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ABSTRACT

Dynamics of free amino acid levels during fermentation of wheat bread
doughs started with three strains of lactic acid bacteria species— Lacto-
bacillus brevis (B33), Lactobacillus plantarum (B39), and Enterococcus
faecium (B40)—were investigated by reversed-phase high-performance
liquid chromatography of the dansyl amino acids. Twenty protein amino
acids, y-aminobutyric acid, and ornithine were quantified in doughs fer-
mented 0, 4, and 24 hr with lactic acid bacteria. Changes were related
to the nutritional requirements and proteolytic activities developed by
these microorganisms. Nutritional requirements of lactobacilli and entero-
coccus for glycine were evidenced at the beginning of fermentation (0-4
hr), whereas asparagine was consumed later (4-24 hr). In addition, B33
metabolized glutamine and serine first, and aspartic acid, glutamic acid,
y-aminobutyric acid, tryptophan, and proline later; alanine was assimi-
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lated during the entire fermentation (0-24 hr). B39 showed preferential
uptake of aspartic and glutamic acids, glutamine, serine, alanine, ornithine,
and threonine. Exoproteolytic activity of microorganisms was revealed
by the rise in levels of some protein amino acids. During fermentation
(0-24 hr), valine, leucine, and lysine gradually increased; however, in
all doughs proline content increased only during the first 4 hr. Aspartic
acid and histidine were accumulated only in doughs fermented with B40.
Methionine and tryptophan accumulated in doughs fermented with B39
and B40. The degree and rate of proteolysis during fermentation were
higher for bread doughs containing B40. For the strains of lactic acid
bacteria considered, changes in <y-aminobutyric acid were connected to
changes in glutamic acid. Higher amounts of ornithine in doughs fermented
long times were presumably due to its release by microorganisms.

During dough fermentation and baking of wheat bread, many
flavor compounds are developed (Maga 1974, Schieberle and
Grosch 1987) whose qualitative and quantitative compositions
strongly influence the acceptance of bread by the consumer. The
use of bread starters, based on selected associated cultures of
microorganisms with specific metabolic activities, is one recom-
mended way to direct the course of fermentation and, conse-
quently, to produce bread with controlled organoleptic charac-
teristics and overall quality (Robinson et al 1958, Vadja et al
1984).

Among compounds produced by fermentation, amino acids
play an important role in the metabolism of dough micro-
organisms (Baca and Golebiewski 1977, Spicher and Schréder
1979) and serve as an important source of bread flavor precursor
material (Spicher and Nierle 1988).
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During dough fermentation, amino acids and their derivatives
can be released into the media by proteolysis (Spicher and Nierle
1984a,b), by metabolism of sugars (Okuhara and Harada 1971)
and peptides (Nisbet and Payne 1979), by hydrogenation of keto
acid derivatives (Cole et al 1962), and by enzymatic synthesis
(MacWilliam and Clapperton 1969). They can also be supplied
from the cell mass of the microorganisms (Thorn 1971, Rothen-
buehler et al 1982).

Flour (Spicher and Nierle 1988), yeast (Dalaly and Al-Banna
1983), and particularly lactic acid bacteria (ElI-Soda et al 1982,
De Giori et al 1985, Thomas and Mills 1981, Spicher and Nierle
1988) contain proteases and peptidases. Specific hydrolytic actions
of these enzymes on dough proteins during fermentation release
amino acids that can be metabolized by microorganisms (Marder
et al 1977, Spicher and Schroder 1979). Specific requirements
for amino acids are evidenced by fermentation microorganisms.
Strains of Saccharomyces inusitatus grew only 4-12% when
methionine was omitted in the growth medium (Ng 1976). The
homofermentative sourdough bacteria have no requirement for
alanine and serine, but they are unable to grow in the absence
of glutamic acid and valine. Most of the heterofermentative sour-
dough bacteria show essential requirements for arginine, leucine,
phenylalanine, tryptophan, tyrosine, and valine (Spicher and
Schrader 1979).

Amino acid assimilation promotes the growth of microor-
ganisms (Konova et al 1986), increases the fermentative activity



and the alcohol tolerance of yeast (Rivareva et al 1983) and the
lactic acid production of lactobacilli and streptococci (Des-
mazeaud and Hernier 1972). These factors have repercussions
on the overall quality of bread.

The presence of specific amino acids in the medium stimulates
or inhibits the synthesis of proteases in some species of streptococci
(Westhoff and Cowman 1970) and promotes proteolytic activites
of lactobacilli (El-Soda et al (1978). For example, phenylalanine
inhibits the growth of S. cerevisiae (Marder et al 1977) and pro-
motes the development of some strains of Streptococcus species
(Law et al 1976).

On the other hand, the qualitative and quantitative composi-
tions of amino acids of fermented doughs affect bread flavor
mainly through the formation of Maillard compounds during
baking. Leucine, proline, isoleucine, and serine reacting with
sugars form typical flavors and aromas described as toasty and
breadlike (Wiseblatt and Zoumut 1963, Kiely et al 1960). Excessive
amounts of leucine in fermenting sponges lead to bread with
unappetizing flavor; if valine is added, bread flavor is improved
(Baker et al 1953). In addition, the condensation reaction of glycine
with simple aldehydes forms volatile pyridines, associated with
undesirable flavor (Suyama and Adachi 1980).

The study of the metabolism of amino acids during dough
fermentation by pure strains of microorganisms and their mixtures
has only been conducted in rye sourdoughs (Spicher and Stephan
1987). Lactic acid bacteria species from rye sourdough starters
cause different increases in free amino acids, particularly basic
sulfur-containing, aromatic, heteroaromatic, and hydroxy amino
acids and cause slight variations in cyclic amino acids when com-
pared with sourdoughs fermented spontaneously (Spicher and
Nierle 1988). When yeast participates in the fermentation, the
amino acid content undergoes a smaller increase due to consump-
tion of alanine, glycine, and lysine (Spicher and Nierle 1984b).
The trend, extent, and rate of the changes depend on the specific
microorganisms present.

Despite the interest in the metabolism of amino acids during
fermentation by selected microorganisms in connection with
controlled flavor and performance of bread, the scarcity of data
in wheat doughs is evident. This paper aims to contribute by
a study of the dynamics of free amino acid levels during fermenta-
tion of bread doughs started by three strains of lactic acid bacteria
species: Lactobacillus brevis (B33), L. plantarum (B39), and Enter-
ococcus faecium (B40).

MATERIALS AND METHODS

Reagents and Chemicals

Dowex AG 1 X 2 (50-100 mesh, CI” form) anion exchange
and Dowex 50W X 2 (50-100 mesh, H" form) cation exchange
resins were purchased from Fluka AG (Buchs, Switzerland).
Amino acids, dansyl amino acids, dansyl chloride, and picric acid
were furnished by Sigma (St. Louis, MO). Acetonitrile (high-
performance liquid chromaography grade), acetone (ultraviolet
grade), and ammonium hydroxide were obtained from Panreac
(Barcelona, Spain). A standard mixture of 20 protein amino acids,
ornithine, and -y-aminobutyric acid was prepared as described
previously (Benedito de Barber et al 1989a).

Bread Dough Preparation

A commercial wheat bread flour was used, with an energy of
deformation (W) = 126 X 10° ergs, curve configuration ratio
(P/L) = 0.36, and 119% protein. Biomasses of pure strains of
heterofermentative (L. brevis, B33), homofermentative (L.
plantarum, B39), and E. faecium (B40) lactic acid bacteria pre-
viously isolated and identified from wheat sourdoughs (Barber
and Baguena 1988) were prepared following the procedure de-
scribed by Barber et al 1985. Unfermented bread doughs (UF)
were prepared by mixing 300 g of flour, 150 ml of water, and
5.4 g of salt with 15 ml of physiological salt solution of each
lactic acid bacterium (bacterial counts: 6-3 X 10" viable cells/
ml) for 3 min in the mixer of a Brabender Farinograph (Duisburg,
Germany) at 90 rpm (Martinez-Anaya et al 1989). Respective

UF doughs were fermented at 28°C and 80% rh for 4 or 24 hr
in the fermentation cabinet of a Brabender Maturograph (Duis-
burg, Federal Republic of Germany). Doughs were frozen, freeze-
dried, ground, and kept refrigerated at 4°C under nitrogen until
analysis.

Amino Acid Extraction

Samples (10 g) of freeze-dried doughs were suspended in 20
ml of 0.85N NaCl and mixed with magnetic stirring for 3 hr
at 4°C. The homogenate was centrifuged at 23,000 X g for 20
min at 1-4°C, and the sediment was extracted again with 20
ml of solvent. The supernatant fractions were filtered through
Whatman No. 1 paper and made up to 50 ml with Milli Q water
(Millipore, Bedford, MA)(Benedito de Barber et al 1989b).

Amino Acid Purification

Aliquots (25 ml) of salt-soluble fractions were deproteinized
by 1% picric acid (100 ml) precipitation (El Dash and Johnson
1970). Protein-free extracts were obtained by centrifugation at
18,000 X g for 30 min at 1-4°C. Picric acid was removed from
the protein-free extracts by anion exchange chromatography on
Dowex AG 1 X 2. Carbohydrates, anions, and uncharged com-
pounds were eliminated from extracts on a Dowex S50W X 2
cation exchange resin, previously equilibrated with 0.01N HCI,
by elution with distilled water. Amino acids were eluted with
4M NH,OH (Benedito de Barber et al 1989c). The characteristics
of the ion exchange resins and the chromatographic conditions
for amino acid purification are summarized in Table 1. The
ammonia eluates were evaporated to dryness in a vacuum heater
(<40°C). Residues were redissolved in 50 ml of water and used
for amino acid analysis.

Amino Acid Determination

Aliquots of purified dough extracts containing 75 ug of amine
nitrogen (Collar et al 1990) and aliquots of amino acid standard
mixtures were derivatized with dansyl chloride (Navarro et al
1984, Benedito de Barber et al 1989a, Prieto et al 1990). Amino
acids were quantified using the norvaline internal standard addi-
tion method (Benedito de Barber et al 1989a).

Chromatographic Conditions

A Waters Associates (Milford, MA) model equipped with two
510 pumps controlled by a 721 programmable system controller,
a U6K universal liquid chromatograph injector, a column heater,
a temperature control system, a 490 programmable multiwave-
length detector, and a 730 data module reporting integrator was
used.

An optical density scanner HS/3 column (3 um X 8.3 cm X
4.6 mm i.d.) and a precolumn (3.6 cm X 4.6 mm i.d.) packed
with pellicular C-18 (Perkin-Elmer, Norwalk, CT) were used for
analysis. The mobile phase was 12 mM K,HPO, (pH = 7.00)/

TABLE 1
Characteristics of the Exchange Resins
and Chromatographic Conditions for Amino Acid Purification

Resin

Ion Exchange Cation Exchange

Characteristic Dowex AG1X2 Dowex 50W X 2
Mesh 50-100 50-100
Form ClI™ H*
Stationary bed

diameter X height, cm 2X6.3 2X36.5

volume, ml 20 73.2
Exchange capacity, meq/ml 0.7 0.7
Flow rate, ml/ min 6 6
Sample volume, ml 125 140
Mobile phase volume, ml

0.02N HC1 30 .

H,0 e 200

4M NH,OH ... 440
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acetonitrile. A linear gradient from 10 to 43.6% acetonitrile during
42 min was applied at a flow rate of 1.5 ml/min. The column
temperature was 30°C and the ultraviolet detection was set at
250 nm.

Data Analysis

Data were statistically analyzed in a Microvax computer
(Digital, Northboro, MA) by applying the two-way analysis of
variance (BMDP statistical package, 7D program). The Tukey
test was performed to calculate significant interactions.

RESULTS AND DISCUSSION

Chromatographic Separation and Quantification

Coefficients of variation (CV) for relative retention times ranged
from 0.11 and 1.26%, being less than 1% for most amino acids.
Variability in response factors and in amino acid quantification
was less than 7% except for threonine and tyrosine (CV ~ 10%).

Amino Acid Contents in Relation to Metabolic Activities
of Lactic Acid Bacteria

The amounts of 22 free amino acids (20 protein amino acids,
y-aminobutyric acid, and ornithine) were determined in unfer-
mented and fermented bread doughs started with B33, B39, and
B40. No quantification of cystine could be observed in any of
the tested doughs because it was present in trace amounts. Indi-
vidual amino acids were grouped as dicarboxylic acids and amides,
aliphatic, basic, sulfur-containing, aromatic, hydroxyl, cyclic, and
y-aminobutyric acid as reported in the literature (Morimoto 1966;
Spicher and Nierle 1984a,b, 1988) for easier discussion of results.
Contents of amino acid groups and total amino acids in each
dough were determined by the sum of the individual amino acid
contents.

Total Amino Acid Content

Total amino acid (TAA) content depends on both the strains
of lactic acid bacteria and the period of fermentation (Fig. 1).
Initial amounts of amino acids (per 100 g of dough, db) were
not statistically different (P < 0.05). Mean values were 40.41
(B33), 37.20 (B39), and 34.36 mg (B40). At the beginning of
fermentation (0-4 hr), a significant decrease (P < 0.01) was ob-
served for doughs containing lactobacilli, being higher for B39
(20%) than for B33 (10 %). At longer fermentation periods (4-24
hr), the amino acid content of B39-containing doughs increased
by 65%, resulting in an overall rise over the 24 hr fermentation.
An increasing trend of amino acid level was shown by doughs
started with B40 during the entire fermentation. When a com-
parison between the amounts of amino acids measured by re-

Total amino acid content

mg / 100 g dough, d.b.
100 + [
[CJur Fa ElF24

E. faecium

L. plantarum
lactic acid bacteria
Fig. 1. Total amino acid content of unfermented (UF), and fermented
bread doughs containing pure cultures of strains of Lactobacillus brevis
(B33), Lactobacillus plantarum (B39), and Enterococcus faecium (B40).
Fermentation time: 4 hr (F4) and 24 hr (F24).

L. brevis
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versed-phase high-performance liquid chromatography and the
nitrogen contents of a-amino of free amino acids (Collar et al
1990) was made, some differences in trends for early fermentation
periods were observed. These differences can be attributed to
different colorimetric responses for protein amino acids (e-amino)
than for nonprotein amino acids (y-aminobutyric acid and orni-
thine) in spectrophotometric determination. Production of amino
acids during fermentation of rye sourdoughs started with
Lactobacillus species has been described (Spicher and Nierle 1988)
and attributed to a proteolytic action on higher molecular weight
nitrogenous compounds. Enzymes from lactic acid bacteria are
mainly responsible for the accumulation of amino acids. Hydro-
lytic action of endogenous flour enzymes and of indigenous
microflora of flour must also be taken into consideration (Grant
and Wang 1972, Spicher and Nierle 1988).

A significant consumption of amino acids by both lactobacilli
was observed after 4 hr of fermentation and could be due to
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Fig. 2. Contents of basic amino acids in unfermented (UF) and fermented
bread doughs started by strains of Lactobacillus brevis (B33), Lactobacillus
plantarum (B39), and Enterococcus faecium (B40). Fermentation time:
4 hr (F4) and 24 hr (F24).



an early period of adaptation of microorganisms followed by
a strong demand for assimilable nitrogen. After 4 hr of fermenta-
tion, lactobacilli were not yet able to hydrolyze peptide and protein
chains at a noticeable rate because dough pH (5.3 in unfermented
doughs and 3.8 after 4 hr of fermentation) (Martinez Anaya
et al 1989) is lower than the optimum for proteolytic action (El-
Soda et al 1982, De Giori et al 1985). At later times (4-24 hr)
nonsignificant changes in TAA content for fermented doughs with
B33 denoted the beginning of a slow change towards proteolytic
activity. For B39 doughs, increased TAA content after 24 hr of
fermentation is in good accordance with optimum aminopeptidase
and dipeptidase activities developing at an early stationary phase
(El-Soda et al 1983). The constant and highest rise in TAA levels
for B40 fermented doughs reveals a faster and stronger proteolytic
activity favored by the optimum initial pH (5.5) (De Giori 1985).
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Fig. 3. Contents of aliphatic amino acids in unfermented (UF) and
fermented bread doughs started by strains of Lactobacillus brevis (B33),
Lactobacillus plantarum (B39), and Enterococcus faecium (B40). Fer-
mentation time: 4 hr (F4) and 24 hr (F24).

Amino Acid Groups

Dicarboxylic acids and amides and aliphatic and basic amino
acids predominated in both unfermented and fermented bread
doughs containing any of the strains of lactic acid bacteria tested
(Figs. 2-4). Together, they accounted for approximately 80% of
TAA and were responsible for 90-95% of the changes in TAA
during fermentation. The minor amino acid groups were present
only in small amounts (Fig. 5). Absolute overall values were higher
for doughs fermented 24 hr, and a small decline in dicarboxylic
acids and amides was observed for doughs started with lactobacilli
(Figs. 2-4).

Different metabolic activities of lactic acid bacteria are evi-
denced by the variable extent and rate of the changes. Doughs
started with B33 (Figs. 2-4) underwent a significant and gradual
depletion (36%) in dicarboxylic acid and amide level during
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Fig. 4. Contents of dicarboxylic amino acids and amides in unfermented
(UF) and fermented bread doughs started by strains of Lactobacillus
brevis (B33), Lactobacillus plantarum (B39), and Enterococcus faecium
(B40). Fermentation time: 4 hr (F4) and 24 hr (F24).

glutamine
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fermentation, whereas basic amino acids did not change. Aliphatic
amino acid content decreased by 5% during the first 4 hr and
later increased by 18%. As a result, an early decline and a later
maintenance in TAA content was observed (Fig. 1). For doughs
containing B39, the main changes occurred between 4 and 24
hr of fermentation, leading to increased aliphatic and basic amino
acid levels by 125 and 116%, respectively (Figs. 2-4). Doughs
prepared with B40 showed a continuous and significant increasing
trend in the amount of dicarboxylic (115%), aliphatic (175%),
and basic (600%) amino acids during the entire fermentation (Figs.
2-4). Similar trends in the changes in prominent amino acid groups
were previously reported for fermentation of rye sourdough
started with lactobacilli (Spicher and Nierle 1984a,b).

Individual Amino Acids

Determining the contents of individual amino acids in doughs
(Figs. 2-5) provided information about fermentation dynamics
regarding specific nutritional requirements of amino acids and
exoproteolytic activities developed by the strains of lactic acid

Aromatic amino acids
mg / 100 g dough, d.b.

20
I I
L ur E3rs Tlrae
18
10
[}
A
tryptophan phenylalanine tyrosine
Lactobaclilius brevis
mg / 100 g dough, d.b.
20 g g dougl
L I
| Smur E@re e |
18
10
[]
0 MWW SRS e w—‘ mD_
tryptophan phenylalanine tyrosine
Lactobacilius plantarum

0 mg / 100 g dough, d.b.

L |
Nur E3ra l:lrul

18

10

tyraeine

tryptophan phenyialanine

Enterococcus faecium

bacteria tested. The net fall in glycine level in all fermented doughs
(B33 20%, B39 35%, B40 10%) showed the strong demand for
glycine by all microorganisms at the beginning of fermentation
(0-4 hr). Asparagine was consumed later (4-24 hr), particularly
by E. faecium (—60%). Contents of glutamic acid, asparagine,
tryptophan, and proline, reported as essential amino acids for
several strains of L. brevis (Spicher and Schréder 1979), were
depleted by from 15% (glutamic acid) to 100% (tryptophan) as
fermentation time increased from 4 to 24 hr. This heterobacterium
also metabolizes glutamine (—22%), and serine (—70%) in the
early stages (0-4 hr) and aspartic acid (—45%) and alanine (—66%)
over the entire fermentation (0-24 hr). The net decrease in some
individual amino acids suggests they are utilized as metabolites
to a greater extent than they are being replaced by proteolytic
activity. Doughs fermented with B39 showed an early uptake
of aspartic (—35%) and glutamic acids (—25 %), glutamine (—70%),
serine (—65%), alanine (—40%), and threonine (—80%).

There was a particularly large increase (45%) in the content
of ~y-aminobutyric acid during the first 4 hr of fermentation as
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Fig. 5. Contents of aromatic, sulfur-, hydroxyl-, cyclic, and a-amino acids in unfermented (UF) and fermented bread doughs started by strains
of Lactobacillus brevis (B33), Lactobacillus plantarum (B39), and Enterococcus faecium (B40). Fermentation time: 4 hr (F4) and 24 hr (F24).
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a consequence of the effect of glutamate decarboxylase (Pono-
mareva et al 1964), and there was a simultaneous reduction in
the glutamic acid content (—25%). Ornithine, which is involved
in the biosynthetic pathway of arginine (Wiame 1971), deserves
special mention; it was released to a variable extent, probably
from a microbial mass (A. F. Mascarés, M. A. Brito, and C.
Collar, unpublished) in fermented doughs (B33 1009, B39 2509%,
B40 1,500%). Only in doughs fermented with B39 was a con-
siderable depletion (—50 %) in ornithine content observed in the
first 4 hr of fermentation.

Exoproteolytic activity of microorganisms was disclosed by an
increase in some protein amino acids (Figs. 2-4). After the active
growth period, free amino acids can accumulate in fermented
doughs because lactic acid bacteria no longer metabolize amino
acids at a rapid rate. In this respect, over 24 hr of fermentation,
valine, leucine, and lysine contents gradually increased, whereas
the proline content in all doughs only rose after the first 4 hr
(Figs. 2-4). In addition to aspartic and glutamic acids, serine,
threonine, glycine, alanine, isoleucine, tryptophan, phenylalanine,
histidine, and tyrosine were significantly generated in doughs
started with B40.

Amounts of arginine, an essential amino acid for most homo-
and heterofermentative lactic acid bacteria (Spicher and Schréder
1979), did not change significantly during fermentation in any
dough. This evidence supports the view that the extent and the
rate of assimilation and of enzymatic production are very similar.

The results reported here show that the lactic acid bacteria
tested metabolized large amounts of free amino acids during bread
dough fermentation. The nature, extent, and rate of the amino
acid removal depend on both the species of microorganisms and
the time of fermentation. Accumulation of free amino acids in
fermented doughs occurs because of exoproteolytic actions. De-
gree and rate of proteolysis were higher and faster for doughs
started with B40, producing significant levels of basic and hydro-
phobic amino acids. Since the importance of the amino acid
composition of fermented doughs in controlling bread flavor has
been recognized (Maga 1974, Spicher and Nierle 1988), expanded
studies on the specific metabolism of amino acids by yeast and
lactic acid bacteria and their associated cultures (now under inves-
tigation) will contribute to the selection of starters to produce
bread with enhanced organoleptic characteristics and higher nutri-
tive value.

LITERATURE CITED

BACA, E., and GOLEBIEWSKI, T. 1977. Effects of brewer’s yeast
propagation intensity on quality of beer fermentation by-products. Acta
Aliment. Pol. 3:399.

BAKER, J. C,, PARKER, H. K., and FORTMANN, K. L. 1953. Flavor
of bread. Cereal Chem. 30:22.

BARBER, S., and BAGUENA, R. 1988. Microflora of the sour dough
of wheat flour bread. V. Isolation, identification and evaluation of
functional properties of sour dough’s microorganisms. Rev. Agroquim.
Tecnol. Aliment. 28:67.

BARBER, S., BENEDITO DE BARBER, C., MARTINEZ-ANAYA,
M. A, MARTINEZ, J., and ALBEROLA, J. 1985. Changes in volatile
organic acids C,-Cs during fermentation of bread doughs prepared with
commerical sour doughs and with pure strains of microorganisms. Rev.
Agroquim. Tecnol. Aliment. 25:223.

BENEDITO DE BARBER, C., PRIETO, J. A., and COLLAR, C. 1989a.
Reversed-phase high-performance liquid chromatography analysis of
changes in free amino acids during wheat bread dough fermentation.
Cereal Chem. 66:283.

BENEDITO DE BARBER, C., COLLAR, C., PRIETO, J. A,, and
BARBER, S. 1989b. Chemical changes in nitrogenous compounds
during fermentation of sour doughs and bread doughs. Z. Lebensm.
Unters. Forsch. 189:12.

BENEDITO DE BARBER, C., PRIETO, J. A., COLLAR, C, and
BARBER, S. 1989c. Isolation, purification and determination of low
molecular weight peptides from bread dough. Acta Aliment. 18:53.

COLE, E. W., HALE, W. S., and PENCE, J. W. 1962. The effect of
processing variations on the alcohol, carbonyl, and organic acid contents
of preferments for bread baking. Cereal Chem. 39:114.

COLLAR, C., MASCAROS, A. F., and BENEDITO DE BARBER, C.
1990. Biochemical evolution of nitrogen compounds during fermenta-

tion of wheat bread doughs containing pure cultures of lactic acid
bacteria. Z. Lebensm. Unters. Forsch. 190:397.

DALALY, B. K., and AL-BANNA, A. 1983. Isolation of a protease
from S. cerevisiae. Iraqi J. Agric. Sci. Zanco 1:7.

DESMAZEAUD, M. J., and HERNIER, J. H. 1972. Isolation and
determination of peptides from caseine, with stimulatory effects on
the growth of Streptococcus termophilus. Eur. J. Biochem. 28:190.

DE GIORI, G. S., DE VALDEZ, G. F., DE RUIZ HOLGADO, A. P,
and OLIVER, G. 1985. Effect of pH and temperature on the proteolytic
activity of lactic acid bacteria. J. Dairy Sci. 68:2160.

EL-DASH, A. A., and JOHNSON, J. A. 1970. Influence of yeast fer-
mentation and baking in the content of free amino acids and primary
amino groups and their effect on bread aroma stimuli. Cereal Chem.
47:247.

EL-SODA, M., DESMAZEAUD, M. J., and BERGERE, J. L. 1978.
Peptide hydrolases of Lactobacillus casei. Isolation and general
properties of various peptidases activities. J. Dairy Res. 45:445.

EL-SODA, M., ZEYADA, N., DESMAZEAUD, M. J., MASHALY, R.,
and ISMAIL, A. 1982. The peptide hydrolases of the lactobacilli from
the betabacterium group. Detection in Lactobacillus brevis, L. fermenti,
L. buchneri, and L. cellobiosus. Sci. Alim. 2:261.

EL-SODA, M., SAID, H., DESMAZEAUD, M. J.,, MASHALI R,,
and ISMAIL, A. 1983. The intracellular peptide-hydrolases of Lacto-
bacillus plantanrum. Comparison with Lactobacillus casei. Le Lait 63:1.

GRANT, D. R., and WANG, C. C. 1972. Dialyzable components resulting
from proteolytic activity in extracts of wheat flour. Cereal Chem. 49:204.

KIELY, P. J.,, NOWLIN, A. C, and MORIARTY, J. H. 1960. Bread
aromatics from browning systems. Cereal Sci. Today 5:273.

KONOVA, N. J., STEPANOVA, O. N, and AKIMOVA, A. A. 1986.
Derivatives of amino acids as intensifiers in the dough-making process.
Klebopekarnaya i Konditerskaya Promyshlennost 2:32.

LAW, B. A,, SEZGIN, E., and SHARPE, M. E. 1976. Amino acid
nutrition of some commercial cheese starters in relation to their growth
in peptone supplemented whey media. J. Dairy Res. 43:291.

MacWILLIAM, J. C., and CLAPPERTON, J. F. 1969. Dynamic aspects
of nitrogen metabolism of yeast. Tagesztg. Braverei 66:85.

MAGA, J. A. 1974. Bread flavor. Crit. Rev. Food Technol. 5:55.

MARDER, R., BECKER, J. M., and NAIDER, F. 1977. Peptide trans-
port in yeast: Utilization of leucine- and lysine-containing peptides by
Saccharomyces cerevisiae. J. Bacteriol. 131:906.

MARTINEZ-ANAYA, M. A, PITARCH, B., BAYARRI, P., and BENE-
DITO DE BARBER, C. 1989. Microflora of the sour doughs of wheat
flour bread. VIII Changes in sugars and organic acid production during
fermentation of wheat doughs made with pure strains of microor-
ganisms. Rev. Agroquim. Tecnol. Aliment. 29:63.

MORIMOTO, T. 1966. Studies on free amino acids in sponges, doughs,
and baked soda crackers and bread. J. Food Sci. 31:736.

NAVARRO, J. L., ARISTOY, M., and IZQUIERDO, L. 1984. Quanti-
tative analysis of amino acids from fruit juices and beverages by liquid
chromatography. Rev. Agroquim. Tecnol. Aliment. 24:85.

NG, H. 1976. Growth requirements of San Francisco sour dough yeasts
and baker’s yeast. Appl. Environ. Microbiol. 31:395.

NISBET, T. M., and PAYNE, J. W. 1979. Peptide uptake in Saccharo-
myces cerevisiae: characteristics of transport shared by di- and
tripeptides. J. Gen. Microbiol. 115:127.

OKUHARA, M., and HARADA, T. 1971. Formation of N-acetyl-L-
alinine and N-acetylglycine from glucose by Candida tropicalis OH,;.
Biochim. Biophys. Acta 244:16.

PONOMAREVA, A. N., KRETOVICH, V. L., KAREVA, I. I, and
YAKUBCHIK, T. 1964. Dynamics of free amino acid level in the course
of wheat bread preparation. Biochem. (Moscow) 29:283.

PRIETO, J. A., COLLAR, C., and BENEDITO DE BARBER, C. 1990.
Reversed-phase high-performance liquid chromatography determina-
tion of biochemical changes in free amino acids during wheat flour
mixing and bread baking. J. Chromatogr. Sci. 28:572.

RIVAREVA, L. V., VOINARSKII, J. N., USTINNIKOV, B. A,
YAVORENKO, V. L., and KONOVALOV, S. A. 1983. Effect of
proteolytic enzymes on the physiological state and proliferation of
yeasts. Fermentn. Spirt. Promst. 2:36.

ROBINSON, R. J., LORD, T. H.,, JOHNSON, J. A, and MILLER,
B. S. 1958. The aerobic microbiological population of pre-ferments
and the use of selected bacteria for flavor production. Cereal Chem.
35:295.

ROTHENBUEHLER, E., AMADO, R., and SOLMS, J. 1982. Isolation
and identification of amino acid derivatives from yeast. J. Agric. Food
Chem. 30:439.

SCHIEBERLE, P., and GROSCH, W. 1987. Evaluation to the flavor
of wheat and rye bread crust by aroma dilution analysis. Z. Lebensm.
Unters. Forsch. 185:111.

SPICHER, G., and NIERLE, W. 1984a. The microflora of sourdough.

Vol. 68, No. 1,1991 71



XVIIL. Communication: The protein degrading capabilities of the lactic
acid bacteria. Z. Lebensm. Unters. Forsch. 178:389.

SPICHER, G., and NIERLE, W. 1984b. The microflora of sourdough.
XX. Communication: The influence of yeast on the proteolysis during
sourdough fermentation. Z. Lebensm. Unters. Forsch, 179:109.

SPICHER, G., and NIERLE, W. 1988. Proteolytic activity of sourdough
bacteria. Appl. Microbiol. Biotechnol. 28:487.

SPICHER, G. and SCHRODER, R. 1979. The microflora of sourdough.
VI. Communication: The amino acid requirement of lactic acid bacteria
(genus Lactobacillus Beijerinck) in “Reinzuchtsauer” and in sourdough.
Z. Lebensm. Unters. Forsch. 168:397.

SPICHER, G., and STEPHAN, H. 1987. Handbuch Sauerteig; Biologie,
Biochemie, Technologie, 3rd ed. BBV Wirtschaftsinformationen:
Hamburg.

SUYAMA, K., and ADACHI, S. 1980. Origin of alkyl-substituted
pyridines in food flavor: Formation of the pyridines from the reaction
of alkanals with amino acids. J. Agric. Food Chem. 28:546.

THOMAS, T. D., and MILLS, O. E. 1981. Proteolytic enzymes of starter
bacteria. Neth. Milk Dairy J. 35:255.

THORN, J. A. 1971. Yeast autolysis and its effect on beer. Brew. Dig.
46:110.

VADIJA, B. P, KEREKES, R, and NAGY, G. 1984. Utilization of starter
cultures to improve the quality of bread. In: Microbial Associations
and Interactions in Food. Association & Interactions Symposium. J.
Kiss, J. Deak, and K. Incze, eds. D. Reidel Co.: Dordrecht, The
Netherlands.

WESTHOFF, D. C., and COWMAN, R. A, 1970. Influence of the growth
medium on the proteinase system of Streptococcus lactis no 3. J. Dairy
Sci. 53:1286.

WIAME, J. M. 1971. The regulation of arginine metabolism in
Saccharomyces cerevisiae: Exclusion mechanisms. Curr. Top. Cell.
Regul. 4:1.

WISEBLATT, L., and ZOUMUT, H. 1963. Isolation, origin, and synthesis
of a bread flavor constituent. Cereal Chem. 40:162.

[Received October 23, 1989. Revision received July 6, 1990. Accepted July 20, 1990.]

72 CEREAL CHEMISTRY



