fit (p-value = 0.23) and an S-value of 0.1 ODgoonm Was obtained. The R? value of
the model was in reasonable agreement with the adjusted R? of 95.2%. Crude glycerol displayed a
negligible effect (F-value, 3.16; p-value, 0.13) while (NH4)2.SO4 and CaCl,.2H>0 showed significant

negative effects, and K;HPO4 and MgS04.7H20 had a positive influence on A. baylyi ADP1 growth.
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Crude glycerol was expected to affect A. baylyi growth as the carbon sources, acetate and butyrate, are
derived from the substrate. Since the fermentation by-products were not included as variables in the

experimental design, the model did not analyze their contribution to the response.

Another factor is the initial acetate content. Acetate (10 mM) was supplemented to promote A. baylyi
growth and medium deoxygenation. In addition to biomass formation, acetate also contributes slightly
towards WE accumulation [25]. This contribution was taken into account during the model analysis. The
observed response (A. baylyi ADP1 growth, ODeoonm) reported in Table 1 is the value wherein the cell
densities obtained after the 48 h anaerobic phase (containing A. baylyi cells grown with initial acetate

and C. butyricum cells) were subtracted from the final ODgoonm data.

The presence of curvature (p-value <0.04) in the PDO and A. baylyi ADP1-fitted models (Table 3)
suggests a curvilinear relationship between the tested variables, indicating the need for further
optimizations. The predicted solution with the highest desirability score (Solution 1 in Table A1), was

chosen as basis to construct the Box-Behnken design.

Box-Behnken optimization

Based on the ANOVA results from the Plackett-Burman models, K;HPO4 and (NH4)2SO4 were selected
for the next optimization tests. In the Plackett-Burman PDO production model, a p-value (0.05) slightly
higher than the threshold was observed for FeSO4.7H.0 (Table 3). However, as FeSO4 imparted the
second highest positive effect after crude glycerol it was decided to include FeSO4 in the Box-Behnken
design. Evaluating the significance and effect of MgSO4.7H20 and CaCl..2H20 on both responses, the
concentrations were maintained at 0.4 g L™* and 0.0075 g L%, respectively. Due to the incomplete
substrate utilization observed from Plackett-Burman experiments, crude glycerol was omitted from the

design and was retained at 10 g L.

Table 2 presents the results from Box-Behnken experimental runs. Compared to the Plackett-Burman data,

the experimental runs resulted in higher glycerol utilization (78.3£0.9% — 87.9+2.5%), PDO production
13



(53.0£0.6 mM — 58.5£3.1 mM). The medium pH after anaerobic phase averaged around 6.5 (pH 6.3 —
6.7). This favorable growth pH allowed A. baylyi cells to completely utilize the acetate and butyrate and

grow to an ODeoonm ranging from 0.8+0.1 — 1.940.0.

The PDO production model showed a low F-value (0.92) and p-value (0.53), indicating an insignificant
relation between the selected variables and the response (Table 4). The prediction error sum of squares
(PRESS) measures the statistical fitness between the predicted and observed response values. The lower
the PRESS score, the better the model fits to the experimental data. For the PDO production model a
PRESS score of 321.0 and an S-value of 2.6 mM were obtained. Nevertheless, the insignificant lack-of-
fit (p-value = 0.5), suggests that the model shows a reasonable fit with the obtained results. In the
Plackett-Burman model, crude glycerol had the greatest relation with PDO production (Table 3). Due to
the incomplete utilization and the expected substrate-related inhibitory effects on bacterial growth [40],
crude glycerol was excluded from the design. This is justified by obtaining an insignificant model with

limited variable interactions to the response.

In the case of A. baylyi ADP1 growth, a significant model (p-value <0.01) with a ‘lack-of-fit F-value’,
PRESS score and an S-value of 0.86, 1.6, 0.2 ODesoonm, respectively was obtained (Table 4). The
correlation coefficient of the polynomial equation suggested that the model could explain only 70% of
the variability in A. baylyi growth. This could be due to the omission of other variables from the design.
Significant linear and quadratic interactions between K:HPO4 and (NH4)2SO4 0n the response were
observed from the ANOVA. The regression equation for A. baylyi ADP1 growth is presented in equation

7.

A.baylyi ADP1 growth = —2.69 + 9.18 FeS0,.7H,0 + 0.960 K,HPO, + 6.61 (NH,),S0, —
1.43 FeS0,.7H,0 * K,HPO, — 0.67 FeSO0,.7H,0 % (NH,),S0, — 0.677 K,HPO,

(NH4)ZSO4_ (eq' 7)
14



In addition to the ANOVA statistics, the residual plots of the fitted model scrutinizes the distribution of
experimental data and identifies for skewed or outlined data. The normal probability plot indicates that
the residuals, i.e. the difference between the experimental and predicted values, are distributed linearly
(Figure 1a). The residual versus predicted plot in Figure 1b shows a random distribution around the
centerline, confirming absence of skewed or outlined residuals and goodness-of-fit of the model. For A.
baylyi ADP1 response surface model, ridge-type contour plots were obtained (Figure 2a —c). The
spaces between the contours indicate the degree of the effect on the response from the interaction
between two variables [41]. The closer the contour lines, the steeper is the incline and vice versa. The
contour curves in Figures 2a and 2b exhibited rising ridge patterns demonstrating the independent
positive effect of FeSO4.7H20 on A. baylyi growth and indicating maximal response with lower levels of
K2HPO4and (NH.)2SO.. Nevertheless, the interactions between KoHPO4and (NH.)2SO4 indicated a
slightly stationary ridge arrangement directing the peak maxima with low KoHPO4and high (NH4)2SO4

concentrations (Figure 2c).

Considering the focus of this study, i.e. to optimize the growth medium for enhanced PDO and WE
production via synthetic coculture in a one-pot batch process, the direct retrieval of variable predictions
from the regression equation is trivial. Therefore, the multiple response optimizer function including
both the responses was employed. The predicted solution with the highest desirability score (Solution 1

in Table A2) was chosen for the validation experiment.

Model validation

The validation experiments were conducted in 50 ml of the optimized JM medium (4.0 g L™* KoHPO4,
0.54 g L't (NH4)2504, 0.4 g L™t MgS04.7H20, 0.0075 g L CaCl,.2H,0, 0.01 g L FeS04.7H20, 10 g L-
! crude glycerol, 0.3 g L yeast extract, 2 ml L™ TE solution and 10 mM acetate). During the cultivation
period, C. butyricum metabolized 95.0+2.0% of the crude glycerol producing 10.0+1.0 mM acetate,
12.24+1.0 mM butyrate and 66.1+2.3 mM PDO. The subsequent aerobic phase enabled A. baylyi ADP1

15



cells to utilize the fermentation by-products (9.1+1.1 mM acetate and 12.2+1.0 mM butyrate) and to
grow to an optical density of ODsoonm 1.5+0.0. Inferring from the Box-Behnken data in Table 2,
fermentation in the optimized JM medium led to improved PDO production (from 58.5+3.1 mM in Run
6 to 66.1+2.3 mM). The observed PDO concentration (66.1+2.3 mM) and A. baylyi ADP1 growth
(ODegoonm 1.5+0.0) showed only 11% and 6% variations from the predicted values of 59.7 mM and

ODsoonm 1.6, respectively (Table A2).

PDO and WE analysis from one-pot batch cultivation

To recover PDO and WEs, the cocultures were grown in 300 ml of the optimized JM medium at 30°C

and 300 rpm. After 48 h, C. butyricum had consumed 110+5.0 mM crude glycerol producing 12.0+0.1
mM acetate, 17.0+£0.0 mM butyrate and 72.0+0.2 mM PDO. A. baylyi cells completely metabolized the

acetate and butyrate for biomass and WE synthesis (Table 5).

A salting-out method to extract PDO from the fermentation broth formed two layers (top layer, PDO in
solvent; bottom layer, salts in water) separated with an interphase (proteins/cells). The HPLC analysis
calculated 64.5 mM and 6.3 mM PDO in the top and bottom layers, respectively. The PDO recovery
yield from the top phase was 89.5% and an in vacuo extraction resulted in a PDO content of 5.3 g L.
However, this is low when compared to previously reported values. For example, for cultivated C.
butyricum VPI 1718 in fed-batch conditions, enhancements were observed in PDO production via
process scale-up and reactor optimization (25 g L™ in 1 L bioreactor to 32 g L™ in 3 L bioreactor) [6]. In
contrast, others have reported a drop in PDO content (76 g L™ to 62 g L) during a fed-batch bioreactor
scale-up from 1 L to 200 L [13]. Furthermore, the cultivation temperature can affect PDO production. A.
baylyi ADP1 grows at temperatures ranging from 30°C - 37°C, and optimally at 30°C [22]. For C.
butyricum, growth is observed between 30°C - 40°C with the maximal PDO production at 33°C [14]. In
an earlier report, the highest PDO concentrations of 10.1 g L™ at 35°C were obtained using C. butyricum
DSM 5431 grown in batch and a decrease in the PDO content was observed at lower temperatures (5.7 g
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L at 30°C) [39]. Differences in cultivation temperature, bioreactor geometries and process
optimizations can be regarded as justifications for the PDO concentrations obtained with the production

system used in this study.

In a two-stage system, in which the bacterial strains are grown separately, the physiological parameters
influencing the cellular bioenergetics can be optimized to enhance single end-product formation. In
contrast, a one-pot approach often limits such optimizations especially when microbes with distinct
metabolisms are involved. Nevertheless, such processes offer other benefits. For instance, co-culturing
A. baylyi and C. butyricum in a one-pot set-up eliminates the need for reducing agents for medium
deoxygenation. Furthermore, such system aids in medium detoxification. Sustainable bioprocess
substrates such as lignocellulosic biomass often include inhibitory compounds that can affect optimal
cell growth. Medium detoxification can be achieved by designing a synthetic consortium consisting of
bacteria capable to utilize such inhibitory compounds. For instance, an earlier publication demonstrated
the capacity of A. baylyi cells to detoxify the inhibitors present in a rice straw hydrolysate, thereby
assisting C. butyricum fermentation [32]. This benefit is restricted in the 2-stage process. Furthermore,
one-pot system would be more productive as there would be medium deoxygenation, detoxification and

product generation in same cultivation vessel.

In C. butyricum, glycerol is metabolized via oxidative and reductive routes [42]. The oxidative pathway
(leading to biomass, ATP and pyruvate) generates reducing equivalents (NADH) that requires
reoxidation in order to main the cellular redox balance. This is maintained through the reductive route in
which NADH is oxidized to NAD" via PDO production pathway, preserving the synergy between the
glycerol metabolism pathways. However, the pyruvate generated from the oxidative branch results in the
formation of acetate and butyrate (competing NADH oxidizing pathway). Thus, a trade-off in the carbon
pool between PDO production and WE synthesis (from the competing metabolic routes) is expected

[43]. In this regard, the PDO content (5.3 g L™) obtained from this study is comparable to that reported
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for glycerol-based co-production systems. For instance, a PDO content of 4.4 g L% from crude glycerol
was reported during PDO-polyhydroxyalkanoate co-production using anaerobic sludge [4]. In a study to
co-generate PDO and caproate from glycerol using anaerobic sludge, a PDO content ranging from 109

mM C (2.9 g L) to 266 mM C (6.7 g L) was reported [17].

Quantitative analysis of the long-chain alkyl esters produced by A. baylyi ADP1 cells revealed a WE
content and yield of 34.4+1.4 mg L and 34.2+3.2 mg WE g* DCW, respectively. In our previous
study, a WE content and yield of 28 mg L™ and 30 mg WE g DCW was obtained using C. butyricum
and A. baylyi mutant co-cultivated in an unoptimized JM medium [25]. The rational model design
presented in this work aided to achieve higher acetate (12 mM) and butyrate (17 mM) concentrations.
For instance, the acetate (5.1 mM) and butyrate (8.8 mM) obtained from the Plackett-Burman
experiments (Runs 11-13, Table 1) were similar to those observed in our previous work. By screening
and optimizing the medium composition, WE content and yield was improved by 23% and 14%,

respectively.

A. baylyi does not natively metabolize glycerol. Nevertheless, a WE yield of 3.4 mg WE g crude
glycerol was obtained due to the one-pot nature of the overall process. This yield is competitive with that
reported from other production systems in the literature. For instance, a yield of 0.75 mg WE g* glucose
was obtained from Saccharomyces cerevisiae engineered to synthesize very long-chain alkyl esters [44].
In another example, WEs synthesized using an engineered E. coli strain from glucose and exogenous
propionate, n-octanol and oleic acid supplementation yielded 2.5 mg WE g glucose [45]. A comparable
WE yield obtained from the present study via rational optimization highlights the bioprocess efficiency

of the one-pot system with respect to other production processes.

Conclusions

This study establishes a proof-of-concept for the coupled production of PDO and WEs from crude

glycerol using an A. baylyi ADP1 — C. butyricum co-culture in a one-pot batch system. The successful
18



application of statistical design models enabled improved production from phylogenetically distinct
microbes. PDO and WEs were extracted from the fermentation broth, broadening crude glycerol
valorization profile. To our knowledge, this is the first report to demonstrate WE synthesis from crude
glycerol. Future studies will focus on the repeatability of the process, and its effect on the cellular

maintenance and WE accumulation in A. baylyi cells using a fed-batch process.

Appendix A. Supplementary data

Supplementary data related to this article is included with the submission.
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Figure 1. Residual plots to examine the goodness-of-fit of A. baylyi ADP1 growth response surface
regression model. The normal probability plot (a) verifies the normal distribution of model residuals. The
residual versus predicted plot (b) shows the random scatter of residuals along the ascending predicted

values around the centerline.
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Figure 2. The interaction effects of FeSO4.7H20; KoHPO4, and (NH4)2SO4 on A. baylyi ADP1 growth.
The concentrations (g L) of the model variables (FeSO4.7H.0; K2HPO4, and (NH4)2SO4) are presented
on the x and y-axes. FeS04.7H20:K2HPO4, FeSO4.7H20:(NH4)2SO04 and KoHPO4:(NH4)2SO4 interactions
on the response are presented in sub-figures a, b, and c, respectively. The predicted values for A. baylyi
ADP1 growth (ODeoonm) are shown on the contour lines. The legend on each contour plot specifies the

hold value of the third variable.
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Table 1. Plackett-Burman design and experimental results. The anaerobic and aerobic phases represent the data after C. butyricum fermentation
and A. baylyi growth from C. butyricum metabolites. The averaged values + standard deviations from duplicate cultivations are presented.

Run Variables @ Anaerobic phase Aerobic phase
A B C D E F Initial oD pH AcemM ButmM CG % PDOMM PDOpediced pH  ODP ODpredicted
pH
1 + 4+ - 4+ o+ - 7.7 1.4+00 6.9 3.4+0.0 45+0.1 100+0.0 21.1+0.2 21.8 8.1 0.2+0.0 0.2
2 -+ + 4+ - o+ 72 24401 5.2 7.2+0.0 7.4+0.2 53+0.4  44.9+0.1 44.7 5.2 NG -0.1
3 S S 7.7 1.5+00 7.7 3.540.1 4740.1 100+0.0 21.1+0.1 22.8 79 0.2+0.0 0.3
4 + + + - + + 77 2403 7.7 5.2+0.5 8.6+0.0  46+0.1  47.4+1.0 48.5 7.2 0.5+0.1 0.7
5 - - -+ + + 74 2301 7.4 6.8+0.1 8.7+0.2 60+0.5  48.6+1.0 48.8 52 0.1+0.0 0.2
6 - -+ o+ o+ - 7.4 15+00 74 3.440.1 45+0.1 100+0.0 21.5+0.3 23.9 7.6 0.3x0.0 0.4
7 -+ o+ -+ - 7.3 1.6£0.0 5.3 3.940.1 45+0.1 100+0.0 21.7+0.3 23.1 7.7 NG -0.1
8 - - - - - - 7.4 1600 74 3.4+0.1 4.6+0.2 100+0.0 21.3+0.4 29.2 7.6 0.2+0.0 0.7
9 + - + 4+ - + 78 23+0.1 7.8 6.5£1.0 11.0+20 62+1.0 47.9+0.0 50.3 6.8 1.2+0.1 1.3
0 - + - - - 4+ 72 23+0.1 5.1 6.8+0.0 9.1+0.1 51+0.9  46.5+0.3 48.9 5.2 NG -0.1
11 0 0 0 0 0 0 76 17400 6.1 5.5+0.2 8.6£0.0 100+0.0 41.3+0.0 34.5 7.0 1.0+0.0 0.6
12 0 0 0 0 0 0o 76 17400 6.1 5.1+0.1 8.9+0.1 100+0.0 41.6%0.0 34.5 6.8 1.1+0.0 0.6
13 0 0 0 0 0 0 76 1.8+00 6.1 5.1+0.0 8.8+0.1 100+0.0 41.8+0.0 34.5 6.9 1.0+0.0 0.6
14 + - - - + + 79 22400 6.3 7.3£0.1 11+0.5 68+0.3 52.3+1.8 53.6 7.1 12+0.1 1.2

8 Factors: A, KoHPOg; B, (NH4)2S04; C, MgS04.7H,0; D, CaCl.2H20; E, FeS04.7H20 and F, Crude glycerol.
®OD from the 48-hour anaerobic phase deducted from the final OD data.

Ace mM and But mM, millimolar concentrations of acetate and butyrate; CG %, crude glycerol utilization percentage, PDO, 1,3 propanediol;

OD, optical density measured at wavelength of 600nm, NG, no growth, PDOpredicted aNd ODpredicted, model predicted values.
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Table 2. Experimental design and results for three-variable Box-Behnken optimization conducted using A. baylyi ADP1 — C. butyricum co-
cultures are presented. The anaerobic and aerobic phases presents the observed data after C. butyricum fermentation and the by-product
utilization by A. baylyi ADP1, respectively. The averaged values * standard deviations from duplicate cultivations are presented. The
concentrations of other JM medium components are 0.4 g L™ MgS04.7H,0, 0.0075 g L™ CaCl..2H20, 10 g L™ crude glycerol, 0.3 g L yeast
extract, 2 ml L™! TE solution and 10mM acetate.

Run Variables Anaerobic phase Aerobic phase
a
A B C Initial OD pH AcemM ButmM CG (%) PDOMM PDOpredictes PH OD®  ODpredicted
pH
1 - 0 1 8.0+01 21400 6.7+0.1 6.1+0.4  10.6+1.8 80.0£0.3 55.6+1.9 55.0 7.1+0.1 1.6£0.3 15
1
2 0 1 1 8.0+01 19404 6.740.0 554#0.2 11.1+0.1 78.3+0.9 53.0+0.6 545 7.1+0.6 0.8+0.1 1.0
3 - -1 0 79400 23+0.1 6.3+0.0 5.9+0.5 11.9+0.8 85.3+0.7 57.7+39 584 6.6£0.4 1.7+0.2 1.7
1
4 1 1 0 8.0+0.1 1.740.1 6.7+0.0 5.5+0.5 12.1+0.4 84.1+3.8 57.2+2.3 56.5 72400 14401 14
5 1 0 1 79400 1.7+#0.1 6.6+0.1 6.0+0.4 12.0+1.0 84.7#5.3 57.5+43 56.7 7.2¢0.1 1.7#0.1 15
6 - 0 -1 8.0+0.0 2.2+0.2 6.6+0.1 55+0.0 125+1.0 87.8455 58.5+3.1 59.4 7.24¢0.1 1.5+0.2 1.7
1
7 0 -1 -1 79400 22401 6.3+0.1 59403 12.2+0.5 879425 58.3+2.8 56.9 7.24¢0.1 1.7#0.1 15
8 1 0 -1 80+0.1 1.8+0.0 6.4+0.1 54+0.8 12.6+2.2 86.2+2.3 55.8404 555 7.2¢0.1 1.8+0.2 1.7
9 - 1 0 8000 21401 6.7£0.0 5.6+0.3  12.1+0.5 83.9+3.8 57.1+2.8 56.2 7.310.1 1.6+£0.2 15
1
10 0 1 -1 8.0+40.0 1.740.0 6.7#0.0 5.3+0.6 11.9+0.6 81.7#1.0 55.1+2.1 55.2 74+0.1 1.8+0.1 1.7
11 0 -1 1 78+00 1.9+0.0 6.440.2 5.7+0.1 11.0#1.0 82.3+7.3 546435 545 7.0£¢0.0 1.8+0.3 1.8
12 1 -1 0 7.8+0.0 17401 6.3+t0.0 5.2+04  11.4+40.2 81.244.7 55.1+14 56.0 7.1+0.0 1.9+0.0 1.9
13 0 0 0 79400 1.8+0.2 6.54#0.1 55+0.2 12.240.7 84.845.3 579434 573 7.24¢0.0 1.9+0.2 1.8
14 0 0 0 79400 19401 6.6+0.0 5.3+0.2 12.1+0.2 86.2#0.9 57.6+0.3 57.3 7.2+0.1 1.8+04 1.8
15 0 0 0 8.0+0.0 2.0+0.1 6.640.1 6.3+t0.3 11.940.1 82.7#0.9 56.5#0.2 573 7.140.0 1.7+0.1 1.8

2A, FeS04.7H20; B, K2HPOy4, and C, (NH4)2S0s4.

® OD from the 48-hour anaerobic phase deducted from the final OD data.
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Table 3. ANOVA for Plackett-Burman model.

Source df AdjSS AdjMS F-value p-value Coefficient SEcoefficient Effect
(coded)
PDO production ?

Model 7 2034.66  290.67 360.51 <0.01
Linear 6 1957.36  326.23 404.61 <0.01
KoHPO4 1 4.41 4.41 5.46 0.04 0.66 0.28 1.32
(NH4)2S04 1 9.29 9.29 11.52 0.02 -0.96 0.28 -1.93
MgSO4.7HO 1 1.69 1.69 2.10 0.20 -0.41 0.28 -0.82
CaCl,.2H,0 1 3.18 3.18 3.94 0.09 -0.56 0.28 -1.13
FeSO4.7H,0 1 4,71 4.71 5.84 0.05 0.69 0.28 1.37
Crude glycerol 1 174098 174098 2159.32 <0.01 13.20 0.28 26.39
Curvature 1 234.57 234.57 290.94 <0.01
Error 6 4.84 0.81
Lack-of-Fit 4 4,72 1.18 20.44 0.047
Pure error 2 0.12 0.06
Total 13 2039.50

A. baylyi ADP1 growth ®
Model 7 3.33 0.48 38.41 <0.01
Linear 6 2.16 0.36 29.04 <0.01
KoHPO4 1 1.26 1.26 101.93 <0.01 0.36 1.26 0.71
(NH4)2S04 1 0.85 0.85 68.80 <0.01 -0.29 1.26 -0.58
MgS04.7H,O0 1 0.17 0.17 13.49 0.01 0.13 1.26 0.26
CaCl,.2H,0 1 0.09 0.09 7.30 0.04 -0.10 1.26 -0.19
FeSO4.7H,0 1 0.00 0.00 0.14 0.72 -0.01 1.26 -0.03
Crude glycerol 1 0.04 0.04 3.16 0.13 0.06 1.26 0.13
Curvature 1 0.89 0.89 71.89 <0.01
Error 6 0.07 0.01
Lack-of-Fit 4 0.07 0.02 3.50 0.23
Pure error 2 0.01 0.01
Total 13 3.4

2S-value, 0.9 mM; R?, 99.8%; adjusted R?, 99.5%.
®S-value, 0.1 ODsoonm; R?, 97.8%; adjusted R?, 95.3%.

df, degree of freedom; Adj SS, adjusted sum of squares; Adj MS, adjusted mean square; SEcoefficient,

Standard error of coefficient.
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Table 4. ANOVA for full quadratic model.

Source df AdjSS F-value p-value Coefficient (coded) SEcoefficient
PDO production ?

Model 9 5481 092 0.53
FeS04.7H20 1 482 0.73 0.40 -0.55 0.64
K2HPO4 1 260 0.39 0.54 -0.40 0.64
(NH4)2S04 1 997 1.52 0.23 -0.79 0.64
FeS04.7H20 * FeS04.7H,O 1 131 0.20 0.66 0.42 0.94
K2HPO4* KoHPO4 1 6.86 1.04 0.32 -0.96 0.94
(NH4)2SO4*(NH4)2S04 1 8.70 1.32 0.26 -1.09 0.94
FeS04.7H20 * KoHPO4 1 3.64 0.55 0.47 0.67 0.91
FeSO4.7H20 *(NH4)2SO04 1 1499 2.28 0.15 1.37 0.91
K2HPO4*(NH4)2SO04 1 133 0.20 0.66 0.41 0.91
Error 20 131.43
Lack-of-Fit 3 17.36 0.86 0.48
Pure error 17 114.07

A. baylyi ADP1 growth °
Model 9 1.58 4.78 <0.01
FeS04.7H20 1 0.01 0.38 0.54 0.03 0.05
K2HPO4 1 051 13.90 <0.01 -0.18 0.05
(NH4)2SO4 1 0.17 4.74 0.03 -0.10 0.05
FeS04.7H,0 * FeS04.7H,O 1 0.01 0.18 0.68 -0.03 0.07
K2HPO4* KoHPO4 1 011 3.05 0.10 -0.12 0.07
(NH4)2SO4*(NH4)2S04 1 0.20 5.44 0.03 -0.17 0.07
FeS04.7H20 * K2HPO4 1 0.07 2.02 0.17 -0.10 0.07
FeSO4.7H20 *(NH4)2SO04 1 0.00 0.01 0.91 -0.01 0.07
K2HPO4*(NH4)2S04 1 052 14.01 <0.01 -0.25 0.07
Error 20 131.43
Lack-of-Fit 3 1736 0.86 0.48
Pure error 17 114.10

aS-value, 2.6 mM: R?, 30%: PRESS, 321.0.
b S-value. 0.2 ODgoonm; R2. 70%; PRESS. 1.6.

df, degree of freedom; Adj SS, adjusted sum of squares; SEccefricient, Standard error of coefficient.
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Table 5. Products generated from A. baylyi ADP1 — C. butyricum co-cultures grown in an optimized
aerobic JM medium. The cultivations were performed in one-pot batches at 30°C and 300 rpm. The
presented results are averaged values * standard deviations from triplicate cultivations.

Substrate metabolized and products generated Yield
Substrate
Crude glycerol 110+5.0 mM (10.2g LY
Products
Biomass 0.99+0.3%
Lipids 9.4+1.0°
PDO 72.0+0.2 ¢ 0.65+0.0 ©
5.5+0.0 ¢ 0.54+0.0
WEs 68.0+2.8 ¢ 0.62+0.0 ©
34.4+1.4¢ 3.4+1.2°
34.2+3.29

2 Dry cell weight, g L.
® Percentage from biomass.

¢ PDO (mM, calculated value before extraction) and WE (uM) concentrations. WE concentration.

includes total WEs synthesized from initially added acetate and C. butyricum by-products.

4PDO content (g L™?) obtained by multiplying the concentration with the PDO molecular weight. WE

(mg L) obtained by multiplying the WE concentration with the average WE molar mass (506 g mol™).
®PDO and WE vyields per mol substrate, mol PDO and pmol WE mol* crude glycerol.
TPDO and WE vyields per gram substrate, g PDO and mg WE g crude glycerol.

9 WE yield per gram biomass, mg WE g* DCW.
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