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Effect of pH control on lactic acid fermentation of starch by
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acid fermentation of starch
by Lactobacillus ninizihotivornils LMG 18010T,a new amylolytic L( +) lactic acid producer,
was investigated and compared with starch fermentation by Lnct. plarztnl-am A6. At
non-controlled pN, growth and lactic acid production from starch by Lacr.
. manihotivornns LMG 18010Tlasted 25 h. Specific growth and lactic acid production
rates continuously decreased from the onset of the fermentation, unlike Lact.
plnntarunz A6 which was able to grow and convert starch product hydrolysis into lactic
acid more rapidly and efficiently at a constant rate up to p H 4.5. In spite of
complete and rapid starch hydrolysis by Lnct. madzotìvol-ans LMG 18010Tduring the
first 6 h, only 45% of starch hydrolysis products were converted to lactic acid. When p H was
maintained at 6.0, lactic acid, amylase and final biomass production by Lncr.
mz~ziJzotivormsLMG 18010T increased markedly and the fermentation time was reduced by
half. Under the same conditions, an increase only in amylase production was observed
with Lart. plantnmn A6. When grown on glucose or starch at p H 6.0, Lnct.
L M G 18010Thad an identical maximum specific growth rate (0-35h-'),
~~zanilzo~ivor~n~zs
whereas the maximum rale of specific lactic acid production was three times higher with
glucose as substrate. Lactobacilhs mn~zilzotivor~ns
LNIG 18010Tdid not produce amylase
when grown on glucose. Based on the differences in the physiology between the
two species and other amylolytic lactic acid bacteria, different applications may be
expected.
M. CALDERON AND J.

MORLON-GUYOT. 2000. Lactic

INTRODUCTION

According to Damelin et al. (1995), amylolytic lactic acid
bacteria (ALAB) may account for 65% of isolates from different types of foods. They are widespread among the nondairy food environments and different geographical areas.
Amylolytic lactic acid bacteria have been isolated from swine
and cattle waste-corn fermentations in the USA (LactohacÏll1ls
anzylophilirs and Lact. antylovorzfi) (Nakamura and Crowell
1979; Nakamura 1981), fermented cassava roots in Congo
and Niger (Lact. platitarum strains) (Nwankwo et al. 1989;
Giraud et al. 1991), chicken crops in France (Lactobacillus
strains) (Champ etal. 1983), fish silage in Sweden (Leu-

I

Cowespoizdenceto: Drff.P. Guyot, Institut de recherche pour le
développement-IRD-(es-Orstoin) Laboratoire de Biotechnologie
niicrobienne tropicale (LBM T), BP 5045, 34032 Montpellier cedex 1,
France (r-mail: jpgii,ot@mpl.i~d.f):

\

-

coizosfoc strains) (Lmdgren and Refai 1984), fermented fish
and rice food in Japan (Lact. p l a n t m m ) (Olympia et al. 1995)
and maize sourdough in Benin (Lnct.fertnentum) (Agati et al.
1998). Recently, a new amylolytic lactic acid bacterium,
Lactobacillus madzotivorans, was isolated during the process
of cassava sour starch production in Colombia. This new
species is homolactic and produces exclusively L( +) lactic
acid (Morlon-Guyot etal. 1998). Most of the known ALAB
are DL lactic acid producers with the exception of Lact. atqluphilus (Nakamura 1981) and Lnct. ~na~tiFrotivora~s
(MorlonGuyot etal. 1998). Continuous effort to isolate and characterize non-dairy lactic acid bacteria, such as ALAB, would
bring increasing opportunities for selecting and adapting
specific starters for non-dairy food applications (Sanni 1993;
Vogel 1996; Essers and Nout 1997). Notwithstanding the
potential importance of starch fermentation by lactic acid
bacteria, very few investigations on the physiology of ALAB
O 2000 The Society for Applied Microbiology
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have been performed to date (Giraud etal. 1991; Mercier
et al. 1992), even though some reports have described possible
applications, such as lactic acid production from different
types of starches by Lact. anylophilia and Lacf. amylovorus
(Zhang and Cheyran 1991; Mercier etal. 1992; Yumoto and
Ikeda 1995; Xiaodong etal. 1997). These two species were
compared and it was shown that Lact. amylovorus exhibits a
higher amylase activity than Lact. amylophilus (Pompeyo et al.
1993). Starch fermentation by an amylolytic Lact. plantarum
strain was also investigated (Giraud etal. 1991) and an ability
to degrade raw starch was demonstrated (Giraud et al. 1994).
Investigation into the physiology of non-dairy lactic acid
bacteria, and particularly members of the amylolytic group,
is still necessary in order to determine their ecological significance in spontaneous amylaceous crop fermentations,
develop new processes and improve existing techniques on a
more rational basis by the use of specific starters. In a spontaneous fermentation process (e.g. sour cassava starch production), lactic acid bacteria evolved in non-controlled pH
conditions but for other kinds of applications (e.g. lactic acid
or biomass production), it may be necessary to achieve pH
control. In this work, lactic acid fermentation of starch by
Lact. manihotivorans LMG 18010T was studied in batch,
either without pH control or with pH maintained at 6-0
(optimal growth pH, Morlon-Guyot etal. 1998), and compared with Lact. plantarum A6, another amylolytic lactic acid
bacterium isolated from a cassava fermentationprocess.
MATERIALS AND METHODS
Bacterial strains

Lactobacillzis manihotivorans LMG 18010T was isolated
during the process of sour starch production in Colombia
(Morlon-Guyot etal. 1998) and has been deposited at the
BCCMTM/LMGculture collection under accession number
LMG BoloT. This strain produced an extracellular a-amylase. Lactobacillus plantancm A6 (deposited at the BCCMTM/
LMG culture collection under accession number LMG
18053) was used as a reference strain. Both strains were
conserved in 40% glycerol at -80 O C .

Extracellular amylase activity

Extracellular a-amylase activity was assayed in the supernatant fluid of centrifuged cultures by measurement of the
iodine-complexing ability of starch at pH 5-5and 55 OC as
previously described (Giraud et al. 1994). One enzyme unit
(U) is defined as the amount of enzyme hydrolysing 10milligrams of starch in 30 minutes.
Biomass estimation and growth parameters

Optical density at 600nm (0.D.bO0)was measured using a
Spectronic 401 spectrophotometer (Milton Roy, Paris,
France). Cell cultures were diluted in sterile medium to allow
the 0.D.600
to fall below 0-4(Koch 1981). Calibration curves
between 0.D.600and cell dry weight were established for each
strain. Specific growth rate (p)and specific rate of product
(lactate) formation (v)were calculated as (1/X) x (dX/dt)
and (1/X) x (dP/dt). Maximum specific growth rate (pm)
and rate of specific lactate formation (v,) were determined
from the curves (p vs time) and (v vs time). Growth and
lactate yields (Yxlsand YIanatels,
respectively) were calculated
as the slope of the linear regressions of either biomass or
lactate vs residual substrate (as total sugars) during the
exponential growth phase.
Analytical methods

The concentrations of the L( -I-)and D(-) forms of lactic acid
were determined using commercial enzymatic test combinations (Boehringer, Mannheim, Germany). Total lactic
acid was determined by high-performance liquid chro:
matography (LDC Analytical, Roissy, France) as previously
described (Giraud et al. 1994). Residual starch was determined by measuring the iodinqtarch complex colour (Nakamura 1981; Giraud et al. 1994).Total sugars and reducing
sugars were assayed, respectively, using the method of Dubois
etal. (Dubois etal. 1956) and the DNS method (Miller 1959).
All fermentations were carried out in duplicate.
RESULTS

Culture conditions

Starch fermentation without pH control

MRS medium (deMan etal. 1960) was used for cultivation
of bacteria. Fermentations were performed at 35°C in 2 1
bioreactors (Biolafitte, France), with pH either controlled or
uncontrolled, using soluble starch as substrate or glucose
(20 g le') when indicated. For pH-controlled fermentations,
NaOH (5 N) was used to maintain the pH at 6.0. The growth
medium was gently stirred (200 rev min-') to maintain homogeneity. Bioreactors were inoculated (10% v/v) with 12h
pre-cultures grown on MRS-glucose.

Starch fermentation by Lact. manihotivorans LMG lSOlOT
was first investigated without pH control. The dynamics of
this fermentaGon are illustrated in Fig. 1. For comparative
purposes, similar fermentations were performed with Lact.
plantarum A6 and parameters are given in Table 1. As shown
in Fig. 1, starch was rapidly degraded by Lact. manihofìvorans
LMG l80lOT at a higher rate than lactic acid production
during the correspondingperiod (Fig. 1, Table 1). With both
species, starch disappeared during the first 6 h of the fer-
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Fig. 1 Batch lactic acid fermentation of starch by Lactobncillw
nzanihotivorans LMG18010Tunder non-controlled pH. pH (e);
total sugars (A);
starch (O); lactic acid (E);
O.D. (O); amylase
. activity(0)

mentation, at maximum degradation rates of 4.1 and 3.0 g 1-'
h-' for strains A6 and LMG lSOIOT, respectively. At the
end of the fermentation, Lact. nia?diotivorans LMG 18010T

produced lower amounts of amylase than Lact. plantaruni A6
(1:7 and 2.SU ml-', respectively), but yields of amylase
relative to biomass
were similar (Table 1).
Lactobacillus nianilzotivorans LMG 18010T produced less
lactate and at a lower volumetric rate than Lact. plantarum
A6 (Table l), resulting in a lower acidificationrate and higher
final pH value (Table 1). Unlike Lact. plantalum A6 which
converted all available starch into lactate (Table l), lactic acid
production from starch by Lact. maniliotivorans LMG 18010T
was not efficient (at the end of the fermentation, 55% of total
sugars were still present in the fermentation broth, Fig. 1).
For Lact. manihotivorans LMG MoloT, the specific growth
rate and the specific rate of lactate formation decreased rapidly as the p H dropped (Fig. 2). On the other hand, for strain
A6, high specific growth and lactate production rates were
maintained at pH 2 4 5 (Table 1, Fig. 2). Growth and lactic
acid production levelled off at 12h with Lact. plantarum
whereas the fermentation was achieved in 25 h with Lact.
manihotivorans.
During the course of the fermentation, D- and L-lactic acid
isomers were also determined. Lactobacillus maniliotivoram
LMG l8OlOT produced exclusively L( t)lactic acid (99%),
unlike Lact. plantaruni A6 which simultaneously produced
D(-) and L ( + ) lactic acid, with the D(-) form representing
64% of total lactic acid throughout the fermentation.

Starch fermentation at pH 6.0

Effect of pH control on amylase production and starch
degradafion. Controlling the pH allowed amylase production
by Lact. aianihotivorans to increase to a final concentration of
13.2U m1-I. The same effect was observed for Lact. plantamm which produced more amylase (20-0U ml-') (Table 1).
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Fig. 2 Changes in specific growth
rates and specific lactic acid
production rates in relation to pH
variations during starch fermentation
under non-regulated pH by
Lactobacillus plantamm A6 and
Lact. naanihotivorans LMG18010T.
Symbols for Lact. plantamni:
specific lactic acid production rate
(O);specific growth rate (E). .
Symbols for Lact. nzanihotivora?zs:
specific lactic acid production rate
(O);specific growth rate (e)
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Table 1 Parameters of starch fermentation, with or without p H control, by Lactobacillia manihotivorans L M G 18010Tand Lact
plantarum strain A6

Initial starch concentration (g 1-')
Maximum acidification rate (-dpH/dt)
(unit p H h-')
Final pH
Final OD6,,,
Final lactic acid concentration (g 1-')
Final amylase concentration (U m1-I)
Volumetric rate of starch hydrolysis (g I-'h-')
Maximal volumetric rate of lactic acid production
during the starch hydrolysis step (g 1-lh-I)
Ysls(g cell dry weight per g of total sugars
consumed)
YIacwtds
(g lactate produced per g of total sugars
consumed)
Y.my~.re/x
(UIg CeIl dry weight)
&ax

@-'I

v

~(g lactate
. ~ g-' ~cell~dry weight
~
h-')

Lact. manihotivorans LMG. 18O1OT

Lact plantarum strain A6

Non-controlled p H

pH 6.0

Non-controlled p H

pH 6-0

17.2
0.21

17.5
-

17.0
0.34

-

17.1

4.30'
1.65'
7.6'
1.7'
3.0
0.5

-

3-90t
6.02-f
17-01.
2.8t
4-1

-

5.1-112.61.
13.213.0
0.5

2-0

7.61
15.2T
20.01
4.6
2.1

0.09

0.15

nd

0.18

0.71

0.67

nd

0.84

2.4
see Fig. 2
see Fig. 2

49
0.36
1.0

23
0.43
3.P

5.7
0.41
3.0

*At the 25th hour of fermentation (end of the fermentation for strain L M G 18010Tat non-controlled pH).
t A t the 12th hour of fermentation (end of the fermentation). .
Tat the 8th hour of fermentation (end of the fermentation for strain A6 at p H 6.0).
nd, Not determined.

The amylase yield (Yamylase,J
also increased but there was no
marked difference between the two strains (Tablel). For
strains A6 and LMG 18010T, most of the amylase was produced in great excess after starch exhaustion (77% and 67%
of the total amount of amylase, respectively), indicating that
much higher starch concentrations could potentially be
hydrolysed.
Starch was degraded at the same rate as in the non-pHcontrolled fermentation (Table 1). The ratio between starch
and total sugar concentrations, and the transient appearance
of reducing sugars during starch fermentation by Lnct. manihotivoram, indicated that products from starch hydrolysis
accumulated in the fermentation broth (Fig.3). The same
observation was made for Lact. plnntarzm A6.

weight h-I, respectively. T o determine whether any differences result from the fermentation of either starch product
hydrolysis or glucose, these parameters were compared with
those obtained during glucose fermentation under the same
conditions (Table 2). With glucose as substrate, specific
growth rate did not vary, but specific rate of lactate production and yield of lactate were much higher (Tablez).
Furthermore, in the presence of glucose, no amylase was
produced.
For Lact. plnstarrim, controlling p H during starch fermentation did not change the maximum specific growth and

Table2 Parameters of lactic acid fermentation of glucose at

Effect of pH control on growth and lactic acid production.

For Lact. manihotivorans, controlling the p H at 6.0 allowed
the final biomass and lactic acid concentration to increase
markedly (Fig. 3, Table 1). ,Lactate yield (YlaCmte,J
did not
vary significantlywhereas growth yield (YX,J was improved,
suggesting a better coupling between energy generation and
cell synthesis. The maximum specific growth and lactic acid
production rates were 0-36h-' and 1-0g lactate g-' cell dry

pH 6.0 by Lactobacilhs manihotivorans L M G 18O1OT
/&lax

@-'I

,,,,Iv
(g lactate g-' cell dry weight h-I)
Yx/, (g cell dry weight per g of total sugars

consumed)
YIacwrelr
(g lactate produced per g of total sugars
consumed)
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Lact. manihotivorata LMG 18OlOT. This may explain why,
during starch fermentation, lactic acid specific production
rate was lower than that obtained from glucose fermentation
(Tables 1 and 2); intermediary products of starch degradation
(e.g. dextrins) have to be first transformed before entering
cell metabolism, limiting lactic acid production compared
with direct glucose fermentation. Nevertheless, in spite of an
increased lactic acid specific production rate in the presence
of glucose, the specific growth rate remained unchanged,
suggesting that the additional energy flux obtained from
direct fermentation of glucose was used for functions other
than growth.
The most significant effect of pH regulation was the
increase in amylase production by Lact. nzanihotivoram L M G
lSOlOT and Lact. pZarrtanim A6. Furthermore, a marked
increase in biomass and lactic acid production was observed
with Lact. mmzihotivorans LMG 18010T.
The capacity of Lact. plantarum AG to maintain a constant
specific growth rate and lactic acid production rate during
acidificationcould be related to the ability of Lact. plflntulum
strains to maintain a p H gradient at high lactic acid concentrations (McDonald et al. 1990). Studies on Lact. pZa7ztaruin WSO shown that growth stopped when the
intracellular pH (pHin) dropped from 6-0 (pH,,, = 6.5) to
4.5 (pH,,, nearcd 3.0) (McDonald e t d . 1990). As, for strain
A6, (i) amylase production significantly increased at p H 6-0
whereas lactate production and growth did not markedly vary
with the pH conditions, and (íi) it has been reported that
pHincan regulate different metabolic functions (Hutkins and
Nannen 1993), it is possible that the decrease in intracellular
pH negatively interferes with amylase synthesis or secretion.
In contrast with Lact. p Z a m r m Ab, Lact. niaizihotivorans
L M G IsoloT metabolism was affected by acidification, as
indicated by decreasing specific rates of growth and lactate
production under uncontrolled pH. In spontaneous food fermentation, this pH sensitivity may limit the extent of its
activity to the first hours, glowing the development of more
pH-resistant strains, but this hypothesis will have to be further investigated. For strain LMG 1SoloT, the slight increase
in Yx,s at pH6.0 suggests that controlling the p H would
improve the coupling between energy prodüction and
biomass synthesis. Furthermore, the effect of p H on Ys,s is
similar to a previous observation with Streptococcus crenaoris
which demonstrated that cell yield increased with increasing
pH (Brink et al. 19SS).
The kinetics of growth and lactic acid production of Lact.
manihotivoram LMG lSOIOT were different from those of
Lact. plantar“ AG, and Lact. nzanihotivorans LMG lSOIOT
produced less amylase than Lact. plantarum A6. In spite of
these differences, both strains shared the ability to produce a
great excess of amylase and to hydrolyse starch rapidly, whatever the pH. This means that whatever the metabolic features
related to lactic acid production, the strains would have the
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Fig. 3 Batch lactic acid fermentation of starch by Lnctobnciflus
i ~ ~ n ~ ~ i l ~ o LMG18010T
t i v o ~ ~ n s at pH 6.0. Total sugars (A);
reducing
sugars (A); starch (O); lactic acid (a);O.D. (O);amylase
activity (O)

lactic acid production rates (Table 1). Furthermore, only
slight variations in the final amount of biomass and lactic acid
were observed; final O.D. increased fiom 6.02 to 7-6, whereas
final lactic acid concentration decreased fiom 174 to 15-2g
I-’ (Table 1) with non-controlled pH and pH 6.0, respectively,
DISCUSSION

The present study showed that starch hydrolysis does not
limit lactic acid production and that intermediary products
(measured as total and reducing sugars) appear during the
course of the fermentation. T h e small amount of transiently
produced reducing sugars and higher concentration of total
sugars, detected at the same time (Fig.3), suggested that
starch was not directly converted into reducing sugars by
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ability to interact with the amylaceous fraction of the food
matrix with or without efficient lactic acid production.
Lactobacillus manihotivorans 18010T and Lact. plantaricm
A6 were both isolated from cassava fermented products, bur
on a physiological basis, Lact manihotivorans is more closely
related to Lact. arizylophilus, a homofermentative L(+)-lactic
acid producer, than to Lact. plantarum (a facultative heterolactic Lactobacillus) (Morlon-Guyot et al. 1998). A comparison o€ the fermentation dynamics of Lact, nzanihotivorans
with published data regarding Lact. nmnylophiliu (Nakamura
and Crowell 1979; Mercier etal. 1992; Yumoto and Ikeda
1995) indicates that growth and lactic acid fermentation from
either starch or glucose are faster with Lact. manihotivorans
than with Lact. amylojhiltis. For instance, fermentation of
glucose (20 g 1-I), at p H 6-0, by Lact. amnylophilm lasted 25 h
(Mercier et al. 1992) whereas under similar conditions, Lart.
manihotivorans fermented glucose or starch in less than 12h.
Additionally, the conversion yield of soluble starch into lactic
acid by Lact. amylophilus (53-4-60%) repbrted by Yumoto
and Ikeda (1995) is lower than that obtained with Lnct. manihotivormzs which yielded 71% (calculated from Table 1).
Unlike Lact. amylophiltts, the ability of Lut. manihotivornns to
use the u-galactosides (raffinose, melibiose) (Morlon-Guyot
et al. 1998) contained in numerous plants and causing digestive disorders (flatulence), combined with its higher starch
conversion efficiency, may increase its potential in vegetable
food processing.
The starch %ermentation characteristics of Lact. manikotivoruns suggest that it has a variety of potential applications. Incomplete starch degradation at non-controlled p H
by strain LMG l80lOT may indicate that functional properties linked to the structure of starch may be modified, i.e. for
decreasing the consistency of gruels prepared with a high
energy density as starchy weaning foods (FAO/WHO 1995;
Trèche 1995). Furthermore, for this type of application, L( +)
lactic acid production by Lact. maniltotivorans LMG 18010Tis
beneficial in the controlled production of fermented weaning
foods for young children in tropical countries, as neither D
nor DL-lactate should be added to food for very young children
(for adults, 100mg kg-' body weight is an acceptable daily
intake) (FAO/WHO 1967, 1995; Yusof etal. 1993).
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