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Anaerobic fermentation processes for the production of a succinate-rich animal feed supplement from raw
whey were investigated with batch, continuous, and variable-volume fed-batch cultures with Anaerobiospirillum
succiniciproducens. The highest succinate yield, 90%, was obtained in a variable-volume fed-batch process in
comparison to 80% yield in a batch cultivation mode. In continuous culture, succinate productivity was 3 g/liter/h,
and the yield was 60%. Under conditions of excess CO2, more than 90% of the whey-lactose was consumed, with
an end product ratio of 4 succinate to 1 acetate. Under conditions of limited CO2, lactose was only partially con-
sumed and lactate was the major end product, with lower levels of ethanol, succinate, and acetate. When the suc-
cinic acid in this fermentation product was added to rumen fluid, it was completely consumed by a mixed
rumen population and was 90% decarboxylated to propionate on a molar basis. The whey fermentation product
formed under excess CO2, which contained mainly organic acids and cells, could potentially be used as an
animal feed supplement.

Succinate is the direct in vivo precursor that accounts for
up to 73% of the propionate formed in the rumen. Although
succinic acid is a product of rumen microbes such as Fibrobac-
ter, Succinivibrio, and Succinomonas, its concentration in the
rumen is very low (0.47 ppm) (6, 17, 18). Previous studies dem-
onstrated that high levels of succinate were decarboxylated to
propionate when added to lactating cows or mixed-rumen pop-
ulations (15). The turnover rate of succinate in the rumen is
very high (4, 12).

Anaerobiospirillum succiniciproducens is an anaerobe that
was previously reported to ferment various saccharides into
mixed acids and ethanol (8). We have shown that growth and
succinate-versus-lactate production from glucose by A. succi-
niciproducens were regulated by the level of available carbon
dioxide and culture pH (30). The fermentation of lactose by
this species has not been previously reported.

Whey, a by-product generated during cheese making, con-
tains about 6 to 7% solids, of which 70 to 80% is lactose and 10
to 15% is milk proteins, lactate, and salts. It is used directly in
animal feed mixes (5), and fermentation processes have been
developed for upgrading whey to a mixture of single-cell pro-
tein, propionate, and ammonium lactate (1, 24, 29).

Feed additives are widely used for enhancing the efficiency
of farm animal production. Ionophores, through their selective
modification of the ruminal microflora (3, 10), increase propi-
onate production and decrease both amino acid fermentation
and the formation of acetate and methane. Increased levels of
propionic acid coupled with decreased levels of methane (3, 27,
32) are related to improved animal performance, decreased
ruminal protein and amino acid degradation, and stimulation
of body protein synthesis (16, 23, 25). The recent trend toward
the use of natural food and feed ingredients has stimulated the
search for more acceptable animal feed additives that have the
potential to stimulate propionate formation in the rumen and
to enhance production efficiency (22). One of such additives

could be succinate, which can be directly decarboxylated to
propionate. Succinate may also probably act as a buffering
agent in the pH range of 5.1 to 6.1, because it is a weak acid
(pKa2

5 5.64) and thus could reduce the development of sub-
acute acidosis. Also succinate is converted to propionate pre-
sumably by a biotin-dependent decarboxylation which results
in proton consumption (H1 ion) (11). The fact that whey is
a low-cost substrate can be used to produce succinate-based
fermentation products for use by the cattle industry.

In preliminary studies, we screened several anaerobic bac-
terial species for their ability to ferment whey lactose to suc-
cinate and selected A. succiniciproducens as a model organism
for further studies. We report here that A. succiniciproducens
can ferment whey directly into a succinate-rich product that
can potentially be used as an animal feed supplement.

All chemicals were of reagent grade and were obtained from
Sigma Chemical Co., St. Louis, Mo. Whey was provided by
the Michigan State University Dairy Pilot Plant (East Lan-
sing, Mich.). Gases were supplied by Michigan Welding (East
Lansing, Mich.) and were scrubbed free of oxygen by passage
over heated (370°C) copper filings.

A. succiniciproducens (ATCC 29305) was grown in a seed
culture medium prepared in whey diluted approximately two-
fold to 20 g of lactose per liter. The following ingredients were
added (grams per liter): corn steep liquor (50% solids; Sigma),
10; K2HPO4, 3; NaCl, 1; (NH4)2SO4, 1; and MgCO3, 15. The
medium was heat sterilized under N2 gas (20 min, 121°C) in
vials sealed with black butyl rubber stoppers. To 100 ml of
sterile medium in 158-ml serum vials, 0.75 ml of 10 M H2SO4
was added to adjust the pH to 6.8 6 0.1. Anaerobic culture
conditions were established as previously described (34). The
headspace nitrogen was replaced by carbon dioxide, and Na2S
(0.025%) was added as a reductant. After 15 min, the reduced
medium was inoculated with a 1% (vol/vol) addition of an
early-stationary-phase culture, and the vials were incubated in
a rotary, temperature-controlled (39°C) shaker (New Bruns-
wick Scientific, Edison, N.J.).

Fermentation media were made with sterilized raw whey,
and the fermentors were inoculated with 5% samples from
seed cultures grown overnight. The final whey lactose concen-
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tration ranged between 44.7 and 48.7 g/liter. The concentration
of whey lactic acid was 5.5 6 0.5 g/liter, and that of whey
protein was 4.3 6 0.5 g/liter. The following sterilized ingredi-
ents were added to fermentation media in pH-controlled re-
actors (grams per liter of raw whey): corn steep liquor (50%
solids), 20; K2HPO4, 1.5; MgCl2 z 6H2O, 0.2; and tryptophan,
0.02 (7).

One-liter batch and variable-volume fed-batch fermenta-
tions were performed with 1.4-liter Multigen New Brunswick
vessels. Continuous cultures were run in a 330-ml Bioflo (New
Brunswick Scientific Co.) model C30 fermentor. The CO2 need-
ed for growth and product formation was supplied through O2-
free CO2 sparging or by the addition of dissolved (NaHCO3
and Na2CO3) and undissolved (MgCO3) carbonates as indi-
cated. The initial pH was adjusted to 6.7 6 0.1 with H2SO4.
Throughout the fermentation, the temperature was controlled
at 38 6 1°C, and the pH was kept at 6.2 6 0.1 by the addition
of sterile solutions of NaOH or Na2CO3 as indicated.

Lactose and fermentation products were analyzed by high-
performance liquid chromatography in acidified (1% concen-
trated HCl) samples (26). They were eluted with 0.012 N H2SO4
from a 300 by 7.8-mm (inside diameter) Bio-Rad HPX-87
column and were detected by a differential refractometer, re-
corded, and quantified by using a Waters 840 integrator. Stan-
dard curves were obtained by using various concentrations of
lactose and volatile fatty acids. The concentration was comput-
ed from the area under the curve. Succinic acid was deter-
mined by an enzymatic assay using a commercial kit from
Boehringer Mannheim Biochemicals.

Fermentation product yield, carbon balances, and the recov-
ery of available hydrogen (electron balance) were computed
as previously described (21). Protein was determined by the
Lowry method (19).

Succinate production dramatically increased when CO2 was
added to the fermentation medium. Figure 1 shows the effect
of carbon dioxide levels on the yield of major fermentation
products formed by A. succiniciproducens. Here, carbon diox-
ide was supplied as MgCO3, which dissolved during the fer-
mentation. At the highest CO2 levels (i.e., 35 g of MgCO3/

liter), vigorous growth and succinate production started after a
lag phase of 2 to 3 h, whereas, at the lowest CO2 levels (i.e., 1 g
of MgCO3/liter), a 16- to 20-h lag phase was observed. At the
highest CO2 levels, more than 90% of the lactose was con-
sumed, the yield of succinic acid was 84%, lactate was not
produced, and the ratio of succinate to acetate was 4.3 (g/g). At
the lowest CO2 levels tested, 48% of the lactose was used, the
main product was lactic acid, the succinate yield was lower than
4%, and the succinate/acetate ratio was 0.65 (g/g). The highest
levels of CO2 consumption were correlated with the highest
levels of lactose consumption and succinate production.

Studies to understand the kinetics of whey lactose consump-
tion and succinate, acetate, and formate production were con-
ducted with 10-liter batch-mode fermentations. Carbon diox-
ide was supplied at high levels with 3 M NaHCO3 (45 ml/liter)
through the pH control system and with CO2 gas (20 lb/in2) in
the headspace. The concentrations of succinate and lactose in
the final batch fermentation broth were 34.3 and 2.4 g/liter,
respectively. The overall succinate yield (corrected for addition
of base) was 84%. Under these CO2 nonlimiting fermentation
conditions, there was a direct correlation between lactose con-
sumption and the production of succinate, acetate, and for-
mate. Table 1 summarizes the carbon and electron balance of
whey lactose fermentation under high CO2 levels under batch
conditions. Under these conditions, 80% of carbon supplied as
CO2 was recovered in succinic, acetic, and formic acids.

Table 2 compares the effect of dilution rate on steady-state
parameters for whey lactose conversion to succinic acid under
excess CO2 in a continuous culture. Steady-state concentra-
tions of substrate and products were established in the fermen-
tor after six to eight residence times. The growth rate influ-
enced substrate product conversion, and lactose consumption
and succinate yield decreased at elevated specific growth rates.

Kinetic parameters for succinate production in a variable-
volume fed-batch culture are demonstrated in Fig. 2. The mass
balance for lactose is

D~SV!/dt 5 @FoSo 2 d~PV!#/@Y~dt! 2 FtS#

where V, S, and P are the time (t)-dependent volume and the
concentrations of lactose and succinic acid, respectively. The
concentration of lactose in the feed is So, and Y is the yield of
succinate on lactose. Fo and Ft denote the constant rates of

FIG. 1. Influence of carbon dioxide levels on lactose consumption and the
yield of whey fermentation products in A. succiniciproducens. The experiments
were carried out with 158-ml sealed serum vials, and the initial lactose concen-
tration was 45.3 g/liter. Carbon dioxide was supplied with magnesium carbonate,
which dissolved and generated CO2 during fermentation.

TABLE 1. Carbon recovery and electron balance of
A. succiniciproducens raw-whey batch fermentation

in the presence of high CO2 levelsa

Substrate or
product

Substrate concn
(mol/100 mol)

Carbon
concn
(mol)

Available
hydrogen concn

mol of
H/mol

mol of H/100
mol of lactose

Substrates
Lactose 100 1,200 48 4,800
Lactic acid 3 9 11 33
CO2 346 346 0 0

Products
Succinic acid 243 972 14 3,402
Acetic acid 111 222 8 888
Formic acid 47 47 2 94

a Carbon and electron balance were determined as described by Zeikus et al.
(34), except the carbon and electron balance in cells was not included. CO2 was
supplied as magnesium carbonate (35 g/liter). Note that 80% of the carbon
(moles) and 92% of the available hydrogen (moles of hydrogen per 100 moles of
lactose) were recovered.
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feed introduction and culture broth withdrawal. Under bal-
anced fermentation conditions, the concentration of lactose
is time invariable, and culture broth is not removed until the
end of the process (ds/dt 5 Ft 5 0), and the mass balance is
FoSoY 5 Dt (PV)t. In other words, at a constant feed rate and
yield, the time-dependent dilution rate, (D)t, and the total
amount of succinate produced, (PV)t, are inversely correlated.
A 1-liter variable-volume fed-batch fermentation is summa-
rized in Table 3. The process was initiated with 0.1 liter (30 g
of succinate per liter) at a constant feed rate (Fo) of 25 ml/h,
in which the concentration of lactose (So) was 45 g/liter. The
required carbon dioxide was supplied with Na2CO3 through
the pH control system and with CO2 gas in the headspace.
Following each of the five consecutive runs, 90% of the volume
was removed, and the process was repeated. The inhibitory
effect at an elevated specific growth rate, observed in contin-
uous culture, is minimized with fed-batch cultivation, due to
the fact that the specific growth rate decreases following a
short growth period (Fig. 2).

A dried whey succinate fermentation product was produced
in a 12-liter fermentor under batch conditions with Na2CO3
(supplied at the beginning and through the pH control system)
and CO2 gas in the headspace. The product (35% succinate,
18% protein, 8.7% acetate, salts, and about 1% each lactose,
lactate, and formate) was applied to in vitro studies with rumen
fluid from a fistulated cow (20). The added succinate, in up to
1% of the fermentation dry solids (3.5 g of succinate per liter)
was completely consumed by the mixed-rumen bacterial pop-
ulation, and on a molar basis, more than 90% of the succinate
was decarboxylated to propionate (data not shown). The in-
crease in propionate concentration was directly related to the
added fermentation product.

The present data indicate that raw whey can be fermented

with A. succiniciproducens to a succinate-rich product by using
batch, continuous, and fed-batch cultivation methods. High-
yield whey lactose conversion to succinic acid depends upon
the available carbon dioxide. Under high-CO2 conditions, more
than 90% of the lactose is consumed, the succinate yield from
lactose is higher than 80%, and the succinate/acetate ratio is
3.6 to 4.3. Under CO2 limitation, lactose is only partially con-
sumed, and the main fermentation product is lactic acid (Fig.
1). In A. succiniciproducens, high levels of CO2 stimulated phos-
phoenolpyruvate-carboxykinase levels, while the levels of lac-
tate and alcohol dehydrogenases were significantly decreased
(30). The highest yield of succinate from whey lactose (90%)
was obtained in variable-volume fed-batch fermentation (Ta-
ble 3). A fed-batch process has the advantages of both batch
and continuous processes. As in batch operation, there is no
limiting nutrient, and in continuous culture, toxic materials
that might accumulate are continuously diluted and removed
following each cycle. Fed-batch whey fermentation is widely
applied for large-scale processes, and it has been used for the
production of yeast single-cell protein accompanied by a re-
duction in lactose concentration (28).

Whey has been a preferred raw material in the food and feed
industries for many years (33), since it contains large amounts
of potentially recyclable nutrients. It is uneconomical to trans-
port and expensive to dispose of (because of its high biochem-
ical oxygen demand), and its drying is capital and energy in-
tensive. In the final fermentation product, the concentration of
protein is almost doubled, with essential amino acids coming
from bacterial protein, and the concentration of whey lactose,
which causes bloating in ruminants if directly fed, is markedly
reduced.

In whey batch fermentations with A. succiniciproducens, 80% of
the lactose carbon source was recovered in end products (Ta-
ble 1). Succinic acid may be an ideal natural animal feed sup-
plement, since it is the direct precursor of rumen propionate.
In experiments with rumen fluid, succinate that had added up
to a concentration of 3.26 g/liter was completely consumed,
and the concentration of propionate in the ruminal fluid in-
creased linearly with respect to the added succinate. This in-

FIG. 2. Kinetics of succinate production from whey-lactose in variable-vol-
ume fed-batch culture with A. succiniciproducens. The constant feed rate (Fo)
was 25 ml/h, and the lactose concentration (So) was 45 g/liter. The mass balance
is described by Fo So Y 5 D(PV)t. See the text for a more detailed explanation.
The Na2CO3 concentration was 5 g/liter.

TABLE 2. A. succiniciproducens whey succinate steady-state fermentation parameters in continuous culture at high CO2 levelsa

Dilution rate
(D, h21)

Residual lactose
concn (S, g/liter)

Succinic acid
production (P, g/liter)

Productivity
(PD, g/liter/h)

Base dilution
factor (%)b

Overall succinate
yield (%)

0.085 9.0 24.0 2.1 8.0 72.0
0.15 11.0 19.8 3.0 11.0 64.0

a The concentrations of lactose and NaCO3 in the feed stream were 45 and 5 g/liter, respectively. The culture vessel was continuously gassed with carbon dioxide (0.15
[vol/vol/min]). The results represent the means of 20 resident times after reaching steady-state conditions.

b Relative volume of 2 N NaOH through the pH 6.2 control system.

TABLE 3. Succinate production from whey lactose in variable-
volume fed-batch culture with A. succiniciproducens

Process variable Result

Residual lactose (g/liter)a.............................................................. 1.5 (6 0.5)
Succinic acid (g/liter)a.................................................................... 34.7 (6 2.2)
Fermentation cycle (h)a................................................................. 34.0 (6 3.0)
Medium (45 g/liter of lactose) added (liters)b....................................... 4.35
Base (3 M of Na2CO3) added (liters)b ................................................... 0.55
Total lactose consumed (g)b .................................................................... 188.3
Total succinate produced (g)b ................................................................. 170.5
Succinate yield (%)a.................................................................................. 90.6

a Means of five consecutive runs. See Fig. 2 and the text for more experimental
details.

b During five consecutive runs.
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dicates that manipulation of rumen fermentation toward more
propionate production can be achieved by supplying its direct
precursor (succinate), alone or together with synthetic feed ad-
ditives (ionophores) that are currently in use. It can be calcu-
lated from the concentration of succinate in the rumen (0.47
ppm) and its turnover rate (10 min21) that an animal with a
rumen capacity of 100 kg has the potential to stimulate the
decarboxylation of more than 600 g of succinate to propionate
per day. Thus, the potential of the rumen population to decar-
boxylate succinic acid is much higher than that anticipated
from its ruminal concentration or from early studies (12). The
turnover rate of rumen succinate is more than 300 times higher
than that of the widely used lactic acid (18). In other words,
much higher levels of lactate will be required to achieve the
same level of propionate formation. However, increased lac-
tate in the rumen can cause lactic acidosis and ruminal dys-
function (31). Succinic acid can be metabolized by rumen mi-
croflora to amino acids (2, 13) and sugar (18). Its metabolism
in the animal (through the tricarboxylic acid cycle) increases
oxygen uptake, inhibits ketosis, and serves as a buffering agent,
and its derivatives prevent bloating in cattle (9). The metabo-
lism of succinate by the animal (to acetyl coenzyme A) gener-
ates two additional ATPs in comparison to the currently used
fumaric acid (14).

Our studies demonstrate that it is possible to produce suc-
cinate from whey in high concentrations and yield. The fer-
mentation product can be used potentially as an animal feed
supplement directly, or it can be supplemented with essential
salts, electrolytes, and ammonia. However, the extent of fer-
mentation product augmentation that will provide sufficient
propionate to enhance feedlot performance and its optimal
composition will require data that can be achieved only from in
vivo experiments.
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Walker and Judy Pennington for preparing the manuscript.
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