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Biological conversion of hemicellulose 
to propionic acid 
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A mixture of endo- and exoxyianases were used to produce a hemicettulose hydrolysate containing 29.6 g L- ’ 
of xylose equivalents based on reducing sugars analysis. Propionibacterium acidipropionici was grown in a 2-1 

batch reactor in mineral salts medium containing 60% (v/v) hemicellulose hydrolysate, 5 g I-’ proteose peptone. 
and 2.5 g I- ’ yeast extract. Propionic acid production was growth associated. The maximum specific growth rate 
and maximum specific propionic acid production rate were 0.1 and 0.23 g g-l hK’, respectively. Growth and 
acid production were inhibited at propionic acid concentrations greater than 2 g I-‘. The final concentration of 
propionic acid attained was 18 g I- ‘, This study demonstrates the feasibiliv of propionic acid production by P. 
acidipropionici on an emymatically hydrolyzed, hemicellulosic fraction qf steam-exploded Populus tremuloides. 
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Introduction 

Lignocellulosic biomass from agricultural and forest residue 
is relatively inex ensive, abundant, and has been estimated 
to be 1.6 X 10 g tons year.’ It is often considered as a 
substrate for the production of fuel ethanol’ and methane.’ 
While there are many uses for the cellulose fraction and 
potential uses for the lignin fraction,4 few applications have 
been found for xylan-based hemicelluloses. Due to the high 
content of pentosic sugars in these hemicelluloses especially 
in crop residues such as barley and wheat and in hard- 
woods,5.6 the hemicellulosic fraction is much less attractive 
as a fermentation substrate than cellulose. One potential 
fermentation product is propionic acid which is used in the 
manufacture of cellulose plastics, herbicides, perfumes, and 
food or feed preservatives. Most propionic acid is chemi- 
cally synthesized. The use of an inexpensive substrate 
would make the fermentation process more competitive. In 
addition, there are marketing advantages to the use of a 
“natural” feedstock for certain products such as animal 
feed preservatives. There are numerous processes for the 
production of propionic acid via fermentation.‘.’ Although 
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there have been some studies in which mixtures of glucose 
and xylose are used,’ there are no reports on the use of 
pentosic sugars as the major substrate. The objective of this 
study was to assess the possibility of propionic acid pro- 
duction by Propionibacterium acidipropionici in batch 
culture using enzymatically hydrolyzed hemicellulose. 

Materials and methods 

Culture and mineral salts medium 

P. acidipropionici ATCC 4875 was grown in a mineral salts 
medium (MSM) which had the following composition l- ’ : 3.7 g of 
Na2HP0, * 7H,O. 0.83 g of KH,PO,, 2.0 g of (NH&SO,, 0.2 g 
of MgSO, * 7H20, 60 mg of ferrous ammonium citrate, 10 mg of 
CaCI, * 2H,O, and I ml of microelement solution. Each liter of 
microelement solution contained 0.3 g of H,BO,, 0.2 g CoCI, - 
6H,O, 0. I I g of ZnSO, * 7H,O, 30 mg of MnCI, 4 4H,O, 30 mg 
of Na,MoO, - 2H,O, 20 mg NiCl, * 6H,O, and 10 mg CuSO, * 
5H30. 

Enzyme hydrolysis of hemicellulose 

An aqueous hemicellulosic fraction was obtained from the steam 
explosion of Populus tremuloides” and hydrolyzed enzymatically 
with a 10% (v/v) xylanase 431 (Novo Nordisk, Bagsvaerd, 
Denmark) at 50°C for I h at pH 4.4 with continuous mixing. After 
a treatment period of 30 min at room temperature, solids were 
removed by centrifugation at 4,000 g for IO min. The enzyme 
preparation contained 500 xylanase U and 200 endoglucanase 
Units g- ‘. One xylanase unit is defined as the amount of enzyme 
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which degrades larchwood xylan to 1 p_mol xylose in 20 min at pH 
3.8, and 30°C. One endoglucanase unit is defined as the amount of 
enzyme which reduces the viscosity of a carboxymethylcellulose 
solution to the same extent as a 1 U endoglucanase standard in 30 
min at pH 6.0 and 40°C. 

Hydrolyzed hemicellulose toxicity tests 

Different concentrations of enzymatically hydrolyzed hemicellu- 
lose were added to flasks containing MSM, 5 g of proteose 
peptone, and 2.5 g of yeast extract I-’ with or without xylose (10 
g I -I). The flasks were autoclaved for 20 min at 121°C. The initial 
pH varied between 6.4-7.2. Exponential phase cells (10 ml) grown 
in nutrient broth (“Lab-Lemco” broth CM15, Oxoid Canada Inc. 
Nepean, Ontario) containing I g of glucose and I g of yeast extract 
I- ’ were used as inoculum. Once the flasks were inoculated, they 
were incubated without shaking under an anaerobic atmosphere of 
H, and COZ at 30°C for a period of 3 days. 

Batch fermentations 

P. acidipropionici was grown in a Multigen F-2000 2-1 fermenter 
(New Brunswick Scientific, Edison, NJ) with 60% (v/v) hemicel- 
lulose hydrolysate, 5 g I--’ proteose peptone, 2.5 g I- ’ yeast 
extract, and MSM. The pH was controlled at 6.5 with 20% (w/v) 
NaOH and 20% (v/v) H$O,. The temperature was controlled at 
30°C. The fermenter was sparged with nitrogen and a 6% (v/v) 
inoculum grown on the same medium as in the fermenter was 
added. 

Biomass measurements 

Culture broth (5 or IO ml) was centrifuged, resuspended in distilled 
water, and centrifuged again. The pelleted biomass was then 
transferred into an aluminum dish and dried to a constant mass at 
lOS”C. 

Reducing sugars 

One ml of an appropriately diluted sample was added to I ml of 
citrate buffer and 3 ml of 3,5-dinitrosalicylic acid reagent and 
heated for IO min at 95°C. ’ ’ Once cooled, absorbance was read at 
600 nm. Since xylose was used as the standard, results are reported 
as xylose equivalents. 

HPLC analysis 

Xylan monomers, acetic, and propionic acid concentrations in the 
bioreactor were determined by high-pressure liquid chromatogra- 
phy with an Aminex HPX-87H column (Bio-Rad Laboratories 
(Canada) Ltd., Mississauga, Ontario, Canada) at 25°C with a 
Waters R-401 refractive index detector and 0.0025 M sulfuric acid 
as the mobile phase. 

Results and discussion 

The untreated, aqueous hemicellulosic fraction of steam- 
exploded P. tremuloides contained 19.6 g 1-l of xylose 
equivalents based on the reducing sugars analysis. When it 
was acid hydrolyzed by adding 1% (v/v) concentrated 
H,SO, and autoclaved for 20 min, 31.6 g 1-l of xylose 
equivalents were obtained. When enzymatically hydrolyzed 
as described above, a slightly smaller amount of xylose 
equivalents was obtained (29.6 g 1-l). Enzymatic hydrolysis 
was chosen for further experiments since it gave a similar 
amount of xylose as acid hydrolysis but should not produce 
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Figure 1 Batch growth of P. acidipropionici in MSM containing 
60% (v/v) hemicellulose hydrolysate, 5 g I-’ proteose peptone, 
and 2.5 g I-’ yeast extract 

furfurals which are toxic to microorganims and needed less 
base for neutralization which produces a salt sludge. Fur- 
thermore, xylanases are now commercially available at a 
reasonable price. 

Toxicity of hemicellulose hydrolyate 

The toxicity of the hydrolyzed material was evaluated in 
shake flask experiments. P. acidipropioltici showed little or 
no evidence of inhibition to the hydrolysate when it was 
added in increasing concentration of up to 50% (v/v) to a 
medium already containing 10 g I-’ xyliose. Inhibition was 
assessed by comparing growth as measured by optical 
density with a control in which no hydrolysate was present. 
Growth appeared to cease when a pH of about 4.5 was 
reached. When the enzymatically hydrolyzed material was 
provided without xylose in a separate experiment, the 
biomass concentration increased as the hydrolysate concen- 
tration increased indicating that it was used as a source of 
carbon. 

Bioreactor kinetics 

In the bioreactor study, the hemicellulose hydrolysate had 
been diluted by about 60% (v/v) from 29.6 g 1-l xylose to 
give an initial concentration of 18.2 g 1K’ based on the 
reducing sugar analysis; however, when the initial xylose 
concentration was measured by HPLC. 23.9 g 1-l of xylose 
were measured. In the reducing sugar analysis, all mole- 
cules with an aldehyde group will react with 3,5-dinitrosali- 
cylic acid. It is known that different sugars will yield 
different amounts of color. ’ ’ Although the enzyme-hydro- 
lyzed hemicellulose contained primarily xylose, small 
amounts of other sugars and organic compounds were 
present. Since xylose was used as the calibration standard, it 
was not unexpected that the value obtained by this analysis 
would be slightly different than that obtained by another 
method. Since HPLC analysis was probably more accurate 
and was able to determine xylose as well as propionic and 
acetic acid concentrations in one analysis, this method was 
used to obtain the data shown in Figure 1. 
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Figure 2 Specific growth (CL), propionic acid production (9,,) 
and xylose consumption (9J rates of P. acidipropionici (data 
taken from Figure I) 

There was no utilization of xylose during the first 20 h 
(Figure 1) and the growth rate was low (Figure 2). The 
slight increase in biomass was probably due to the 
consumption of peptone and yeast extract. These compo- 
nents had been added to the medium because propi- 
onibacteria are known to require vitamins and other 
nutrients in yeast extract for growth and metabolism and, 
while amino acids are not essential, they are beneficial.7 
The use of the hexoses in yeast extract would repress 
xylose utilization. 

At about 30 h, detectable propionic acid production 
began and attained a final concentration of 18.3 g 1-l. 
This was accomplished at a pH of 6.5 in contrast to 
Clausen and Gaddy’* who achieved good growth but 
little acid production with P. acidipropionici NRRL 
B-3569 at a pH of 6.8. They obtained good propionic acid 
production when the pH was not controlled. In our study, 
detectable acetic acid production began at about the 40 h 
mark producing a total of 2.6 g 1-l. All xylan monomers 
were consumed. 

This is the first kinetic study of propionic acid 
production on pentosic sugars. As would be expected for 
a fermentation product, the data show that propionic acid 
production was growth associated (Figure 2). The max- 
imum specific growth rate (p,,,) and the maximum 
specific propionic acid production rate (qp ,,,> peaked at 
35 h and were 0.1 and 0.23 g-’ g-’ h-l, respectively; 
however, it is interesting to note that although the 
specific rate of xylose utilization (qs) achieved a maxi- 
mum at the same time as the specific growth rate (p) and 
the specific propionic acid production rate (qq), it did not 
drop off when these rates decreased. It is possible that the 

decreasing production rates may correspond to a decrease 
in the rate of use of the organic supplements (i.e., 
proteose peptone and yeast extract) as their concentra- 
tions decreased. Furthermore. qs may not have decreased 
as expected since the xylose may have also been con- 
verted to other products such as vitamin Blz in the latter 
part of the fermentation. Propionibacteria are known for 
vitamin B l7_ production.“.‘” 

Both growth and the production of propionic acid ap- 
peared to be inhibited at concentrations of greater than 2 g 
I-’ of propionic acid (Figure 3). Later in the fermentation at 
18 g I- ’ propionic acid, the steep decline in p and yp was 
due to xylose limitation. Nanba et al. I5 and Carrondo et al.” 
found that Propionibacterium shermanii and P. acidipropi- 
onici, respectively, were more severely growth inhibited by 
propionic than acetic acid. For this reason and since only 
2.6 g l- ’ acetic acid was produced compared to 18 g I-’ 
propionic acid, the effect of acetic acid concentration was 
not evaluated. Furthermore, Nanba et al.‘” demonstrated 
that inhibition was probably due to undissociated propionic 
acid even at concentrations as low as 16.3 mg I- ’ of 
undissociated acid. At a propionic acid concentration of 
16 g l-‘, the undissociated acid concentration would be 16, 
65, and 370 mg 1- ’ at a pH of 6.8, 6.15, and 5.2, 
respectively;” hence, at the same total acid concentration, 
inhibition is more evident with decreasing pH as the amount 
of undissociated propionic acid is increased. Thus product 
yields in this study may be further increased by operating at 
a pH higher than 6.5 since the concentration of undissoci- 
ated propionic acid would be lower. For the same propionic 
acid concentrations, higher specific growth rates were 
obtained at pH 6.80 than at 6.15 or 5.20 in their studies. For 
example, the specific growth rates of P. shermanii at 20 
mm01 1-l propionic acid at a pH of 6.80, 6.15, and 5.20 
were 0.136, 0.101, and 0.057 h-‘, respectively. 

Furthermore, the yield (g propionic acid g-’ biomass 
produced) decreased after the maximum specific growth 
rate was achieved. This may have been the result of an 
inhibitory concentration of propionic acid or a limitation in 
an essential nutrient obtained from yeast extract or peptone. 
To maximize the benefits from yeast extract and peptone, 
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Figure 3 Effect of propionic acid concentration on the specific 
growth rate (~1 and the specific propionic acid production rate 
(9,) (data taken from Figure 7) 

294 Enzyme Microb. Technol., 1998, vol. 22, March 



Hemicellulose to propionic acid: J. A. Ramsay et al. 

these nutrients could be added to the fermenter in a fedbatch 
mode to avoid limitation. 

The hemicellulosic fraction of wood has few commercial 
applications. This work has shown that enzymatically hy- 
drolyzed, xylan-based hemicellulose can be used as a 
substrate for propionic acid production. 
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