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1 |  INTRODUCTION

Demand for renewable resources has intensified as a means 
of combating climate change through the development of 
biofuels and bioproducts. The US Department of Energy has 
identified the need for utilizing biobased jet fuel from terres-
trial and aquatic biomass to help reach a sustainable carbon- 
neutral growth for the aviation sector (US Department of 
Energy, 2020) and research is actively pursued into assess-
ing various biomass feedstocks as potential sources for 

sustainable biofuels. Among those feedstocks, Brassica ca-
rinata has already been certified as a sustainable resource 
(Roundtable on Sustainable Biomaterials, 2020).

Carinata is an oilseed plant of interest because it is an 
inedible high- yield cover crop that can be cultivated on fal-
low land in winter time in the southeastern United States. 
Its cultivation advances sustainable agriculture as it is in-
tended to complement, not replace, summer food crops like 
soybeans, corn, peanuts, and corn and hence provide farm-
ers with additional income, while reducing top soil erosion 
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Abstract
The economics of the inedible oilseed crop Brassica carinata as a source of renew-
able fuels can be enhanced by converting its cellulosic biomass to value- added chemi-
cals, such as organic acids. We investigated the biochemical conversion of carinata 
biomass to propionic acid by first pretreating the carinata meal (CM), which is ob-
tained after extraction of the oil from carinata seeds, with concentrated phosphoric 
acid to remove hemicellulose and gain access to the cellulose constituent of the meal. 
We then subjected the pretreated meal to enzymatic hydrolysis with cellulase enzyme 
to depolymerize cellulose to glucose. The overall conversion of carinata cellulose to 
glucose was 85%, which is promising. Finally, the recovered glucose was success-
fully fermented primarily to propionic acid using the bacterium Propionibacterium 
freudenreichii with a yield of 0.57 g of produced propionic acid per gram of con-
sumed cellulosic glucose. The biobased propionic acid and other co- produced organic 
acids can serve as renewable building blocks for manufacturing industrial chemicals 
and food preservatives replacing fossil- derived organic acids. Hence, CM constitutes 
a renewable source of fermentable carbohydrates potentially improving the econom-
ics and sustainability of the carinata value chain.
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and enhancing the soil microbiome. It has a high oil content 
of almost 45% that can be readily used in the production of 
jet and other biofuels and a plethora of bioproducts (Kumar 
et al., 2020; Seepaul et al., 2019). As seen in Figure 1, car-
inata seed crushing leads to two product streams: (1) crude 
carinata oil and (2) carinata meal (CM). The carinata oil is 
cleaned up and eventually converted to renewable jet fuel and 
other distillates using a series of chemical catalytic processes, 
whereas one of the oil's main ingredients, erucic acid, can 
serve as a feedstock for production of surfactants, lubricants, 
plasticizers, herbicides, lacquers, and nylon fibers. CM, on 
the other hand, which is mostly composed of protein and lig-
nocellulosic biomass, can serve as an animal feed ingredient 
and as a source of cellulosic biomass and sinapic acid.

Reportedly large- scale carinata cultivation in the south-
eastern United States has the potential to produce between 
980 and 2045 million liters of jet biofuel annually (Alam 
& Dwivedi, 2019). However, to improve the economics of 
carinata biofuels and make large- scale carinata deployment 
feasible, more components of the carinata seed, in addition 
to the oil, will need to be valorized, including the biomass 
content of CM. CM is the solid residue obtained after oil is 
extracted from the seeds and contains primarily proteins and 
biomass (Kumar et al., 2020). To date, CM has been suc-
cessfully tested and approved for use as an animal feed in-
gredient (Schulmeister et al., 2019) but use of its cellulosic 
and hemicellulosic content has not been tested. Given that 
hydrolysates from a wide range of agricultural biomass res-
idues, such as corncob, artichoke hearts, sugarcane bagasse, 
and sweet sorghum bagasse, can be converted to value- added 
products (Ammar et al., 2020; Krzyżaniak et al., 2020; Lo 
et al., 2020), it behooves the carinata industry to assess the 
potential of carinata biomass. Through thermochemical pre-
treatment and subsequent enzymatic hydrolysis, the biomass 
carbohydrates in CM could potentially be converted to valu-
able products, like propionic acid and other organic acids, 

thus strengthening the overall economics of the carinata 
value chain (Figure 1).

Propionic acid demand is around 300,000 metric tons 
annually with over half of that being used as preservatives 
in grain and animal feed, while the rest is used to synthe-
size plastics, herbicides, fungicides, flavoring, fragrances, 
and pharmaceuticals (Independent Commodity Intelligent 
Services, 2007). The most common way to produce propionic 
acid is through petrochemical routes, but these methods are 
neither sustainable nor environmentally friendly (Ekman & 
Börjesson, 2011; Sharma et al., 2017). A new way to synthe-
size propionic acid is through microbial synthesis, as various 
bacteria have been shown to synthesize propionic acid, in-
cluding Propionibacterium, Fusobacterium, and Clostridium 
species (Ahmadi et al., 2017).

Unfortunately, these microbial routes are not ready for 
scale- up and commercialization as they still require signifi-
cant improvements in yield and productivity to become cost 
competitive with the petrochemical propionic acid. A key 
way of reducing the cost of propionic acid biosynthesis is 
by utilizing low- cost feedstocks, so CM could potentially be 
a suitable candidate. The goal of this study is to investigate 
the technical feasibility of biochemically converting CM to 
propionic acid using Propionibacterium freudenreichii.

2 |  MATERIALS AND METHODS

2.1 | Phosphoric acid pretreatment and 
enzymatic hydrolysis

Carinata meal was obtained from Nuseed (a subsidiary 
of Nufarm Australia Ltd) in the form of small pellets. The 
pellets were blended mechanically using a food processer, 
then sieved using size 10 mesh to obtain small particles 
ready for use in pretreatment. CM particles were analyzed 

F I G U R E  1  Block diagram of the 
envisioned carinata seed conversion to 
jet biofuel, other biofuels, and a range 
of bioproducts, including organic acids 
from carinata meal, using physical and 
thermochemical processes
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for their moisture content to ensure proper meal concentra-
tion (solids loading) calculations. Pretreatment experiments 
were designed by employing Minitab software (Minitab 
Inc.) with a two- level factorial design using full factorial and 
center points. CM was weighed in 50  ml centrifuge tubes 
and mixed with concentrated phosphoric acid (85% v/v) to 
achieve solids loadings of 10%, 12.5%, and 15% (g/dl) on 
a dry basis. The mixtures were incubated in a temperature- 
controlled heating block at mild temperatures of 80– 120°C 
for 30– 60 min (Figure 2). After the specified time elapsed, 
samples were removed from the heating block and placed 
into an ice bath for cooling before being neutralized to pH 
6.5 using NaOH and then filtered using vacuum filtration. 
Prehydrolysate (the filtrate from the vacuum filtration step) 
wash samples were collected for analysis and the remaining 
pretreated solids were placed into an oven at 50°C to remove 
all moisture. For enzymatic hydrolysis, 0.1  g of pretreated 
CM solids was incubated with 1 ml of the cellulase enzyme 
CTec2 (40 filter paper units per ml) in acetic acid buffer of 
pH 5.0 (Novozymes) at a 1:10 solid- to- liquid ratio, accord-
ing to the manufacturer's recommendations, and the mixture 
was then placed in a heating block at 50°C for 3 days (Figure 
2). To prepare enough hydrolysate for the fermentation ex-
periments, 50 g of pretreated CM in total was hydrolyzed per 
each hydrolysis batch.

2.2 | Bacterial strain, media, and cultivation

Propionibacterium freudenreichii DSM 4902 was kindly 
provided by Professor S.- T. Yang and was cultivated as de-
scribed before (Ammar et al., 2020). Briefly, all experiments 
were carried out in 120- ml sealed serum bottles under an-
aerobic conditions at 32°C without shaking. Each bottle con-
tained 25 ml of medium purged with nitrogen gas to create 
and maintain anaerobic conditions. Glycerol stock cultures 
(−80°C) were first activated by growing the bacteria (1% v/v 

inoculum) on sodium lactate broth (NLB) containing 10 g/L 
sodium lactate, 10 g/L yeast extract, and 10 g/L trypticase 
soy broth for 72 h, and the resulting cultures were stored at 
4°C (Ammar, 2013). For propionic acid fermentation experi-
ments, NLB bottles were inoculated with 5% v/v inoculum 
using the 4°C NLB stored cultures and were allowed to grow 
for 48 h until the optical density at 600 nm (OD600) reached 
a value of 2.0. Then, the resulting culture served as inocu-
lum (5% v/v) for the fermentation medium, which comprised 
10  g/L yeast extract, 5  g/L trypticase soy broth, 0.25  g/L 
K2HPO4, 0.05 g/L MnSO4, and approximately 20 g/L of car-
bon source (glucose). The pH of the fermentation medium 
was set at 6.5 before autoclaving and CaCO3 (2% w/v) was 
added to the medium as pH buffer (Ammar, 2013). In cases 
where cell growth was monitored, CaCO3 was omitted to 
avoid interference with OD600 measurements.

2.3 | Analytical methods

The optical density was measured in 1.5- ml cuvettes (1- cm 
light path length) using a DU 730 UV/Vis spectrophotometer 
(Beckman Coulter) at 600 nm. The pH was measured using a 
benchtop pH meter Orion 3- Star (Thermo Scientific). The con-
centrations of glucose and organic acids (propionate, acetate, 
and succinate) in the fermentation broth were determined by 
UltiMate 3000 Ultra HPLC (Thermo Scientific) equipped with 
a refractive index detector using an organic column (Bio- Rad 
Aminex HPX- 87H). The mobile phase was 5 mM H2SO4 at a 
flow rate of 0.6 ml/min and the column and detector temperature 
were set at 50°C. Chromatograms were analyzed using HPLC 
software Chromeleon 7.2.6 Chromatography Data System (Lo 
et al., 2020). All fermentation samples were centrifuged before 
analysis for 10 min at 10,621 g using an Eppendorf 5430 R cen-
trifuge (Eppendorf). The supernatant was then filtered through 
a 0.2- µm syringe filter. The concentrations of glucose and xy-
lose in the prehydrolysate were determined using D- glucose 

F I G U R E  2  Block diagram of the 
integrated pretreatment and enzymatic 
hydrolysis process and mass balance of 
glucose on the basis of 100 g of raw carinata 
meal (dry basis) processed
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and D- xylose assay kits (Megazyme Ltd) according to the man-
ufacturer's recommended protocols.

2.4 | Statistical analysis and calculation of 
fermentation kinetic parameters

All experiments were carried out in duplicate and the mean 
and standard deviation values (error bars) were calculated 
and plotted. Propionic acid yield (g/g), expressed in grams 
of propionic acid produced per gram of glucose consumed, 
was determined by dividing the concentration of propionic 
acid (g/L) produced by the concentration of glucose (g/L) 
consumed during the same period of time. The propionic- to- 
acetic acid ratio P/A (no units) was determined by dividing 
the amount of propionic acid (g/L) produced by the amount 
of acetic acid produced (g/L) over the same period of time. 
Propionic acid volumetric productivity (g/L.h) was deter-
mined by dividing the concentration of propionic acid (g/L) 
produced by the fermentation time (h) it took to reach this 
concentration. Similarly, glucose consumption rate (g/L.h) 
was calculated by dividing the decrease in glucose concentra-
tion (g/L) over a certain period of time by the elapsed amount 
of time (h).

3 |  RESULTS

3.1 | Pretreatment and enzymatic hydrolysis

Raw CM was found to contain 13.1  g of glucose (based 
on 16.2 g of cellulose content) and 7.7 g of xylose (based 
on 8.7 g of hemicellulose content) per 100 g of raw bio-
mass on a dry basis. Figure 2 illustrates the integrated pre-
treatment and enzymatic hydrolysis of CM biomass and 
the mass balance of glucose derived from this biomass. 
Phosphoric acid pretreatment was evaluated at a range 
of temperatures, residence times, and biomass concentra-
tions (solids loadings), as shown in Figure 3. On average, 
released glucose during pretreatment was less than 1 g/L 
confirming that cellulose in CM remained intact but ame-
nable to subsequent enzymatic hydrolysis, whereas CM 
hemicellulose was readily hydrolyzed to xylose (data not 
shown). As seen in Figure 3, glucose released from the cel-
lulosic portion of CM upon enzymatic hydrolysis by cel-
lulase ranged from 22.8 to 37.9 g/L in the hydrolysate. The 
pretreatment conditions that yielded the lowest amount of 
glucose (22.8 g/L) upon enzymatic hydrolysis were 80°C, 
30 min, and 15% solids loading. On the contrary, the high-
est glucose yield upon enzymatic hydrolysis (37.9 g/L) was 
obtained at 100°C, 45 min, and 12.5% solids loading. Only 
low levels of xylose (<5  g/L) were found in the hydro-
lysate under the tested conditions with the sole exception 

at the harshest pretreatment conditions at 120°C, 60 min, 
and 10% solids loading.

3.2 | Fermentation of CM hydrolysate with 
pH buffering

Carinata meal hydrolysate was tested as a renewable source 
of cellulosic glucose for the fermentative production of pro-
pionic acid and was compared to pure glucose as control in 
the presence of CaCO3 for pH buffering (Figure 4). During 
CM hydrolysate fermentation, propionic acid reached a con-
centration of 8.76  g/L after 96  h, corresponding to a yield 
of 0.53 g/g, propionate- to- acetate ratio (P/A) was 2.65, and 
volumetric productivity was 0.091  g/L.h. Interestingly, the 
fermentation performance of CM hydrolysate exceeded that 
of the glucose control, which after 96 h produced 8.47 g/L 
propionic acid, corresponding to a yield of 0.47 g/g, P/A ratio 
of 2.36, and volumetric productivity of 0.088 g/L.h. In addi-
tion to propionic acid, the bacterium also produced smaller 
amounts of acetic acid and succinic acid in both CM hydro-
lysate and glucose fermentation (Figure 4) but selectivity 
clearly favored propionic acid.

3.3 | Fermentation of CM hydrolysate 
without pH buffering

The same experiment was then repeated without the pH buff-
ering agent CaCO3. As seen in Figure 5a,b, after 96 h CM 
hydrolysate produced 8.55 g/L propionic acid, corresponding 

F I G U R E  3  Concentrations of glucose (gray bars) and xylose 
(black bars) released upon enzymatic hydrolysis in the carinata meal 
hydrolysate at each of the tested pretreatment conditions
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to a yield of 0.57 g/g, P/A of 2.48, and volumetric produc-
tivity of 0.089 g/L.h. The fermentation performance of CM 
hydrolysate was markedly better than that of the glucose 
control, even though some residual glucose (5 g/L) remained 
in the CM hydrolysate even after 120 h. On the other hand, 
the glucose fermentation was much slower and took 120 h 
to produce just 5.34 g/L of propionic acid, corresponding to 
a yield of 0.50  g/g, with a P/A of 2.50, and a volumetric 
productivity of 0.044 g/L.h, which was half of the propionic 
acid productivity in CM hydrolysate. Moreover, the growth 
rate of P. freudenreichii and the maximum OD600 reached 
were both higher in CM hydrolysate than in glucose, as seen 
in Figure 5d. Again, smaller amounts of acetic and succinic 
acid were co- produced during both fermentations.

3.4 | Effect of cellulase buffer

To investigate whether the enhanced performance of P. 
freudenreichii during CM hydrolysate fermentation in the 
absence of pH buffering by CaCO3 was a direct result of 
the presence of cellulase buffer in the CM hydrolysate (car-
ried over from the enzymatic hydrolysis that preceded fer-
mentation), the experiment in glucose was repeated but this 
time the fermentation medium was supplemented with the 
exact same amount of cellulase buffer as that present in the 
CM hydrolysate. Although the presence of cellulase buffer 
mitigated the drop in pH during fermentation, as seen in 
Figure 5d, the buffered fermentation kinetics in glucose 
(Figure 5c) were very similar to those in glucose without 
buffer (Figure 4a). Likewise, growth rate and maximum 
OD600 were very similar in glucose with and without cel-
lulase buffer (Figure 5d).

F I G U R E  4  Time course of glucose and xylose consumption and 
organic acid production during fermentation of (a) glucose and (b) 
carinata meal hydrolysate in the presence of CaCO3 as pH buffering 
agent. Each experiment was conducted in duplicate and the mean 
values and standard deviations (error bars) are depicted in the graphs

F I G U R E  5  Time course of glucose 
and xylose consumption and organic acid 
production during fermentation of glucose 
and carinata meal (CM) hydrolysate in the 
absence of CaCO3 as pH buffering agent (a, 
b) and in the presence of cellulase buffer 
(c). Panel (d) compiles the pH and growth 
(OD600) profiles of runs a, b, and c. Each 
experiment was conducted in duplicate and 
the mean values and standard deviations 
(error bars) are depicted in the graphs
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4 |  DISCUSSION

If the CM biomass is monetized through conversion to value- 
added biomaterials, then the economics of jet biofuel pro-
duction from carinata seeds can potentially improve helping 
make a carinata- based bioeconomy, as depicted in Figure 1, 
not only more sustainable, but also more cost- competitive 
for commercial deployment. The present study evaluated the 
use of CM cellulose as a renewable carbon source for the 
fermentative production of propionic acid and other organic 
acids. The effectiveness of thermochemical pretreatment on 
CM using concentrated phosphoric acid was determined by 
analyzing the release of cellulosic glucose (upon subsequent 
enzymatic hydrolysis) under a range of incubation tempera-
tures, residence times, and solid loadings (Figure 3). The op-
timal pretreatment conditions are the ones that generate the 
highest concentration of glucose in the CM hydrolysate to 
allow for the maximum yield during fermentation. Phosphoric 
acid was chosen over sulfuric acid for sustainability purposes 
given that it also serves as a source of phosphorus and buffer-
ing capacity during the subsequent fermentation and in con-
centrated form (85% v/v) it is effective at mild temperatures 
(80– 120°C), hence the pretreatment is less energy intensive 
than with sulfuric acid (Ammar et al., 2020).

The pretreatment wash contained less than 1 g/L of glu-
cose indicating that cellulose remained rather intact in the 
solid phase, whereas hemicellulose was readily hydrolyzed 
primarily to xylose in the liquid phase. Based on Figure 3, 
the most influential factor during pretreatment of CM was 
residence time. The highest glucose yield was achieved at the 
middle point of 100°C, 12.5% solids loading, and an incu-
bation time of 45 min. A mass balance analysis performed 
for glucose within the integrated pretreatment and enzymatic 
hydrolysis process (Figure 2) indicated that the overall glu-
cose yield from CM was 85%, indicating a high efficiency 
for the entire process. A small glucose loss of 11% appears to 
happen during pretreatment (Figure 2) and is likely the result 

of glucose decomposition caused by heat and acidity of the 
pretreatment process.

When CM hydrolysate was utilized as carbon source for 
production of propionic acid by P. freudenreichii, the key fer-
mentation parameters, such cell growth and propionic acid 
production, were better in CM hydrolysate than in glucose, 
as summarized in Table 1. Actually, this effect was more 
pronounced in the absence of CaCO3 as pH buffering agent 
during fermentation, hence it was potentially due to the buff-
ering capacity of the CM hydrolysate itself. The CM hydro-
lysate's buffering capacity, in turn, can at least partially be 
attributed to the carried- over acetate buffer in which the cel-
lulase enzyme was supplied by the manufacturer (Figure 5). 
Nonetheless, the presence of cellulase buffer did not seem 
to directly affect cell growth or propionic acid fermentation 
kinetics suggesting that, in addition to its buffering capacity, 
the CM hydrolysate may also contain nutrients or components 
that enhance the metabolic performance of P. freudenreichii. 
Similar observations have been reported for P. freudenreichii 
and P. acidipropionici grown on sweet sorghum bagasse hy-
drolysate (Ammar et al., 2020) and corn meal hydrolysate 
(Wang et al., 2017), respectively. Based on Table 1, CM 
hydrolysate appears to be a better carbon source than pure 
glucose, enhancing propionic acid biosynthesis even at full 
strength, an indication that no cell growth inhibitors are pres-
ent in CM hydrolysate prepared at the optimal pretreatment 
conditions.

It is anticipated that even better fermentation kinetics can 
be achieved at larger scale in a bioreactor compared to serum 
bottles because of the tight pH control and enhanced mass 
transfer conditions that are prevalent in bioreactors, as previ-
ously reported for sweet sorghum hydrolysate (Ammar et al., 
2020). Maintaining the pH at 6.5 during the entire fermen-
tation course, as is possible in a bioreactor, will force most 
propionic acid to stay in the dissociated form, which is less 
toxic to propionibacteria, whereas in serum bottles, when the 
pH drops below 5, most of the propionic acid exists in the 

T A B L E  1  Values of fermentation parameters during organic acid production from carinata meal (CM) hydrolysate by Propionibacterium 
freudenreichii in the presence and absence of calcium carbonate as a pH buffering agent

With CaCO3 Without CaCO3

Glucose CM Glucose Glucose (buffer) CM

Propionate (g/L) 8.47 ± 0.07 8.76 ± 0.09 5.34 ± 0.10 6.62 ± 0.05 8.55 ± 0.05

Acetate (g/L) 3.59 ± 0.02 3.32 ± 0.18 2.14 ± 0.03 2.5 ± 0.04 3.44 ± 0.03

Succinate (g/L) 0.64 ± 0.01 1.42 ± 0.03 0.23 ± 0.00 0.43 ± 0.01 1.21 ± 0.03

Propionate yield (g/g) 0.47 ± 0.00 0.53 ± 0.01 0.50 ± 0.01 0.51 ± 0.00 0.57 ± 0.00

P/A ratio 2.36 ± 0.01 2.65 ± 0.11 2.5 ± 0.01 2.65 ± 0.02 2.48 ± 0.00

Propionate productivity 
(g/L.h)

0.088 ± 0.001 0.091 ± 0.001 0.044 ± 0.001 0.055 ± 0.000 0.089 ± 0.001

Glucose consumption (g/L.h) 0.188 ± 0.002 0.171 ± 0.006 0.089 ± 0.001 0.108 ± 0.001 0.157 ± 0.000

Abbreviation: P/A, propionic- to- acetic acid.
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undissociated form that is more toxic to propionibacteria (Jin 
& Yang, 1998).

A number of studies have investigated the use of various 
other biomass hydrolysates as feedstocks for propionic acid 
production from propionibacteria, with lower, similar, or 
higher yields than those reported in the present study. Lower 
propionic acid yields were reported for Jerusalem artichoke 
hydrolysate (0.38– 0.48  g/g; Liang et al., 2012), sugarcane 
bagasse hydrolysate (0.29 and 0.37  g/g; Zhu et al., 2012), 
corn stover hydrolysate (0.44– 0.50 g/g; Wang et al., 2017), 
and sorghum bagasse hemicellulosic hydrolysate (0.41 g/g; 
Castro et al., 2020), when used as carbon sources for P. acid-
ipropionici. Similarly, a lower yield was reported for sweet 
sorghum bagasse hydrolysate (0.51 g/g; Ammar et al., 2020) 
and apple pomace extract (up to 0.38 g/g; Piwowarek et al., 
2019) using P. freudenreichii.

Propionate yields similar to those reported in the present 
study were reported for wheat flour hydrolysate (0.54  g/g) 
using P. acidipropionici (Kagliwal et al., 2013) and for cas-
sava bagasse hydrolysate and co- fermented with glycerol 
(0.57 g/g; Wang & Yang, 2013) and corn stalk hydrolysate 
(~0.54 g/g; Wang et al., 2020) using P. freudenreichii. Finally, 
higher yields were reported for poplar hydrolysate (0.75 g/g; 
Ramsay et al., 1998), corn meal starch hydrolysate (0.58 g/g; 
Huang et al., 2002), corn mash (0.6 g/g; Stowers et al., 2014), 
and sorghum bagasse hemicellulosic hydrolysate after opti-
mization (0.62 g/g; Castro et al., 2020) using P. acidipropi-
onici. Higher yields were also reported for sweet sorghum 
bagasse and glycerol co- fermentation (0.59 g/g) by P. freud-
enreichii (Ammar et al., 2020) and corn stalk hydrolysate 
after optimization (0.75 g/g; Wang et al., 2020) by the same 
microorganism. Overall, CM hydrolysate is on par with or 
better than many biomass hydrolysates in terms of propionic 
acid yield. More importantly, its conversion to value- added 
organic acids has the potential, along with other carinata co-
products (Figure 1), to improve the economics of carinata as 
a sustainable winter cover crop for biofuels and bioproducts.

5 |  CONCLUSION

Propionibacterium freudenreichii grew faster reaching higher 
cell densities and produced more propionic acid at faster rates 
in CM hydrolysate fermentation compared to glucose fer-
mentation (Table 1). This investigation successfully demon-
strated that CM hydrolysate can serve as a renewable source 
of cellulosic glucose that can be fermented efficiently by P. 
freudenreichii for the production of propionic acid. In addi-
tion, acetic acid and succinic acid are also produced by the 
microorganism and can be separated and purified to generate 
additional sources of revenue. Moreover, having proven the 
fermentability of carinata- derived glucose, metabolites other 
than those organic acids could also be produced by selecting 

an appropriate fermentation microorganism. Although CM 
hydrolysate is a promising feedstock according to the present 
study, further work is needed to reduce the cost of fermenta-
tion through process optimization, including co- fermenting 
both glucose and xylose derived (Wei et al., 2016), co- 
fermenting biomass hydrolysate and glycerol under high cell 
density fermentation conditions (Ammar et al., 2020), and 
incorporating bioprocessing tools (Blanc & Goma, 1987; Jin 
& Yang, 1998; Selder et al., 2020; Suwannakham & Yang, 
2005) and metabolic engineering techniques (Ammar et al., 
2014; Guan et al., 2018; Liu et al., 2020; Wang, Ammar, 
et al., 2015; Wang et al., 2015; Wei et al., 2016).

ACKNOWLEDGMENTS
This research was funded by USDA- NIFA Bioenergy- 
Coordinated Agricultural Projects Grant # 2016- 11231. 
We thank professor S.- T. Yang for kindly providing the P. 
freudenreichii strain and Luiza Brabo- Catala for assisting 
with the pretreatment experimentation.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

ORCID
George P. Philippidis   https://orcid.
org/0000-0002-9986-4794 

REFERENCES
Ahmadi, N., Khosravi- Darani, K., & Mortazavian, A. M. (2017). 

An overview of biotechnological production of propionic 
acid: From upstream to downstream processes. Electronic 
Journal of Biotechnology, 28, 67– 75. https://doi.org/10.1016/ 
j.ejbt.2017.04.004

Alam, A., & Dwivedi, P. (2019). Modeling site suitability and pro-
duction potential of carinata- based sustainable jet fuel in the 
southeastern United States. Journal of Cleaner Production, 239, 
117817. https://doi.org/10.1016/j.jclep ro.2019.117817

Ammar, E. M. (2013). Metabolic engineering of propionibacteria for 
enhanced propionic acid and n- propanol fermentative production. 
PhD doctoral thesis, The Ohio State University. Columbus, Ohio, 
USA. Retrieved from http://rave.ohiol ink.edu/etdc/view?acc_
num=osu13 74174278

Ammar, E. M., Jin, Y., Wang, Z., & Yang, S.- T. (2014). Metabolic engi-
neering of Propionibacterium freudenreichii: effect of expressing 
phosphoenolpyruvate carboxylase on propionic acid production. 
Applied Microbiology and Biotechnology, 98(18), 7761– 7772. 
https://doi.org/10.1007/s0025 3- 014- 5836- y

Ammar, E. M., Martin, J., Brabo- Catala, L., & Philippidis, G. P. (2020). 
Propionic acid production by Propionibacterium freudenreichii 
using sweet sorghum bagasse hydrolysate. Applied Microbiology 
and Biotechnology, 104(22), 9619– 9629. https://doi.org/10.1007/
s0025 3- 020- 10953 - w

Blanc, P., & Goma, G. (1987). Propionic acid fermentation: improve-
ment of performances by coupling continuous fermentation and 

https://orcid.org/0000-0002-9986-4794
https://orcid.org/0000-0002-9986-4794
https://orcid.org/0000-0002-9986-4794
https://doi.org/10.1016/j.ejbt.2017.04.004
https://doi.org/10.1016/j.ejbt.2017.04.004
https://doi.org/10.1016/j.jclepro.2019.117817
http://rave.ohiolink.edu/etdc/view?acc_num=osu1374174278
http://rave.ohiolink.edu/etdc/view?acc_num=osu1374174278
https://doi.org/10.1007/s00253-014-5836-y
https://doi.org/10.1007/s00253-020-10953-w
https://doi.org/10.1007/s00253-020-10953-w


   | 625AMMAR et Al.

ultrafiltration. Bioprocess Engineering, 2(3), 137– 139. https://doi.
org/10.1007/BF003 87256

Castro, P. G., Maeda, R. N., Rocha, V. A., Fernandes Jr., R. P., & Pereira, 
N. (2020). Improving propionic acid production from a hemicellu-
losic hydrolysate of sorghum bagasse by means of cell immobili-
zation and sequential batch operation. Biotechnology and Applied 
Biochemistry. https://doi.org/10.1002/bab.2031

Ekman, A., & Börjesson, P. (2011). Environmental assessment of pro-
pionic acid produced in an agricultural biomass- based biorefin-
ery system. Journal of Cleaner Production, 19(11), 1257– 1265. 
https://doi.org/10.1016/j.jclep ro.2011.03.008

Guan, N., Du, B., Li, J., Shin, H. D., Chen, R. R., Du, G., Chen, J., 
& Liu, L. (2018). Comparative genomics and transcriptomics 
analysis- guided metabolic engineering of Propionibacterium acid-
ipropionici for improved propionic acid production. Biotechnology 
and Bioengineering, 115(2), 483– 494. https://doi.org/10.1002/
bit.26478

Huang, Y. L., Wu, Z., Zhang, L., Cheung, C. M., & Yang, S.- T. (2002). 
Production of carboxylic acids from hydrolyzed corn meal 
by immobilized cell fermentation in a fibrous- bed bioreactor. 
Bioresource Technology, 82(1), 51– 59. https://doi.org/10.1016/
S0960 - 8524(01)00151 - 1

Independent Commodity Intelligent Services. (2007). Chemical pro-
file: Propionic acid. Retrieved from https://www.icis.com/explo 
re/resou rces/news/2007/10/01/90659 38/chemi cal- profi le- propi 
onic- acid/

Jin, Z., & Yang, S.- T. (1998). Extractive fermentation for enhanced pro-
pionic acid production from lactose by Propionibacterium acid-
ipropionici. Biotechnology Progress, 14(3), 457– 465. https://doi.
org/10.1021/bp980 026i

Kagliwal, L. D., Survase, S. A., Singhal, R. S., & Granström, T. (2013). 
Wheat flour based propionic acid fermentation: An economic 
approach. Bioresource Technology, 129, 694– 699. https://doi.
org/10.1016/j.biort ech.2012.12.154

Krzyżaniak, M., Stolarski, M. J., Graban, Ł., Lajszner, W., & Kuriata, 
T. (2020). Camelina and crambe oil crops for bioeconomy –  
Straw utilisation for energy. Energies, 13(6), 1503. https://doi.
org/10.3390/en130 61503

Kumar, S., Seepaul, R., Mulvaney, M., Colvin, B., George, S., 
Marois, J. J., Bennett, R., Leon, R., Wright, D. L., & Small, I. 
M. (2020). Brassica carinata genotypes demonstrate potential 
as a winter biofuel crop in South East United States. Industrial 
Crops and Products, 150, 112353. https://doi.org/10.1016/j.indcr 
op.2020.112353

Liang, Z.- X., Li, L., Li, S., Cai, Y.- H., Yang, S.- T., & Wang, J.- F. (2012). 
Enhanced propionic acid production from Jerusalem artichoke hy-
drolysate by immobilized Propionibacterium acidipropionici in a 
fibrous- bed bioreactor. Bioprocess and Biosystems Engineering, 
35(6), 915– 921. https://doi.org/10.1007/s0044 9- 011- 0676- y

Liu, T., Zhao, Q., Li, Y., Zhu, L., Jiang, L., & Huang, H. (2020). 
Transcriptomics and proteomics analyses of the responses of 
Propionibacterium acidipropionici to metabolic and evolutionary 
manipulation. Frontiers in Microbiology, 11, 1564. https://doi.
org/10.3389/fmicb.2020.01564

Lo, E., Brabo- Catala, L., Dogaris, I., Ammar, E. M., & Philippidis, G. 
P. (2020). Biochemical conversion of sweet sorghum bagasse to 
succinic acid. Journal of Bioscience and Bioengineering, 129(1), 
104– 109. https://doi.org/10.1016/j.jbiosc.2019.07.003

Piwowarek, K., Lipińska, E., Hać- Szymańczuk, E., Rudziak, A., & 
Kieliszek, M. (2019). Optimization of propionic acid production 

in apple pomace extract with Propionibacterium freudenreichii. 
Preparative Biochemistry & Biotechnology, 49(10), 974– 986. 
https://doi.org/10.1080/10826 068.2019.1650376

Ramsay, J., Hassan, M.- C.- A., & Ramsay, B. (1998). Biological con-
version of hemicellulose to propionic acid. Enzyme and Microbial 
Technology, 22(4), 292– 295. https://doi.org/10.1016/S0141 - 0229 
(97)00196 - 8

Roundtable on Sustainable Biomaterials. (2020). Certificate code SCS- 
RSB/PC- 0038. https://rsb.org/wp- conte nt/uploa ds/2020/10/RSB_
RPT_Surve illan ceRep ort_Agris oma_122019_Updat ed_Summa 
ryRep ort- 2.pdf

Schulmeister, T. M., Ruiz- Moreno, M., Silva, G. M., Garcia- Ascolani, 
M., Ciriaco, F. M., Darren, D., Lamb, G. C., Dubeux, J. C. B., & 
Dilorenzo, N. (2019). Evaluation of Brassica carinata meal as a 
protein supplement for growing beef heifers. Journal of Animal 
Science, 97(10), 4334– 4340.

Seepaul, R., Small, I. M., Marois, J., George, S., & Wright, D. L. (2019). 
Brassica carinata and Brassica napus growth, nitrogen use, seed, 
and oil productivity constrained by post- bolting nitrogen defi-
ciency. Crop Science, 59(6), 2720– 2732.

Selder, L., Sabra, W., Jürgensen, N., Lakshmanan, A., & Zeng, 
A.- P. (2020). Co- cultures with integrated in situ product re-
moval for lactate- based propionic acid production. Bioprocess 
and Biosystems Engineering, 43(6), 1027– 1035. https://doi.
org/10.1007/s0044 9- 020- 02300 - 0

Sharma, A., Sharma, P., Sharma, A., Tyagi, R., & Dixit, A. (2017). 
Hazardous effects of petrochemical industries: A review. Recent 
Advances in Petrochemical Science, 13(3), 1– 7.

Stowers, C. C., Cox, B. M., & Rodriguez, B. A. (2014). Development of 
an industrializable fermentation process for propionic acid produc-
tion. Journal of Industrial Microbiology & Biotechnology, 41(5), 
837– 852. https://doi.org/10.1007/s1029 5- 014- 1423- 6

Suwannakham, S., & Yang, S. T. (2005). Enhanced propionic acid 
fermentation by Propionibacterium acidipropionici mutant ob-
tained by adaptation in a fibrous- bed bioreactor. Biotechnology 
and Bioengineering, 91(3), 325– 337. https://doi.org/10.1002/
bit.20473

US Department of Energy. (2020). Sustainable aviation fuel: Review of 
technical pathways, DOE/EE- 2041. https://www.energy.gov/sites/ 
prod/files/ 2020/09/f78/beto- sust- aviat ion- fuel- sep- 2020.pdf

Wang, P., Shen, C., Li, L., Guo, J., Cong, Q., & Lu, J. (2020). 
Simultaneous production of propionic acid and vitamin B12 from 
corn stalk hydrolysates by Propionibacterium freudenreichii in 
an expanded bed adsorption bioreactor. Preparative Biochemistry 
& Biotechnology, 50(8), 763– 767. https://doi.org/10.1080/10826 
068.2020.1734942

Wang, X., Salvachúa, D., Sànchez i Nogué, V., Michener, W. E., Bratis, 
A. D., Dorgan, J. R., & Beckham, G. T. (2017). Propionic acid 
production from corn stover hydrolysate by Propionibacterium 
acidipropionici. Biotechnology for Biofuels, 10(1), 200.

Wang, Z., Ammar, E. M., Zhang, A., Wang, L., Lin, M., & Yang, S.- 
T. (2015). Engineering Propionibacterium freudenreichii subsp. 
shermanii for enhanced propionic acid fermentation: Effects 
of overexpressing propionyl- CoA: Succinate CoA transferase. 
Metabolic Engineering, 27, 46– 56. https://doi.org/10.1016/j.
ymben.2014.10.005

Wang, Z., Lin, M., Wang, L., Ammar, E. M., & Yang, S.- T. (2015). 
Metabolic engineering of Propionibacterium freudenreichii subsp. 
shermanii for enhanced propionic acid fermentation: Effects of 
overexpressing three biotin- dependent carboxylases. Process 

https://doi.org/10.1007/BF00387256
https://doi.org/10.1007/BF00387256
https://doi.org/10.1002/bab.2031
https://doi.org/10.1016/j.jclepro.2011.03.008
https://doi.org/10.1002/bit.26478
https://doi.org/10.1002/bit.26478
https://doi.org/10.1016/S0960-8524(01)00151-1
https://doi.org/10.1016/S0960-8524(01)00151-1
https://www.icis.com/explore/resources/news/2007/10/01/9065938/chemical-profile-propionic-acid/
https://www.icis.com/explore/resources/news/2007/10/01/9065938/chemical-profile-propionic-acid/
https://www.icis.com/explore/resources/news/2007/10/01/9065938/chemical-profile-propionic-acid/
https://doi.org/10.1021/bp980026i
https://doi.org/10.1021/bp980026i
https://doi.org/10.1016/j.biortech.2012.12.154
https://doi.org/10.1016/j.biortech.2012.12.154
https://doi.org/10.3390/en13061503
https://doi.org/10.3390/en13061503
https://doi.org/10.1016/j.indcrop.2020.112353
https://doi.org/10.1016/j.indcrop.2020.112353
https://doi.org/10.1007/s00449-011-0676-y
https://doi.org/10.3389/fmicb.2020.01564
https://doi.org/10.3389/fmicb.2020.01564
https://doi.org/10.1016/j.jbiosc.2019.07.003
https://doi.org/10.1080/10826068.2019.1650376
https://doi.org/10.1016/S0141-0229(97)00196-8
https://doi.org/10.1016/S0141-0229(97)00196-8
https://rsb.org/wp-content/uploads/2020/10/RSB_RPT_SurveillanceReport_Agrisoma_122019_Updated_SummaryReport-2.pdf
https://rsb.org/wp-content/uploads/2020/10/RSB_RPT_SurveillanceReport_Agrisoma_122019_Updated_SummaryReport-2.pdf
https://rsb.org/wp-content/uploads/2020/10/RSB_RPT_SurveillanceReport_Agrisoma_122019_Updated_SummaryReport-2.pdf
https://doi.org/10.1007/s00449-020-02300-0
https://doi.org/10.1007/s00449-020-02300-0
https://doi.org/10.1007/s10295-014-1423-6
https://doi.org/10.1002/bit.20473
https://doi.org/10.1002/bit.20473
https://www.energy.gov/sites/prod/files/2020/09/f78/beto-sust-aviation-fuel-sep-2020.pdf
https://www.energy.gov/sites/prod/files/2020/09/f78/beto-sust-aviation-fuel-sep-2020.pdf
https://doi.org/10.1080/10826068.2020.1734942
https://doi.org/10.1080/10826068.2020.1734942
https://doi.org/10.1016/j.ymben.2014.10.005
https://doi.org/10.1016/j.ymben.2014.10.005


626 |   AMMAR et Al.

Biochemistry, 50(2), 194– 204. https://doi.org/10.1016/j.procb 
io.2014.11.012

Wang, Z., & Yang, S.- T. (2013). Propionic acid production in glycerol/
glucose co- fermentation by Propionibacterium freudenreichii 
subsp. shermanii. Bioresource Technology, 137, 116– 123. https://
doi.org/10.1016/j.biort ech.2013.03.012

Wei, P., Lin, M., Wang, Z., Fu, H., Yang, H., Jiang, W., & Yang, S.- T. 
(2016). Metabolic engineering of Propionibacterium freudenreichii 
subsp. shermanii for xylose fermentation. Bioresource Technology, 
219, 91– 97. https://doi.org/10.1016/j.biort ech.2016.07.056

Zhu, L., Wei, P., Cai, J., Zhu, X., Wang, Z., Huang, L., & Xu, Z. (2012). 
Improving the productivity of propionic acid with FBB- immobilized 

cells of an adapted acid- tolerant Propionibacterium acidipro-
pionici. Bioresource Technology, 112, 248– 253. https://doi.
org/10.1016/j.biort ech.2012.01.055

How to cite this article: Ammar EM, Martin J, 
Philippidis GP. Biochemical conversion of 
Brassica carinata biomass to organic acids. GCB 
Bioenergy. 2021;13:618–626. https://doi.org/10.1111/
gcbb.12812

https://doi.org/10.1016/j.procbio.2014.11.012
https://doi.org/10.1016/j.procbio.2014.11.012
https://doi.org/10.1016/j.biortech.2013.03.012
https://doi.org/10.1016/j.biortech.2013.03.012
https://doi.org/10.1016/j.biortech.2016.07.056
https://doi.org/10.1016/j.biortech.2012.01.055
https://doi.org/10.1016/j.biortech.2012.01.055
https://doi.org/10.1111/gcbb.12812
https://doi.org/10.1111/gcbb.12812

