
www.elsevier.com/locate/foodchem

Food Chemistry 90 (2005) 853–859

Food
Chemistry
Sorghum fermentation followed by spectroscopic techniques

Isabel Correia, Alexandra Nunes, Iola F. Duarte, António Barros, Ivonne Delgadillo *

Departamento De Quimica, Campus Univeritario De Santiago, Universidade De Aveiro, 3810-193 Aveiro, Portugal

Received 12 April 2004; accepted 14 May 2004
Abstract

The effect of lactic bacteria fermentation on sorghum was followed by spectroscopic techniques (1H NMR and FT-IR) and chem-

ical analysis.

Wet-cooked sorghum flour was inoculated with lactic bacteria (Lactobacillus fermentum, Lactobacillus bulgaricus, Lactobacillus

lactis, Pediococcus pentosaceus and Pediococcus cerevisiae) and a mixture of Lactobacillus bulgaricus and Streptococcus thermophilus

from a commercial natural yogurt. Only L. fermentum and the commercial yogurt inoculum were able to grow in sorghum.

The induced lactic bacteria fermentations were compared with a spontaneous traditional fermentation carried out with flour used

for fermentation purposes.

In all fermentations, a decrease in pH was noticed and consequently an increase in titratable acidity was detected. Also observed

were an increase in free amino acids and total protein content. Reducing sugars, soluble protein and starch decreased during the

fermentation processes. These chemical results were confirmed by 1H NMR and FT-IR.

This study showed that spectroscopic methods are suitable and less time-consuming than chemical methods for following fermen-

tation processes, giving the same relevant information and allowing large screening experiments.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Sorghum [Sorghum bicolor (L.) Moench] is one of

the major food crops of the semiarid regions of Africa

and Asia. In those regions, sorghum grains are an im-

portant source of energy, proteins, minerals and vita-

mins for millions of people. This cereal is considered

to be the poor people�s food and is generally consumed

in rural areas where it may comprise more than 70% of

the food intake (Hulse, Laing, & Pearson, 1980). As in
those areas the populations are frequently under-

nourished, the nutritional quality of sorghum is partic-

ularly important.
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The poor nutritional quality of sorghum meal is due

to the deficiency of certain essential amino acids, such as
methionine, isoleucine and lysine (Neucere & Sumrell,

1979), low starch availability (Hall, Absher, Toluske,

& Tillaah, 1968) and low protein digestibility (Hamaker,

Kirleis, Mertz, & Axtell, 1986; MacLean, Lopez de Ro-

mana, Placko, & Graham, 1981), and is also related to

the presence of certain anti-nutritional factors, such as

tannins (Price & Butler, 1977).

Several studies, based on sorghum fermentation with
naturally-occurring microflora, have shown that this

treatment improves the nutritional quality of sorghum.

The sorghum fermentation increases the protein content

(Chavan, Chavan, & Kadam, 1988), enhances protein

quality by improving digestibility (Hassan & El Tinay,

1995), provides a better essential amino acid composi-

tion as result of de novo production of some important
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amino acids (Au & Fields, 1981), makes the starch more

available (Kazanas & Fields, 1981), decreases the tannin

content (Hassan & El Tinay, 1995), and increases the vi-

tamin content (El Tinay, Abdel Gadir, & El Hidai,

1979). However, some of the endogenous sorghum mi-

croorganisms are pathogenic or may produce toxic sub-
stances, such as mycotoxins (Gassem, 1999).

In this study, some lactic bacteria (Lactobacillus fer-

mentum, Lactobacillus bulgaricus, Lactobacillus lactis,

Pediococcus pentosaceus and Pediococcus cerevisiae)

and a natural yogurt were tested as inocula to ferment

sorghum flour. The purpose of this work was to develop

a controlled fermentation and to evaluate the use of se-

cure lactic bacteria fermentation for improvement of
sorghum nutritional quality. Spectroscopic methods

were used to study the fermentation process and chem-

ical methods were applied to establish comparison.
2. Materials and methods

2.1. Sorghum flours

For the traditional fermentation, a South Africa com-

mercial flour (with sorghum endogenous microorgan-

isms) was used (King Korn Mabele – King Food

Corporation, South Africa).

For the induced fermentation, sorghum grains

(KLW-South Africa cultivar) were ground with a coffee

mill to pass through a 0.3 mm screen. This variety was
chosen because its digestibility is particularly affected

by cooking (Nunes, Correia, Barros, & Delgadillo,

2004).

2.2. Bacterial strains and growth conditions

L. fermentum, L. bulgaricus, L. lactis, P. pentosaceus

and P. cerevisiae were obtained from the Instituto Nac-
ional de Engenharia e Tecnologia Industrial (INETI) in

lyophilized form. In order to promote their re-hydra-

tion, these bacteria were first cultured in a milk liquid

medium composed of 8 g/l of dehydrated nutrient broth

(Difco) and 100 ml skim milk (10 g/l, separately steri-

lized). After re-hydration the bacteria were cultured in

a solid medium aseptically prepared by the addition of

15.0 g/l of granulated agar (Fluka) to a tryptic soy me-
dium (Merck) composed of 17.0 g/l of casein peptone,

3.0 g/l of soy meal peptone, 2.5 g/l of glucose, 5.0 g/l

of sodium chloride and 2.5 g/l of dipotassium hydrogen

phosphate (pH 6.5 ± 0.2), and incubated at 37 �C. Nat-

ural yogurt was used directly for inoculation.

2.3. Flour fermentation

For the traditional fermentation, Mabele sorghum

flour (10 g) was mixed with 20 ml of cool sterilized water
to obtain a thick paste. Then, previously fermented

dough (2 g) was added to act as a starter. This mixture

was left to ferment at room temperature (ca. 25 �C) with
the natural microflora to pH 4, which happened after

two days. After this period of time moulds started to

grow in the sample.
For lactic fermentation, 6 samples of sorghum flour

(10 g each) were mixed with sterilized water (1:10 w/v),

in sealed E-flasks, and boiled for 1 min under manual

stirring. This procedure eliminates endogenous microor-

ganisms. After being cooled at room temperature (ca. 25

�C), one of the samples was inoculated with 5 ml of a yo-

gurt suspension (20% v/v). Each one of the other mix-

tures was inoculated, respectively, with 5 ml of L.

fermentum, L. bulgaricus, L. lactis, P. pentosaceus, and

P. cerevisiae suspensions. These suspensions presented

approximately the same number of cells (30.0 · 107

cells/ml); counted on a Neubauer Chamber. All the sam-

ples were incubated at 37 �C for five days.

After fermentations were completed (two days for the

traditional and five days with the lactic bacteria), the

volumes were adjusted to 150 ml. The samples were cen-
trifuged at 15,000 rpm for 20 min (Sigma 3K30 centri-

fuge) and the residues were freeze-dried.

2.4. pH and titratable acidity measurement

The pH of the supernatant of the fermented material

was measured with a glass electrode. The titratable acid-

ity was determined by titration with 0.1 N NaOH to an
end-point of 8.2. The titratable acidity was expressed as

the volume of sodium hydroxide solution required to

neutralize 1 ml of supernatant.

2.5. Reducing sugars determination

The supernatant reducing sugars were determined by

the 3,5- dinitrosalicylic acid (DNS) colorimetric method,
with glucose as the standard (Miller, 1959). One ml of

DNS reagent was added to 1 ml kept of sample. The

mix was kept in a boiling water bath for 5 min. After

cooling to room temperature (ca. 25 �C) in a cold water

bath, 10 ml of distilled water was added. The absorb-

ance at 540 mm was measured (Shimadzu UV-160A

spectrophotometer), interpolating the value obtained

with calculated values for glucose solutions of known
concentration. The blanks were prepared by substituting

sample solution for distilled water. All measurements

were made in triplicate.

2.6. Total sugars determination

A modified phenol–sulfuric acid method was used to

determine total sugars present in the supernatant of the
fermented material (Dubois, Gilles, Hamilton, Rebers,

& Smith, 1956). One ml of 5% phenol was added to
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100 ll of sample. Then, 1 ml of concentrated sulfuric

acid was added and the mixture was kept in a boiling

water bath for 10 min. After cooling to room tempera-

ture (ca. 25 �C), in a cold water bath, the absorbance

at 490 nm was measured (Shimadzu UV-160A spectro-

photometer). The amount of sugars was then deter-
mined by reference to a standard curve prepared with

glucose. The blanks were prepared by substituting sam-

ple solution for distilled water. All measurements were

made in triplicate.

2.7. Soluble protein determination

Soluble proteins of the supernatant were determined
with a BCA kit for protein determination (Sigma).

2.8. Total amino acids determination

The quantitative measurement of free amino acids of

the supernatant was done using the ninhydrin reaction

(Plummer, 1978). Two ml of buffered ninhydrin reagent

(0.8 g of ninhydrin and 0.12 g of hydrindantin dissolved
in 30 ml of 2-methoxyethanol plus 10 ml of acetate

buffer 4 M, pH 5.5) were added to 2 ml of sample and

heated in a boiling water bath for 15 min. The mixture

was cooled to room temperature (ca. 25 �C), 3 ml of

50% ethanol were added and the absorbance was read

at 570 nm after 10 min (Shimadzu UV-160A spectro-

photometer). The amount of amino acids was deter-

mined by reference to a standard curve previously
prepared with arginine. The blanks were prepared by

substituting sample solution for distilled water. All

measurements were done in triplicate.

2.9. Insoluble protein determination

The residues were submitted to determination of total

N by elementary analysis. The percentage of protein was
determined by multiplying by 6.25.

2.10. Starch determination

The amount of starch of the residue was determined

using a total starch determination kit (Megazyme).

2.11. 1H NMR

High resolution nuclear magnetic resonance (NMR)

spectroscopy was used to evaluate the effects of fermen-

tation on the chemical composition of the supernatants.

The samples were prepared to contain 10% D2O, used as

the internal lock, and 0.02% sodium 3-(trimethylsi-

lyl)propionate-d4(TSP-d4), used as chemical shift and in-

tensity reference, and transferred to 5 mm o.d. NMR
tubes. The 1H 1D NMR spectra were recorded at 27

�C on a Bruker Avance DRX-500 spectrometer, operat-
ing at 500.13 MHz for proton, using the �noesyprld�
pulse sequence: RD–90�–t1–90�–tm–90� – acquire FID

(Bruker library), where RD is the relaxation delay (5.0

s), t1 represents the first increment in a NOESY experi-

ment (3 ls), and tm is the mixing period (100 ms). The

water signal was suppressed by presaturation during
the relaxation delay and mixing time. Each 1H 1D spec-

trum consisted of 128 scans of 32 K data points with a

spectral width of 8012.82 Hz and an acquisition time

of 2.04 s.

2.12. Fourier transform infrared

Fourier transform infrared (FT-IR) spectroscopy was
used to evaluate the effects of fermentation on the resi-

dues of the samples. The FT-IR spectra were obtained

using a Golden Gate single reflection diamond ATR sys-

tem in a Bruker IFS-55 spectrometer. The spectra were

recorded in absorbance mode from 4000 to 500 cm�1,

co-adding 128 scans at 8 cm�1 resolution. Ten replicates

were collected for each sample. The obtained spectra

were transferred into a data analysis package (Barros,
1999). For principal component analysis (PCA), the

1780-800 cm�1 region was selected and each spectrum

was standard normal variate (SNV) corrected. The

PCA allowed the characterization of the sample rela-

tionships (scores plans) and the recovery of their sub-

spectral profiles (loadings) (Jolliffe, 1986).

2.13. Statistical analysis

All values are expressed as means and standard devi-

ations for three replicates, with the exception of those

obtained by elementary analysis. Mean values of treat-

ments were compared by Student�s t test. Differences

were considered significant at p < 0.05.
3. Results and discussion

3.1. Traditional fermentation – supernatant

Changes in pH, titratable acidity, reducing sugars, to-

tal sugars, soluble protein and free amino acids are pre-

sented in Table 1.

The pH of the supernatant of traditionally fermented
sorghum decreased from 6.4 to 4.1. Consequently, the

titratable acidity showed an increase from 0.05 to 0.19

ml/ml. This is the result of the production of acids by

the microorganisms. Indeed, the 1H NMR spectrum

for the spontaneous fermented sample (Fig. 1(b)) shows

the drastic increase of lactic, acetic, formic and succinic

acids.

The reducing sugars decreased from 3392 to 473
mg/l, and the total sugars from 4013 to 694 mg/l.

These results are in agreement with the 1H NMR



Table 2

Chemical analysis results of the control sample and traditional

fermented residues

Chemical parameter Control sample Fermented sample

Insoluble proteins (%) 7.0 8.3

Starch (%)a,b 69.6 ± 0.4 60.3 ± 2.5

a Means of replicates.
b Differences were considered significant at p < 0.05.

Fig. 1. 1H NMR spectra of (a) control sample, and (b) spontaneously by fermented sample.

Table 1

Chemical analysis results of the control sample and traditional

fermented supernatants

Chemical parameter Control sample Fermented sample

pH 6.4 4.1

Titratable acidity (mg/ml)a,b 0.05 ± 0.0007 0.19 ± 0.0018

Reducing sugars (mg/l)a,b 3392 ± 29 473 ± 8

Total sugars (mg/l)a,b 4013 ± 108 694 ± 26

Free amino acids (mg/l)a,b 436 ± 32 704 ± 76

Soluble proteins (mg/l)a,b 4609 ± 28.3 1045 ± 8

a Means of replicates.
b Differences were considered significant at p < 0.05.
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spectra (Fig. 1), which show decreases of glucose,

fructose and maltose signals with fermentation. How-

ever, there are contradictory reports on this topic. Ac-

cording to some studies (Kazanas & Fields, 1981), the

level of reducing sugars should increase as a conse-

quence of starch hydrolysis; however, some studies

show the opposite, that is a decrease in reducing (Mu-

gula, 1992; Taur, Pawar, & Ingle, 1984) and total sug-
ars (El Tinay et al., 1979).

The increase in free amino acids (436–704 mg/l) and

the decrease in soluble proteins (4609–1045 mg/l) are

the result of protein hydrolysis by microbial proteases

(Table 1). The 1H NMR spectra (Fig. 1) indeed show in-

creases of valine, leucine, isoleucine, alanine, phenylala-

nine and tyrosine in the fermented sample. The

microorganisms are able to hydrolyze proteins into usa-
ble amino acids and peptides. Additionally, during their

growth cycle, they can synthesize amino acids from met-

abolic intermediates (Au & Fields, 1981).

Other changes revealed by 1H NMR are life in-

creases of ethanol and isopropanol and decrease of

uridine, between the control and the fermented

sample.
3.2. Traditional fermentation – residue

With fermentation, the starch content decreases

13.4% due to microbial amylase hydrolysis (Table 2).

Similar results were obtained by El Tinay et al. (1979)

and Chavan et al. (1988).

The insoluble proteins showed an increase of 18.6%,

as a consequence of microorganism activity. The micro-
organisms concentrate nitrogen, i.e., in fermented meal

the amount of protein increases as a consequence of

starch consumption (Table 2). These results are similar

to those reported by Kazanas and Fields (1981). The

starch decrease and protein increase can be observed

by the FT-IR/PCA analysis. PCA distinguishes the con-

trol sample (unfermented flour) from fermented flour

along the PC2 axis (Fig. 2(a)). The loadings profile
(Fig. 2(b)) shows that the control sample is character-

ized by signals from lipids (1743 cm�1) and carbohy-

drates (1168, 1130, 1110 and 976 cm�1). When starch

is enzymaticaly attacked by a-amylases, the maximum

of its characteristic peak shifts from 976 to 1018 cm�1

(unpublished results). In the fermented flour, the shift

occurs from 976 to 1045 and 1072 cm�1, which could



Fig. 2. (a) PCA scores scatter plot (PC1 vs. PC2) and (b) PCA

loadings plot profile (PC2) of the FT-IR spectra of control sample and

traditional fermentation.
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be related to strong starch hydrolysis. Other characteris-
tic signals from this sample are found at 1628 and 1527

cm�1. These peaks correspond to proteins (amide I and

amide II, respectively) and suggest an accumulation of

protein in the fermented sample. Therefore, PCA of

FT-IR shows that the fermentation caused a decrease

in lipid content, an increase in protein content and struc-

tural changes in starch.

3.3. Lactic fermentation – supernatant

The Streptococcus thermophilus/L. bulgaricus from

the natural yogurt and the specie L. fermentum were able

to grow in sorghum flour. The species L. bulgaricus, L.

lactis, P. pentosaceus and P. cerevisiae did not growth

in sorghum flour.
Table 3

Chemical analysis results of the control sample and lactic fermented superna

Chemical parameter Control sample

pH 5.7

Titratable acidity (mg/ml)a,b 0.04 ± 0.02 · 10�2

Reducing sugars (mg/l)a,b 1031 ± 15

Total sugars (mg/l/)a,b 2268 ± 18

Free amino acids (mg/l)a,b 171 ± 7

Soluble proteins (mg/l)a,b 977 ± 166

a Means of replicates.
b Differences were considered significant at p < 0.05.
Table 3 presents the results of fermentation with lac-

tic bacteria. The pH of the supernatant of the sorghum

fermented by S. thermophilus/L. bulgaricus (commercial

yogurt) decreased from 5.7 to 4.3. The titratable acidity

showed an increase from 0.04 to 0.10 ml/ml. In the case

of L. fermentum the pH decreased to 4.7 and, conse-
quently, the titratable acidity increased (0.04–0.90 ml/

ml) (Table 3). In both fermented samples, the produc-

tion of acids can be observed in the 1H NMR spectra,

which show the increase of lactic, acetic, pyruvic, succi-

nic and formic acids (Figs. 3(b), (e), (c)).

In reducing sugars, a decrease was observed (1031–

318 mg/l for the yogurt inoculum and to 378 mg/l for

L. fermentum) as a result of its consumption as an
energy source. In contrast to traditional fermentation,

total soluble sugars suffer a large increase, from 2268

to 33,116 mg/l for the yogurt inoculum and to 17,918

mg/l for L. fermentum (Table 3). The 1H NMR spectrum

of the control sample (Fig. 3(a)) shows a relatively broad

signal at 5.4 ppm, arising from glucose H1 protons in-

volved in a(1! 4) glycosidic linkages. This indicates

that part of the starch was solubilized by cooking, caus-
ing visible signals in the spectrum. With the fermenta-

tion process, these signals increase as a result of starch

hydrolysis which allows more dextrins to pass into the

liquid phase. The glucose signals also decrease in both

lactic fermentations.

The increase in the amino acid level and the decrease

in soluble proteins result from the protein hydrolysis by

bacterial proteases (Table 3). The 1H NMR spectra re-
veal an increase in valine, leucine and isoleucine in both

fermented samples. For the case of the L. fermentum

inoculum, an increase in phenylalanine and tyrosine

(Fig. 3) is observed. Further information given by the

spectra is the increase in ethanol and isopropanol and

a decrease in c-amino-butyric acid (GAB) for both fer-

mented samples.

3.4. Lactic fermentation – residue

As can be seen in Table 4, there was a decrease of

14.3% in the starch content of the sample fermented

with yogurt inoculum as a result of hydrolysis by mi-

crobial amylases. This hydrolysis was also detected by
tants

Yogurt inoculum L. fermentum

4.3 4.7

0.10 ± 0.07 · 10�2 0.90 ± 0.07 · 10�2

318 ± 24 378 ± 29

33,116 ± 40 17,918 ± 70

227 ± 5 353 ± 28

229 ± 48 369 ± 46



Fig. 3. 1H NMR spectra of (a) control sample, (b) sample fermented with natural yogurt, and (c) sample fermented with L. fermentum.

Table 4

Chemical analysis results of the control sample and lactic fermented residues

Chemical parameter Control sample Yogurt inoculum L. fermentum

Insoluble proteins (%) 7.1 12.8 7.7

Starch (%)a 75.4 ± 0.9 64.6 ± 0.6b 75.1 ± 3.2

a Means of replicates.
b Differences were considered significant at p < 0.05.
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the increase in the supernatant total sugars (Section

3.3). In the case of L. fermentum, the decrease in starch

content does not seem to be significant. However, as

before, the 1H NMR spectra (Fig. 3) indicate the

occurrence of starch hydrolysis in both fermentations.

This discrepancy may arise from the consumption

of non-starch components by the microorganisms,

which may mask the real starch decrease due to
hydrolysis.

Insoluble protein increases (7.1–12.8%) in the sample

fermented with yogurt inoculum. This is a consequence

of both production of bacterial mass and, mainly, of

protein concentration by the starch decrease. The pro-

tein increase was smaller (7.1–7.7%) in the sample fer-

mented with L. fermentum (Table 4).
The FT-IR/PCA analysis shows a distinction, along

the PC1 axis, between the three groups of samples,

control sample, sample fermented with yogurt inocu-

lum and with L. fermentum (Fig. 4). The greatest dif-

ference can be observed between control and natural

yogurt samples. The loadings profile shows that the

sample fermented with yogurt is characterized by sig-

nals arising from protein (1635 and 1527 cm�1, amide
I and amide II, respectively) and from starch hydrol-

ysis (1149 and 1022 cm�1). The unfermented control

sample is characterized by the peak of the undamaged

starch at 976 cm�1 (Fig. 4). As the L. fermentum sam-

ples are located around the PC1 origin, this suggests

that the protein and starch changes are between the

two extreme samples (control and natural yogurt).



Fig. 4. (a) PCA scores scatter plot (PC1 vs. PC2) and (b) PCA

loadings plot profile (PC1) of the FT-IR spectra of control sample and

lactic fermentations.
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4. Conclusions

The use of natural yogurt and L. fermentum as inoc-

ula for sorghum flour fermentation suggests that lactic

bacteria could be a secure and alternative way to im-

prove some sorghum nutritional characteristics.

The use of 1HNMR, and FT-IR, combined with PCA,

proves to be an extremely useful tool for monitoring the

effects induced by fermentation processes on the chemical
compositions of the samples. These techniques are com-

plementary and give additional information. They are less

time-consuming and allow a more complete insight into

the overall process. Therefore, they are suitable for fol-

lowing fermentation and to test different experimental

conditions for developing new food products.
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